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Preface 

The second International Conference on Hadron Spectroscopy was held on April 
16-18 , 1987 at National Laboratory for High Energy Physics (KEK)Tsukuba, 
Japan. Though this conference was only the second of this specific series, one 
should remember that its predecessor, Experimental Meson Spectroscopy 
Conference and Baryon Conference series dates back to 1968 and 1970 
respectively. Strong participation by 57 physicists from abroad and 91 from Japan 
had made this conference very exciting and fruitful. 

Looking back to the development of this field, the discovery of many mesonic 
and baryonic resonances with bubble chambers and spectrometers opened the way 
to the realization that such elementary particles do have intrinsic structure. The 
quark model, thus developed gave further impetus to the classification of hadrons 
according to the model, sometimes by digging further into the quagmire of 
spectroscopy using a high power analysis tool. New opportunities which have 
become available in the past few years, particularly with colliders, have shown a 
promise of a new type of hadron spectroscopy, and contributed to the excitement in 
this conference. 

The timely publi;ation of this proceedings, hopefully, will help those who are 
involved in advancing the frontier of the field of hadron spectroscopy. I wish to 
take this opportunity to thank those speakers who have prepared the manuscript 
for publication promptly. I should add that the "question and answer " parts were 
edited by the editors of the proceedings on their responsibility. 

The conference organizers acknowledge with thanks, the help of S. U. Chung 
(BNL), A. Donnachie (Manchester), J.F. Donoghue (U. Mass), B.R. French (CERN), 
G. Karl (Guelph), D.W.G.S. Leith (SLAC), L. Montanet (CERN), D.C. Peaslee 
(Maryland), W. Schmidt-Parzefall (DESY), L. D. Soloviev (Serpukhov) and W. Toki 
(SLAC) as the members of International Advisory Committee. They also thank the 
Program Committee chaired by Prof. R. Kajikawa (Nagoya Univ.) for their effort 
in organizing 93 contributions into a sensible program. They also thank the 
member of secretariate and scientific secretaries for their invaluable help in 
organizing this conference and this proceedings. 

August 1987 

Satoshi Ozaki 
Organizing Committee Chairman 
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Openig Address 

T. Nishikawa, Director General 
KEK, National Laboratory for High Energy Physics 

It is our great pleasure to welcome all of you to KEK, National Laboratory for High 
Energy Physics in Japan. I heard that "Hadron '87" is the 2nd International Conference 
on Hadron Spectroscopy and a sequel to the Conference held at University of Maryland 
in 1985. I also understand that the last conference combined two predecessors, one on 
Experimental Meson Spectroscopy began in 1968 at University of Pennsylvania and 
the other on Baryon Resonances began in 1970 at Duke University. 

I have a vivid memory of the years around 1960-70. Those were the years when 
we were excited by new hadron physics, particularly by a development of quark mod
els proposed by Professors Gell-Mann and Zweig in 1964.- Both Professor S. Ozaki, 
the chairman of the organizing committee for this Conference, and myself were at 
Brookhaven National Laboratory in the USA in those epochmaking years and excited 
by hearing about the day-by-day progress of the hadron physics. 

It was also the time when the establishment of KEK was under discussion and 
debate among the scientists in the related fields and various governmental sectors in 
Japan. KEK was established in 1971 as a totally new type of research organization, 
i.e. the National Inter-University Research Institute which belongs to Monbusho, the 
Ministry of Education, Science and Culture. The Laboratory is also one of the first 
research institutes established in the newly founded Science City of Tsukuba. As the 
first principal facility of KEK, we built a 12 Gev proton synchrotron (PS). It was 
completed in 1976 and the scheduled operation for user experiments started in 1977, 
or just a decade ago. Although the attainable energy is not very high, many active 
experiments have been carried out with this machine, both in the fields of elementary 
hadron physics and of intermediate-energy nuclear physics, in particular, with the 
well-separated low energy antiproton,,kaon and pion beams with the multiparticle 
spectrometer using a superconducting beam line, etc.. This 12 GeV PS had to stop its 
operation for about one year in 1984 - 85 period, because of the tunneling work for the 
TRISTAN, that is, as all of you know, a large electron-positron collider completed in 
the last November and successfuly produced hadronic events by e + e " collisions at the 
world highest center-of-mass energy, 50 GeV. During and after the one-year shut down, 
however, many improvements of the PS, such as an increase of the linac energy up to 
40 MeV, injection of negative ions, and acceleration of polarized protons were made. 
Also made were rearrangements of beam-line setups in the experimental hall. It is also 
noted that the 500 MeV fast-cycling booster synchrotron for the 12 GeV PS have been 
used for various applications of high peak intensity bunched proton beams i.e. for a 
spallation neutron sourse, pulsed meson and muon experiments, cancer therapy and 
diagnosis. 

Thus, during this decade, KEK has expanded its activities in experimental inves
tigation of basic science, in particuilar, in hadron physics. The reports on some of 
recent results will be presented also at this Conference. Furthermore, we are ready to 
carry out more hadron physics experiments from the coming May, including the study 
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of heavy quarks at the three large detector collaborations at TRISTAN main ring. 
In addition, a construction plan of a large hadron facility in the southern site of this 
laboratory for the future development of intermediate-energy high-intensity particle 
physics and its application to the pulsed neutrons, muons, and exotic nuclei experi
ments is now under way in cooperation with the Institute for Nuclear Study (INS), the 
University of Tokyo. We, of course, do hope that these facilities and scientific activities 
would be used by scientists over the world and provide our basis of the international 
cooperations in the field of hadron physics. Therefore, we are particularly happy to 
host and organize this very important conference on the present-day physics at KEK. 

Finally, I would like to mention that this conference is also supported by INS, I 
mentined above, and Research Institute for Fundamental Physics, Kyoto University. 
The latter institute is the central institute of the thoretical physics that was established 
to commemorate Professor H. Yukawa's Nobel prize on his originating idea on the 
present meson theory. So, this conference also includes many theoretical reports on 
lattice gauge theories etc. During these years, the QCD, as the leading theory of strong 
interactions, shows a marvelous demonstration of the capabilities of understanding 
hadron physics. In particular, the importance of a large scale numerical computation 
based upon lattice QCD was recognized. Considering the progress in this direction 
seriously, KEK is also happy to provide opportunities of using a large vector processor 
system for the up-to-date theoretical physics. 

Thus on behalf of the host institute and the supporting institutes of the 2nd Inter
national Conference on Hadron Spectroscopy, I do hope that you will have a good time 
throughout the conference, excited by exchanges of information and hot discussions. 
We also hope you will enjoy your stay at KEK on this occasion, including a tour of 
our facilities and Tsukuba environments. We, on our part, will do our best in making 
your stay comfortable during this wonderful conference. 

Thank you. 

- 4 -
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ACTUAL INTERPRETATION OF RECENT RESULTS ON MESON PHOTOPRODUCTION 

Bernd Diekmann 

The original title of this contribution was changed from "recent results 

on meson spectroscopy from photoproduction" to the title as given above. 

The reason is that there has been no major new insight to the experiment

al situation within the time period since the previous conference - see my con

tribution to the proceedings of 1985 hadron spectroscopy conference 111. On the 

other hand ideas have been developed /2/ explaining nicely some unsatisfying 

features of the comparison between the photoproduction approach and the e e~-

approach on hunting radial excitations of "light" vector mesons. Seemingly dis

agreeing experimental results can be fitted together within this scenario in 

the 1 = 1 domain - a corresponding attempt for the 1 = 0 families (i.e. co's, 

ib's) should be a challenge for phenomenologists. 

The new experimental inputs (mainly from the late analysis of the CERN-

OMEGA-photon-experiment (WA 57) supplement the emerging picture excellently. 

One can hope for further constraints from the succeeding experiment WA 69, 

whose analysis is only in a very preliminary stage in spring 1987. 

So my contribution recollects some of the (already published) experiment

al facts on "exclusive" photoproduction of mesons, which are important within 

the context of understanding the different pattern of photoproduction and e e~-

data. Hereafter, the basic ideas of a "unification" attempt will be given. 

The last part covers results on inclusive photoproduction of mesonic 

states. 

Photoproduction experiments report on a large cross-section of elastic 

production of non vector mesons states like (see 11,31 for references) 

YP •*• b1(1235)p ^ P j ) 

YP + h^ l lSOJp i1?^ 

yp + p3(1670)p (3D3) 

The production mechanism can be understood in term of VDM type diagrams l i ke 

S b (1235j^ 

! * 



The same order of magnitude for photoproduction cross-sections of these states 

and radially excited p's and tn's respectively suggest the presence of similar 

mechanisms also in the production of the latter: p' —-photoproductionby'off-

di agonal-VDM-contri buti ons * 

A A ^ V C AAA^t 

P " 

+ -There is no comparable diagram to the second one fo r p' production in e e -anni

h i l a t i on . So the two (1~ )-famil ies - expected by nearly a l l theoretical predict-
3 3 

ions (see ref. 3 for a review) in the 1400-1700 MeV region: ( S,)1 and D. - can be 

produced in a d i f ferent way in both experimental approaches, i . e . , by addit ion

al "off-diagonal mechanisms in photoproduction. There is no reason why product

ion mechanisms obviously responsible for the high production rates of non 

vector mesons in photoproduction should not be present in case of photoproduct-
3 3 

ion of ( S,) ' and D, states. The relevance of th is argument can be deduced 

also from an experimental observation of the SLAC-hybrid-photon-facility about 

the mass dependence of the shape b(m - +) in -gr(YP "*" 7r+7r 

"p) ̂  e"bt . At the 

mass of the p'(1600) the value of b jumps back the value of the p(765) - as 

one would expect if the radially excited state being produced by an incoming 

ground state p: see Fig. 1 /4/ 
Different production dynamics can cause 

3 3 
different couplings to ( S,)' and D, 
states in both experimental approaches 

and thus different interference patt

erns. All relevant experimental re

sults for l""-states with I = 1 must 

then be regarded under this constraint. 

16 

r"» 12 

1 
•a 0 

A 

. \ ,9(765) 

i i t _ i — i — i — 
1.0 2.0 
tnntr(G»v/c2) 

3.0 

Fig. 1: b versus m(2ir) from 

•^(YP-*27rp) % e ~
b t /4/ 
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The main source of insight fo r a "two-p-scenario" stems from the TT ir'-channel 

IV-
Fig. 2a shows results from two photoproduction experiments /5,4/: Data 

points are those from ref. /5/ with a subtraction of 50±20 nb due to the 

p- (see later). The dashed line corresponds to a fit to the results of ref./4/. 

Both groups observe the same pattern which turns out to be completely differ

ent for the e e~-data: Fig. 2b. 

Data for Ss < 1.4 GeV stem from ref. /6/, 14 < v̂ " •£ 2.1 GeV from ref./7/. 

The full line is the result o . "it accounting for 

- a "Breit-Wigner-type", p(7. rel. phase + 

- a PJU465), r = 235 MeV) with B ^ - B ^ - = 5.2-10"7, rel. phase -

- a p2(1700), r = 220 MeV) with B ^ - B ^ - = 6 • 10~7, rel. phase + 

For the photoproduction data an appropriately parametrized p and p, , p2 

as above are able to describe the data (full line in Fig. 2a). But now the 

relative phases are + + - i.e., different from the + - + pattern found in 

e e~. (A fit to the data of ref./4/ (dashed line in Fig. 2a) requires an oppo

site sign between the bump and the p-tail. This different production can only 

be achieved"through dominant off-diagonal terms"/4/ in photoproduction, thus 

confirming the picture presented above.) In the discussion of this talk Lipkin 
3 

gave an illustrative explanation for the same/opposite phases of ( S,), 
3 + -

( S, ) ' in photoproduction / e e -annih i la t ion: The total amplitude is a con

volution of production and decay amplitudes. The p'-wave function has a node 

and thus an opposite phase between long- and short-range part . Due to the P-

wave character of the IT n~ mode (centrifugal barr ier) the decay amplitude is 

related to the long-range part i n any case. In annihi lat ion the point l ike 

coupling requires connection to the short-range part whi lst in photoproduction 

p-production and scattering on a proton requires an overlap integral which 

emphasizes the long-range part of the wave funct ion. 
A global f i t to the ir+7r" data from photoproduction and e e~-data y ie lds : 

O(YP -»- PiP) x B(p, •*• i rV") = 60 ±10 nb 

a(yp •*• p2P) x B(p2 -*• it ir") = 30 ±15 nb 

The i r V i r V " decay is the classical channel to analyze the "p(1600)" . 

See r e f . / 8 / fo r a col lect ion of experiments. But determination of i t s para

meter caused trouble, see r e f . / 9 / fo r instance. This is part ly due to the 

— 9 — 
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Fig. 2: 

IT iT-mass distr ibut ions from 

a) photoproduction 

b) e e~-data 

2.0 Vs(GeV) 

p- ta i l and - in f ixed target experiments - due to background contribution of 

the Deck-type. Sp l i t t ing of "the" p(1600) in to two resonances / 2 / makes l i f e 
+ 

easier - both p's couple strongly to 4ir", Consistency between photoproduction 
and e e~ can be obtained by coherent or incoherent addition of p^p?; the rat ios 

(p2 -*- 4TT) / ( P j -*• 2TT1) and (p2 -»- 4T7±) / (p2 •*• 2TT) turn out to be 9 - 1 2 , 6 - 9 

resp. and thus the photoproduction cross-sections in this decay mode in the 

bal l park of 450 - 850, 100 - 450 nb resp. The large incertaint ies are due to 

the unknown amount of background as mentioned above and a contribution from 

the reaction YP •*• P3(1690) »B(p3-*- 4ir) of 100 nb, say. Remember the index 3 

denotes real ly spin 3, whi ls t the numbers 1 and 2 denote both spin 1 part ic les 
3 

candidates are radial recurrences of p(765) : p, and D^-states : p«. 

Fig. 3 shows the result f o r 7r+7r~7r+7r" channel: 

— 10 — 



+ + - - + -

Fig. 3: m(ir IT TT IT ) from e e (data points,from two experiments) 

full line corresponds to incoherent fit, "fat" points: (4ir") from 

photoproduction, dashed line: coherent add. of p-,, p~; 

Po contribution incoh. added 

A recent publication on the reaction yp + nVifp /10.11/ allows another check 

of the "two-p-model". JP was determined by maximum likelihood fits to Dalitz 

plots of a2-n-- and (np)-decay amplitudes constructed with the Zemach-tensor-

formalism /12/. The T-amplitude shows an enhancement in the 1200 - 1300 MeV-

mass-region and is yery small in the 1600 MeV region: 

a(YP •*• p(1600)p) • B(p(1600) + np°p) < 0.028 yb . 

A bump in the 3~-amplitude corresponds - if fully attributed to the p3(1690) 

(formerly g) - to a large photoproduction cross section 

a(YP + p3(1690)p) - 200 - 300 nb . 

Thus th is observation has to be taken into account in a two p-scenario des

cr ib ing various decay channels as described above. On the other hand the model 

allows a sat is fy ing description also fo r a comparison of e e~- and yp-data in 

the nirV-channel / 1 3 / . The best f i t s are obtained with a d i f fe ren t phase 

pattern than observed in the Tr"V-channel. The authors give two possible solu

t ions. 

- 1 1 -



e+e~:Ti7r TT~: + + 
YP + -

; Tiff rr 
1. + 

2. + + + 
2. + - -

+ -
TT TT : 
+ -

•n 7r : 

+ - + 
+ + -

Here is no a p- ior i reason why the sign should be the same for d i f fe rent 

hadronic channels. A .pr io r i constraints are internal consistency and sign 

change from YP to e V /13 / . The authors quote 4 % as a branching ra t i o 

into n i rV" for p, and the same number as an upper l i m i t f o r p2 . 

Rate and f i t results are qiven in Fig. 4. 

1 5 2JQ 15 20 

Fig. 4 asc: e V " -»- rjT:+7r" phase pattern 1 . , 2. respectively 

b,d: YP •* TiTr+ir"p phase pattern 1 . , 2. respectively 

I t can be shown that the bump at 1600 MeV - observed in the reaction 

yp -*• A V / p and found to be consistent with being a J p = l " state - can 

be successfully incorporated in to a two-p-scenario as presented: A contr ibut ion 

as quoted from the 4Tr±-data (see below) under the assumption of a (pe) in te r 

mediation plus a contr ibut ion from the addit ional T rVA° -channe l plus a 

contr ibut ion from the corresponding decay of the P 3 ( 1 6 9 0 ) are appropriate to 

f i t the data: See Fig.5 / 2 / . An evaluation of the re la t ive weights allows 

moreover a predict ion fo r the reaction e V •*• T T V T T V . Despite a poor 



quality of the e e~-data consistency is found. 

1.5-

1.0 
— + J 3 

_«-92-tfTm*1T' 

0.5 

S^zftitAH4) 

1.0 

Fig. 

15 
r 

m(47r) from 

In summary one can s ta te that the "two-p-scenario" 

with a radial excitation of the p(765) a t 1465 MeV 

and a Dj s t a te at 1700 MeV is - at l eas t qual i t 

atively - the right attempt to answer many open 

questions l e f t from the corresponding experiments 

over nearly 20 years. In this sense i t f i t s to the 

K -resul ts of r e f . /14 ,15 / . Quark-model predictions 

/16/ are nicely fu l f i l l ed . 

Quantitatively, open questions remain: See r e f . / 3 / 

for a discussion of leptonic widths and the possi

b i l i t y (or impossibility) to draw conclusions con

cerning the appl icabi l i ty of naive potential an-

satzes from these numbers. Very preliminary data 

~2Q from the WA69 collaboration /17/ in the reaction 

nrVirir**a(&V)YP "*" ^ " P w i t h 70 < E < 180 and 
2 t(y-Tnr) > 0.1 GeV show a strong signal at 1650 

YP + it IT IT 7T p MeV - obtained with only ^20 % of total s t a t i s t i c s : 

Csee text for curves) pig. 6. A disentangling of p'(1600) and p3(1670) 

has not yet been performed but the strength of the signal gives hope for fur

ther experimental input. 

There exists no corresponding approach to 

unify "diverging" e e~- and photoproduction 

results in the I = 0 (w and <j>) domain. The 

negative G parity of the to family requires an 

odd number of pions from a pionic decay. 

Also the <j> family - mainly decaying into 

states KK, K K - could be observed in 3ir, 5ir, 

. . . final s t a t e s , - e i the r by OZI violating de

cays or by an in t r ins ic presence of u and d 

quarks in the <J>'s due to a small deviation 

from ideal mixing. One has thus the additional 

complication of interferences not only between 
3 3 

( S , ) ' and D^-states, but also between mesons 
of u- and «J>-1 ike wave functions. 

miftrKHV] 

Fig. 6: m(2"ir) from 

YP •+ TT Tr~p WA69 

(preliminary) 

— 13 — 



The recent search fo r rad ia l l y 

DCI storage r ing and (with real 

(see refs . /18,19/ f o r reviews) 

i ) TT TT Tf° 

i i i ) KK 

Threshold Mos*of^(Q«V) 

Fig. 7: m(nw) from Y P + T P P 
shaded area: in tens i ty 
of 1 " - .states decaying 
in to Tyir+TT~, scaled by 
a "VDM factor" of 9 

excited w's and <j>'s - mainly performed at the 

photons) at the fi spectrometer (WA4, WA57) 

was concentrated on the fol lowing channels: 

i i ) TT 1T~TT Tr-TT0 

i v ) K*K, K*KTT 

Ref./3/ summarizes the experimental status 
as known in 1986. 

A I - 0 , C = - 1 peak at M..61GeV, r = 230 MeV 

i s reported from nu-states of the reaction 

YP •»• W / 20 / . No f i rm conclusions can be 

drawn concerning J , except: 0~ is un

l i k e l y . Also unl ikely seems iden t i f i ca t i on 

with an w3, because of the necessity of an 

F-wave between TI and us. 

Already published photoproduction results /22/ 

from the reaction YP •*• K+K~TT°P may be re 

minded also in context wi th the recent obser

vation of a 1~~ state decaying in to q>, ' at 

Serpukhov / 2 1 / . Fig. 8 shows the corres

ponding photoproduction data /2 / . 

15 2JD 25 
Mass KWlGcV) 

Fig. 8: m(KKTr) from YP^K+K~7r°p 
(shaded area K*-selection) 
(black area <j>-selection) 

The obvious a f f i n i t y of ( rea l ) photons to 

non VM-states may be used hunting exot ics, 

f o r instance meiktons. Phenomenological con

siderations on predict ing these states exist 

i n terms of chromodynamic f l ux tube models -

see for instance r e f . / 2 3 / . In th is ansatz 

mass predictions are f o r a p,to-like qq con

tent 1900 MeV, f o r an <J> l i k e qq content 

2100 MeV. Quite large widths are in th is 

case expected except fo r those hybrids with 

n+~ „+-exotic «T = 0 , 1 x, 2 T : r < 250 MeV. An explanation why even these states 

have not been observed yet is given by the string picture and by the fact that 

the decay mesons have relative coordinates parallel to the string; they can ab

sorb the unit of string angular momentum only if they have very different spa

tial wave functions. Thus simple decay modes like im, TITI, KK will be suppressed 
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-j fihz 1.3 <m(wirTr)«1.6 

mJBUHGeW 

1.6<m(u)'Trtf)<2i) 

2.0-*m(u)Tnn<2J5 

m(w1T)tGeV] 

Fig. 9 a) "plucking" meiktons with photons 

b) m(um) from YP **" W1T ̂  P ar,d three m(wirrr) windows 

c) m(winr) for a onr combination consistent with being a b,(1235) 

compared to experimentally difficult ones like TTB, KQ, etc. In diffractive 
PC +— -t 

photoproduction J = 0 , 2 " meiktons could be easi ly produced via "plucked 
p, a), <)> states": F ig . 9a. 

Indeed a broad bump observed at 1900 MeV in (BIT) substates of photopro-

duced (WIT TT~) systems /24/ would f i t in to th is p ic ture: i n F ig. 9b the amount 

of B's fo r d i f ferent OJTT IT" windows is shown. An enhanced B production is 

obvious fo r 1.6 < M^ .^ - s; 2.0 GeV. In Fig. 9c the (BIT) mass d is t r ibu t ion is 

presented a f te r an appropriate peak-wings procedure. The result ing spectrum 

could well be due to a w(1670 , 0PC = 3"") together with a ^250 MeV wide 

meikton state as predicted by r e f . / 2 3 / . Certainly a l ternat ive interpretat ions 

of the nature of such a broad enhancement are not ruled out. 

Also the las t topic to report on concerns (possibly) exotic states. 

There have been discussions over nearly 20 years whether the a (980), formerly 

6, is a KK molecule, a conventional meson, or a 4 quark molecule. 

photoproduction o f a^s in the reaction yP •*• aQ + X •*• ryr^X and descr ibab i l i ty 

of the production dynamics of these events in terms of conventional q-q-fusion 

models was used as an argument fo r an conventional c lass i f i ca t i on , i . e . a *P 
o 

membership / 25 / . Facing th is resul t N. Isgur suggested to measure th is reaction 
not only on hydrogen but also on heavier targets and to draw corresponding 

conclusions from probably d i f fe rent mean free path lengths in nuclear matter 

fo r aQ(-980)as an conventional qq state or aQ(980) as a 4 quark conglomer

ate. No corresponding experiment has been performed yet . A reanalysis of 

the data from re f . /25 / t r i ed to p r o f i t from the presence of a s c i n t i l l a t i o n 
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counter "endcap" ( i . e . mainly carbon) immediately downstream the hydrogen 

target . Fig. 10a shows the vertex d is t r ibu t ion of a l l ryir" pairs with a more 

or less f l a t d is t r ibu t ion along the hydrogen and a prominent peak in the end-
+ 

cap region. There is no unusual behaviour seen i f these ryn -states are re
quired to have a mass around 980 MeV, i .e . , stem from a a (980) decay: Fig. 
10 b. 

Events 

800 

400 

- °«^^^n 
. P X 

r 

1 1 > 
•150 •100 [ cm] 

300 -

200-

-100 

Fig. 10 a) Vertex d is t r ibu t ion of events from the reaction yp -* nOC 

black area: events from "endcap"-region 

b ) a s a, but m(nTT) required to ^980 MeV 
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M. Chanowitz 
What is the coupling of //(1465) and />'(1700) to the photon or e+e~ according to 

your fit? 
Diekmann 

Pi Pi 

mass 1465±25 1700±25 
width 235±25 220±2'3 
Bff+ff-xBe+e_ 5.2xl0~7 6.0X10"7 (*) 
CT(7p-*/9jp)xB(p->27r) 60±10nb 30±15 nb 

phases 
e+e" - + p(765) + 
7P + - /o(7G5) + 

ml 
OK Tiot f <7e+e--,.pl-+x+ir- U C2 
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J. Rosner 
What is the minimum number of 1=0 1~ states that can be accommodated in the 

1.6 GeV region, assuming the new 770; state is 1~. 
Diekmann 

Two main sources of experimental contributions in the recent past. 
a: DM1 (e+e") 
/3: Q, photon ( T P ) 
a: broad unr* and K*K singnals (1670,250) have performed SU(3) with one set of 

p'(1600), u/(1600, broad),<£'(1670, 100) and good agreement. 
/3: narrow K + K - bump: 1750, 80 MeV (seen by two exp.!) Tr+ir'n0 1670, SO 

MeV (seen by two exp.!) W7r+7r~: very broad enhancement consistent with 1". K+TJUJ 

: as reported M=1610±40, T=230±80 MeV. See CERN EP 86-112 for details and 
references. 
J . L ipk in 

There is a simple explanation for the relative phases and the differences between 
e+e~ and photoproduction. The radially excited />' has a node in its wave function; 
The long range and short range pieces on its wave function have opposite phase. In 
e+e~ the production depends on wave function at the origin, i.e. the short range part 
of the wave function. In photoproduction, the mechanism may be p production with 
scattering on the proton, and depend on overlap integrals which emphasize the long 
range part of the wave function. In all cases, the decays depend on the long range 
part because there are angular momentum and centrifugal barriers in the decay. This 
naturally gives e+e~ —*• p and e+e~ —* p' have opposite phase 7p—• pp and jp —> p'p 
have same phase 
Diekmann 

This is certainly true in case one has a 'non-S-wave' -decay. But remember 
47T channels:/3e, Aj IT decays. But we also add the comments; that the presence of 
ODVDM's inhibit the measuring of | ip(0)\2 in 7/9 and thus comparison with e+e~ in 
order to evaluate potentials: for instance 

Coulomb like potential:| i>(0)\2 decreasing for increasing n 
Linear potential: | ^ (0) | 2 independent of n 
D-waves, non-relativistic approach (?*?!) | ip(0)\2=0 

Keh-Fei Liu 
If the e+e~ production of vector mesons depends on the wave functions at the 

origin which is the short-range part, why would p and p' have opposite phase in e+e~ 
production then? 
Diekmanfa 

This is certainly true in case one has a 'non-S-wave'-decay. But remember Air chan
nels: pe, Ai7r decays. But we also add the comments; that the presence of ODVDM's 
inhibit the measuring of | <p (0)|2 in T P and thus comparison with e+e~ in order to 
evaluate potentials: for instance Coulomb like potential | y(0)|2 decreasing for increase 
njlinear potential | y>(0)|2 independent of n. D-waves, non-relativistic approach(?*?!) 
I <?(0)|2=0 
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NEW RESULTS FROM GAMS 

F. Binon 

Institut Interuniversitaire des Sciences Nucleaires, Belgium 

In Memoriam D.B. Kakauridze (1938 - 1987) 

Introduction 

Pursuing its search for exotic states (glueballs, multiquark and hybrid 
states), the GAMS Collaboration*) has studied two new channels produced in the 
exclusive reaction «~p -> M°n with 100 GeV/c incident pions, looking for neutral 
mesons M° that decay eventually into photons, namely M* -* 4*° -> 8*Y and 
M° •* ir°n "• 4y« The photons are detected in the electromagnetic calorimeter 
GAHS-4000, a fine granularity matrix of 64 x 64 lead-glass cells, installed 
in the North Area of the SFS at CERN (NA12 experiment). Descriptions have been 
given elsewhere of the experimental setup [1], of the data acquisition system 
[2] and of the data handling procedures [3]. 

1. Study of the M° -» 4ir° Final State 

a) Interest 
For qq mesons the 4ir° decay mode is expected to be rare (0.1% to 1%) in 

comparison with other Ait decay modes, due to p-dominance: M° -» pp -> 2ir+2ir~ or 
2ir°ir+ir~ but not to 4ir° as p* cannot decay into 2ir°. For mesons with an exotic 
structure, like gg, it has been shown [4] that BR (M° -> 4«°) can become as 
large as 1/5 of BR (M* •* all 4ir) if the gluon decoloration mechanism is the 
main mechanism at work in this decay. Thus, ordinary qq mesons like f(1270), 
h(2030) etc. are expected to decay rarely into 4ir° while this could become one 
of the main decay channels for exotic mesons like G(1590), a scalar glueball 
candidate, for which BR (G -> 4ir°) could be half of BR (G -» tin) [4]. 

b) Mass spectra 
The data presented here have been taken with a target to GAMS distance of 

20 m and concern only one third of the gathered events. Amongst the 125,000 
collected eight-gamma events, 40,000 correspond to four identified w° after a 
5-C fit. A search has been made for subsystems consisting of two and three *°. 
Apart from a small shoulder in the mass region of the f(1270), no structure is 
observed in the 2-ir* mass spectrum. On the contrary, the 3ir" mass spectrum 
shows a sharp peak in the mass region of the n above a small combinatorial 
background. Of the 4ir°events, 30% correspond to n*° decays which are dominated 
by the A2 (1320) meson. Appropriate cuts allow to eliminate these events. 

(*) IHEP(Serpukhov): S.V. Donskov, A.V. Inyakin, V.A. Kachanov, 
D.B. Kakauridze, G.V. Khaustov, A.V. Kulik, A.A. Lednev, 
Yu.V. Mikhailov, V.F. Obraztsov, Yu.D. Prokoshkin, Yu.V. Rodnov, 
S.A. Sadovsky, V.D. Samoylenko, P.M. Shagin, A.V. Shtannikov, 
A.V. Singovsky, V.P. Sugonyaev; 

IISN(Brussels): F.G. Binon, C. Bricman, J.P. Lagnaux, J.P. Stroot; 
LANL(Los Alamos): D. Aide, E.A. Knapp; 
LAPP(Annecy): M. Boutemeur, M. Gouanere, J.P. Peigneux. 
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The invariant mass spectrum of the remaining genuine 4ir° events is 
shown in Fig. 2a. Three structures superposed on a continuous background 
are visible at about 1.3 GeV, 1.6 GeV and 1.8 GeV. The t-distributions of 
the events in three mass bands around these values (Fig. lb) show a 
behaviour typical for one-pion exchange processes (OPE), i.e. strong peaking 
in the forward direction. In order to isolate the OPE contribution to the 
production process, only events with |t| < 0.15 (GeV/c)2 are further 
considered. This cut results in a loss of only 20% of the 4ir° events 
without changing much the shape of the mass spectrum (Fig. lc). 

c) Analysis 
The allowed Jpc quantum numbers of 4ir° systems are O"*̂ ", 2 + +, A"*"*-... 

As the production process is dominated by OPE, the spin of the M° state is 
aligned and the matrix element for the decay of M° into 4ir°.considered to 
consist of two pairs of ir° in a S-wave with a relative angular momentum L=2 
between the two pairs, is ~(3 cos2 G 0 B-1), cos

2 GQB being the (Bose-Einstein) 
symmetrized cosine defined by 

cos2 6 „ = .1. p.2 cos2 0.. / .1. p.2 (i,j = 1,2,3) 
OB i?j *ij lj i?j *ij 

where p^j = "p̂  + "p•; (i * j), Pi being the momentum of the iQ ir° in the 
Gottfried-Jackson Frame of M°, and cos 0jj = e~z • p~£j/|p"jj|, e"z being a unit 
vector along the z axis in this frame. 

Using this symmetrized cosine, Honte Carlo simulations show that spin 2 
states are enhanced in an optimum way for 4ir° events with cos 9QB < °«4 

while for spin 0 states the corresponding optimum cut is cos 9QB > 0.5. 
These cuts applied to the events of Fig. lc give the invariant mass spectra 
shown in Fig. 2a and Fig. 2b for cos 9QB < 0.4 and cos 60B > 0.5, 
respectively. Two peaks are now clearly showing up in Fig. 2a, one at 
~ 1.3 GeV and the other at ~ 1.8 GeV whilst the shoulder at 1.6 GeV has 
nearly disappeared. In Fig. 2b, on the contrary, the signal at 1.6 GeV is 
much enhanced comparatively to the other two which are nearly gone. From this 
one concludes that the two peaks in Fig. 2a correspond to spin 2 states while 
the third one in Fig. 2b corresponds to a spin 0 state. The mass spectra of 
Fig. 2a and Fig. 2b have been fit with three Breit-Wigner resonances super
posed on a polynomial continuum. The results of the fit are shown in Fig. 2c 
and Fig. 2d. 

The mass and width of the spin 0 state are M = (1570 ± 30) HeV and 
T = (145 ± 40)MeV."It is identified with the scalar meson G(1590), a glueball 
candidate [4], observed previously in the tin and tin' decay modes [5,6]. After 
normalization of the 4ir° data relatively to the reaction ir~p •* n'n with 
n* -» ntf°ffa, measured simultaneously in the same experiment, and using previous 
results on the nn decay channel[1], one gets BR(G •* 4w°)/BR(G •* nn) = 0.8±0.3. 
This large branching ratio into 4ir° strengthen the interpretation of the 
G(1590) as a glueball candidate [4]. 

The parameters of the first spin 2 state are M=(1286±10)MeV and T=(140±20) 
HeV. It is identified with the f(1270) meson. Using the same normalisation 
procedure as above, one obtains BR(f-»4ir°) = (3±1)»10-3 i.e. the decay into 4ir° 
is, as expected, a rare decay mode for the f(1270) meson. 
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The second spin 2 state has a mass M=(1810±20)HeV and a width r=(170±30)MeV. 
This state cannot be identified with any known meson decaying into irw or KK 
but looks similar to a 2 + + state decaying into nn obtained as one of two 
possible solutions in a partial-wave analysis of the reaction ir~p -* nnn 
measured at 100 GeV/c [1]. Identification of these two states leads to 
BRtX(1810)->4ir°] / BR[X(1810)-»TIT»] = 0.8 + 0.3. On the other hand, the present 
experiment also gives the upper limit: BRtX(1810)-»2ir"] / BR[X(1810)-»4ir°] < *A. 
From Gershtein's argument [4] one concludes that X(1810) is a tensor glueball 
candidate (see also the report of Yu. D. Prokoshkin). 

2. Study of nir° Final States 

a) Interest 
The allowed Jp quantum numbers for nit"* systems are given by the natural 

series 0+, 1~, 2+, 3~, ... and their charge parity C is equal to +1. However, 
r)v" systems resulting from the decay of qq states can only appear in even 
partial waves (Jp = 0+,2+,4+ ...) as fermion-antifermion pairs with an odd 
spin have C = -1. Thus the reaction ff~p -*• n*°n is a good channel to look for 
states with quantum numbers not accessible to qq states, also called exotics. 

b) Mass spectrum 
The data presented here have been obtained with a target to GAMS distance 

of 20 m and comprise only % (14,000 nff° events) of the total statistics. 
Another set of 24,000 events (taken at 15 m) is not yet fully analysed. 

The majority of A-y events detected in GAMS are ir°ir° events. A first 
selection is made keeping only events that can be recombined into two pairs, 
one having an invariant mass within 70 MeV of the ir" mass and the other an 
invariant mass within 160 MeV of the r\ mass. Then a fit is performed with 
three constraints on the masses of the n, ir° and n and the inr° assignment is 
given on the basis of a minimal x2 criterium. 

The raw invariant mass spectrum, integrated over the whole measured range 
of four momentum transfer |t| & 0.8 (GeV/c)a, and the efficiency-corrected 
spectrum are shown in fig. 4. The correction is made for each individual 
event as a function of its decay angles in the Gottfried-Jackson frame and 
of the nir° invariant mass. Possible contaminations from other channels have 
been studied by Monte Carlo simulations. The nir°ir° channel, where two soft 
photons produced by a low energy ir° escape detection and where the remaining 
photons follow the constrained i)ir° hypothesis with an acceptable x2. is the 
largest source of background but its contribution is small, about 5% in the 
low mass region (around the <5) and less elsewhere. 

A dominant peak is observed in Fig. 4 at the mass of the well known 2+ 
meson A2(1320) as well as a smaller one corresponding to the 0 + meson £(980). 
Defining OQJ as the polar angle between the n and the incident beam 
direction in the Gottfried-Jackson frame of the T|ir° system, one expects a 
symmetrical distribution in cos QQJ of the events if only even partial waves 
intervene in the decay. In reality (Fig. 5) a quite significant asymmetry is 
observed above ~ 1350 MeV between events with cos 6QJ < 0 and those with 
cos QQJ > O (shaded area in Fig. 5b) that leads to a strongj.forward-backward 
asymmetry (Fig. 5c). This asymmetry had already been observed, but with a 
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lower statistics, in an experiment performed at 40 GeV/c [6]. Such an asym
metry can only be explained by the presence of an exotic odd-L amplitude 
interfering with the A2 (1320) in the D-wave [7], 

c) Analysis: PRELIMINARY RESULTS 
A first indication of the presence of a P-wave interfering with the A2 

is already apparent in the decay angular distributions of the nff° systems 
in different mass bins (Fig. 6). An isotropic distribution, typical of 
S-wave behaviour, is observed in the 6(980) mass region, as expected. In 
the A2 (1320) mass region, the D-wave behaviour is distorted in the 
forward direction in the angular domain (0.6 £ cos 8GJ < 0.8) where the 
contribution of P2(x) is large compared to those of Pi(x) and P3(x), 
Pi(x) being the usual Legendre polynomials with x = cos 6QJ. 

Having grouped the events in 35 MeV mass bins, the unnormalized moments 
of spherical harmonics N < YJJ > (N: number of events in a mass bin) of the 
experimental angular distributions are calculated for each mass bin using 
a x2 and a maximum likelihood method [8], both giving essentially the same 
results. Moments with S. > 4 and m > 2 are found everywhere consistent with 
zero, which means that only waves with 8. < 2, i.e. the S, P and D waves, are 
operating in this decay in the measured mass range. The most significant 
moments are shown in Fig. 7. 

The moments of the nir° angular distributions can be expressed as linear 
combinations of bilinear products of the productions amplitudes L\+ describing, 
to leading order in s, an irir0 system of spin L and helicity X produced by 
natural (+) or unnatural (-) parity exchange. Since the moments with m > 2 are 
consistent with zero, the amplitudes with X > 2 can be ignored. A table of 
the relevant combinations for X = 0,1 is given e.g. in ref. [9]. Solving 
numerically these equations with some reasonable assumptions concerning the 
phases (coherence) and the amplitude D_, which is taken equal to zero (as is 
suggested by H < YJ >) in all cross-terms with P_, a preliminary solution 
has been obtained for the amplitudes which is shown in Fig. 8. It is found 
that A2 (1320) production is dominated by natural parity exchange, as expected, 
and that a P-wave component with a resonant-like behaviour appears around 
1.4 GeV. Before concluding that the latter is a Jpc = 1~+ exotic state, a more 
detailed amplitude analysis is required. Such a study is in progress. 
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Fie. 1 a) Invariant mass spectrum of genuine 4TT° systems (see text) 
produced in the reaction ir~p •* 4ir°n at 100 GeV/c (dashed line: pure phase 
space contribution); b) t-distribution of these events in the mass region 
around the f(1270) (A), the G(1590)(o) and the X(1810)(«), respectively. 
The shape is typical of one-pion exchange. The dashed histogram is the 
t-dependence of A2(1320)-» nn° -* 4ir° events (/̂ -exchange) measured in the 
same experiment; c) same as a) but for events with |t|< 0.15 (GeV/c)a (dashed 
line: detection efficiency). 
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Fig. 3 Result of a partial-wave analysis of the reaction ir-p-*nnn measured at 
100 GeV/c [1], The solution shown here (which is one of two possible 
solutions) corresponds to "phase coherence". The D-wave shows clearly the 
presence of a state at (1850 +40) MeV. 

- 2 3 -



250 

N 

200 

150 -

100 

50 }-

-

~ 

w 

/ \ ' 

1/ 

i 
f 1 
j 1 
/ / 

r 

,n\ 

A . _ , ( 

b) 

1000 1500 2000 1000 1500 2000 

300 

H 
e 

ISO 

100 

50 

-

if 
" 

-

ill \{ 
ll ft] 

III 

M 
' i 

r ii 

1 H 

d) 

|| 

|l 
1000 1500 2000 1000 1500 2000 

M4Tro [MeV] 

Fig. 2 a) and b): Invariant mass spectra of genuine 4tr° events of fig. lc) 
with cos 0 O B < 0.4, favouring Jp = 2+(a), and with cos e 0 B > 0.5, favouring 
Jp = 0 + (h). The curves show the result of a fit with three Breit-Wigner 
curves (full lines) superposed on a polynominal continuum (dashed lines); 
c) and d): are the mass spectra corrected for efficiency after subtraction 
of the continuum. 

- 2 4 — 



1/7 

> 
LU 

Fig. A Invariant mass spectrum in 35 MeV/ca bins of r\it" events produced in 
the reaction ir~p -* ir°»in at 100 GeV/c. Full histogram: raw data, dashed histo
gram: mass spectrum corrected for efficiency. The inset shows the detection 
efficiency versus the measured mass of the nw" systems. 
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Fig. 8 (right) Preliminary solution for the most significant parti? < ives, 
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M. Chanowitz 
I would like to comment that a P-wave r]7r resonance in this region could be the 

1=1 partner of the 1=0 KKx structure at 1420 seen by the Mark III in 3/tjj —*• uKKir 
which might be identified with the KK7r signal in tagged two photon scattering, 77" —• 
KK7r,that I suggested could be a 1"+ exotic q"qg meikton. 
H. J. Lipkin 

The t]-K resonance would fit naturally into an exotic 4-quark multiplet in the 10-10* 
representation of SU(3) together with the cj>n resonance seen at Serpukhov. This 10-10* 
has "charge conjugation doublets" 1 and 1~+ which accommodate these two states. 
T. Inagaki 

Please show the t - dependence of TJTT production cross section. It does not seem 
like 7r-on exchange? Especially in your interference region? 
Binon: 

The t-dependence of TJTT production over the whole mass spectrum above 1 GeV is 
not OPE. It shows a forward dip and a maximum characteristic of a p - type exchange. 

KK. 



MESON SPECTROSCOPY AT THE SERPUKHOV ACCELERATOR 
Yu.D.Prokoshkin 

I n s t i t u t e f o r High Energy P h y s i c s , Se rpukhov , USSR 

1. INTRODUCTION 
Hadron spectroscopy (mainly meson spectroscopy) has always been an essential 

part of the experimental programme of the 70 GeV Serpukhov accelerator. Among 
the results obtained earlier in this direction one should mention: the study of 
3TT-system (A, , A2» A 3 ) , the discovery of high-spin h(4 ) , r(6 ) mesons and 
G(1590), a scalar glueball candidate; the observation of radial excitations 
TZ<1200) and TT{1770) , the observation of possible multiquark hadrons C(1480), UO100; 
Ap(nTI)) and N(1960; E~*K +), high statistics study of AA and KfKf systems, the 
discovery of rare decays of mesons*"!] —«-TT0YYI "H'-*" 3TC° (violating Q-parity), Z—T\~l\> 
h-"*717l» T1~*"M-+ ~̂"Y» •n'-*p.+p."Yt (O-̂ lî lTTt0} the Measurements of Tl", if, if and U) form-
factors, the measurement of TT'polarizability through its Compton scattering, 
precision study or T] and If neutral decay channels, the measurement of T|—— (J. |1~ 
decay etc. Charmed particle production near the threshold has also been studied: 
J/lp. Ipt Xc and Ac, hadron structure functions being determined (for details see 
survey [1]). 

At present meson spectroscopy is a dominating direction "of experimental stu
dies at the IHEP accelerator - 7056 of the experimental setups is working for this 
subject. The main attention is paid_to the search and study of exotic meson sta-
testglueballs gg and ggg.meiktons qqg,radially excited qq,multiquark states qqqq. 
etc.Concentration of the efforts in this direction (which is "hot",as has been 
shown by the present conference) is caused both by the importance and acuteness 
of meson spectroscopy study for the development of QCD (meson spectroscopy, evi
dently,plays the key role for the strong interaction theory as the optical spe
ctroscopy, in its time, played for quantum mechanics), as well as by the fact 
that Serpukhov accelerator energy is optimal for meson spectroscopy experiments. 

Below some new results are given which have been obtained recently at the 
IHEP accelerator in this field. 

2. OBSERVATION OF A NARROW 1750 MeV MESON DECAYING INTO 7]If] 

This experiment is a continuation of the systematic study of the charge-ex
change reaction 

TC p —-M°n m 

u-ipi—. 4y (or ay) 
started by experiments [2,3]• These experiments resulted in the observation of 
scalar G(l590)-meson which has properties typical for 0. glueball [2-8]. The 
measurements have been performed by GAMS Collaboration ' at 38 Ge^tincident mo
mentum. To detect gammas in reaction (1) the multiphoton spectrometer GAMS-2000 
[10] has been used which is capable to measure simultaneously energy and coor
dinates of a large number of y-quanta. The purity of the experimental selecti
on of T]"r)-systeni (1), which is a rare process accompanied by intense reactions 
of Tr0TToand "nTC0 pair production, is illustrated by fig. 1. 

No significant background is seen and it keeps being small with |t| increa
sing, (t is a square of 4-momentum transferred to a neutron in (1)) (fig. 1)« 
Most TlTi events are concentrated at low |t| , a region which is dominated in_re-
action (1) (as well as in all other reactions of meson pair production: TC~p -•-
—TCTtn, — KKn etc.) by one-pion-exchange mechanism (OPE). In this region a lar
ge number of resonances are produced, like £ , f, G(1590) and h. As a result, 
the mass spectrum and the angular distribution of T\T\ systems show complex struc
tural variations [2,8]. 

— 
'GAMS C o l l a b o r a t i o n i n c l u d e s : S.V.Donskov, A . V . I n y a k i n , V.A.Kachanov, 

I D . B . K a k a u r i d z e l , G.V.Khaustov, A.V.Kul ik , A.A.Lednev, Yu .V .Mikha i lov , Yu .D.Pro
k o s h k i n , Yu.V.Rodnov, S .A.Sadovsky , V.D.Samoylenko, P .M.Shag in , A . V . S h t a n n i k o v , 
A .V.S ingovsky , V.P.Sugonyaev (IHEP, Se rpukhov) ; F . B i n o n , C.Br icman, J . P . L a g -
n a u x , Th.Mouthuy, J . P . S t r o o t ( I ISN, B r u s s e l s ) ; D .Alde , E.A.Khapp (LANL, New 
Mexico ) ; M.Gouanere, J . P . P e i g n e u x (LAPP, Annecy) - 6 t h J o i n t expe r imen t a t 
IHEP and HA 12 exper imen t a t CERN [9)i 
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The contributions of these resonances disappears quickly (N(t)~ exp(bt), 
where b«10 (GeV/c)" at small |t|), and above |t|»0.2 (GeV/c)2 a clear nar
row peak appears in M-n-yi mass spectrum at a mass of 1750 MeV (figs 2 and 3)« 
It is seen independently in two runs as well as in different non-overlapping 
t-intervals. Its statistical significance is larger than seven standard devia
tions. The mass and the width of this new meson are 

M - (1755 + 8) MeV, T<50 MeV (2) 
(the width of the peak is equal to the instrumental resolution of GAMS-2000). 
The t-distribution of the events from reaction Tt~p—x(175G)n (fig. 4) is des
cribed by an exponential function with the slope of b=(3.8+^.5) (GeV/c)~2 which 
ia significantly smaller than typical for OPE. With increasing |tl ifi] angular 
distribution appears mostly isotropic in all VL-m\ mass bins (fig. 5). The iso-
tropy of X(1750)-meson decay angular distribution (fig. 6) favors JPC = 0*+. A 
2*+assignmentr although having lower probability, is not excluded. Isospin and 
G-parity due to tiif-decayf are 1° = 0 . 

The new meson is not only narrow but also it is produced with a very small 
cross-section in reaction irp—X(1750)n: 0-BR[X(l750)—"rp)]=(3.5+1.5) nb. The 
observation of the ipj decay channel and the absence of the TT0Tt0~"decay (fig. 7) 
at the level of 

BR(X—TC°TC°)/BR(X—TlT])<0.3 (3) 
may indicate the possible existence of a significant valence gluon component 
in. X(1750) (5.6]. It may be valuable in evaluating the nature of this exotic 
meson to also consider the existence of another narrow state X(2220) (see below). 

3. 2.22 GeV NARROW MESON DECAYING INTO T|'"T| 
Data on this meson state have been obtained by GAMS collaboration in the ex

periment which was simultaneously carried out in 38 GeV/c and 100 GeV/c K~beams 
(the 6th Joint experiment at IHEP and NA12 experiment at CERN) [11]. Multipho-
ton spectrometers GAMS-2000 and GAMS-4000 were used, respectively, as basic de
tectors. In both cases a rare process is studied: 

It has been reliably singled out against huge background of many hundreds ti
mes more intense reactions of Tt°TC°, t\K° and T)T) "pair production (fig. 8). 

The mass spectra of selected 1\'T\ events (fig. 9; show the presence of a nar
row (width is pure instrumental) peak in both sets of data which demonstrates 
the production of a resonance in reaction (4-): M=(2220+10) MeV, ("<70 MeV. The 
decay of this meson, X(2220)—-Tl'"I], is characterized by"a notable anisotropy of 
angular distributions in Gottfried-Jackson frame .(fig. 10). The strong peaking 
at IcosecjNl excludes zero spin: J > 2 . If the state is of a qq structure, then 
JPC _ 2 or 4 + + (production of higher spin states is strongly suppressed by an
gular momentum barrier effects). In a case of glueball (gg) or meikton (q§g) 
the structure X(2220) might be an odd state (3~); the probability of this is 
not high because the decay angular distribution (-fig* 10) is symmetrical. Iso
spin and G-parity of X(2220)-meson are IG=0+ as follows immediately from its 
decay mode in ~t\'7\. _ 

The production cross-section of X(2220)-meson in reaction Tt p—X(2220)n has 
been measured to be 0-BR(X—T|'Tl)=(5Q+l7)nb at p=38 GeV/c and (9±3)nb at 100GeV/c; 
it follows the dependence O-p"'-8*0-3. "~ "~ 

Both the mass and quantum numbers of the observed X(2220)-meson are compa
tible with those of the narrow isoscalar state g(2230) seen in the radiative 
decay J A}) -*• yY& by MARK-UI group [12]. The observation of the decay into TJ' 
and T| mesons with significant branching ratio is strong indication that X(2220) 
has an important gluon component. Would it be the same particle as £, the ob
servation of its production in J/d) decay might be another strong argument in 
favour of its_being.a "tensor glueball candidate (another explanation is that 
it is a 2 + + ss-meson with large orbital momentum L = 3 [13])« 

At present these conclusions are premature because DM2 experiment does not 
observe a § signal when studying the same processes as in MARK-HI [14]. Situa
tion with P is not clear, extra experiments are needed. 



4. NEW EXOTIC TENSOR MESON X(3810) DECAYING INTO 471° AND 7)7) CHANNELS 

New data on meson spectroscopy have been obtained by GAMS collaboration at 
the Serpukhov accelerator in the study of 4Tt° states produced in a charge-ex
change reaction 

Tt~p — M°n , -* 
L— 4TI°—B^ o ; 

at 38 GeV/c 71" momentum ( f i r s t r e s u l t s were obtained by the Col laborat ion a t 
100 GeV/c i n NA12 experiment a t SPS of CERN, they are pr-esented a t t h i s con
ference by P,Binon) . 

The decay M°—4Tl° i s a very promissing instrument in search for exotic me
sons'. For o rd ina ry , qq mesons BR(Mo-^4Tt0T'<*:BR(M0-^4Tt) because the decays to 
charged mesons a re enchanced by p-dominance: M°-*-(pp)-*-2itf2Tt~ or TC^TC'Tr0!!0 , 
which does not work i n a case of 4TE° channel (pV*-2TU°). A9 a r e s u l t , BR(M°-»-
-»4Tr°) for mesons l i k e £(1270), h(2030) i s expected t o be (0 .1 to 1)5&. In ca 
se of exo t ic mesons ( e . g . , g l u e b a l l s eg) charged decay mode.*! a re not i n t e n s i 
f ied (tt<V-p°p°), and the r a t i o of 4Tl0/47t decay i n t e n s i t i e s i s expected to be 
much h ighe r . E . g . , fo r s c a l a r g luebal l BR(M0~4Tt°)=l/5,3R(M°-~-4n:) [15]; 4it° must 
be one of the main decay channels of G( 1590)-meson:BR(G-*-41t°) » 105» [ 5 ] . 

4Tl° mass spectrum obtained i n r eac t ion (5) with GAMS-200O spectrometer i s 
presented i n f i g . 11. I t has a pronounced resonance s t r u c t u r e . The t - d i s t r i b u -
tion~of 4Tt° events i n a l l mass i n t e r v a l s has a shape t y p i c a l fo r OPE. As a 
consequence, M° s t a t e s i n r e a c t i o n (5) must be even: J^= 0* , 2*+, . . . and I G = 0 + . 

When desc r ib ing M°-*-4TC0 decay a symmetrized angle 00B may be used which i s 
analogous t o the ©GJ angle i n the Gottfr ied-Jackson frame i n a case of two-bo
dy decay. M° spin being a l l igned i n a case of OJE, the cut on t h i s angle allows 
t o enchance the con t r ibu t ions of s t a t e s with d i f f e r e n t s p i n s . E . g . , cos90 B

< 0 ' ' ' -
cut enchances 2 + + - s t a t e con t r i bu t ion ; the opposi te cut makes s c a l a r s t a t e con
t r i b u t i o n s t r o n g e r . Corresponding spectra are given i n f i g . 12. 

Mass spec t ra on f igs . - 11 and 12 show a c l e a r peak corresponding to the p ro 
duct ion in r e a c t i o n (5) of a resonance with the mass and the width 

M=( 1810+10) MeV, f" =( 180+40) MeV. (6) 
PC ++ "~ "" 

I t s s p i n - p a r i t y i s J =2 . The c ros s - sec t ion of t h i s meson production in r e 
a c t i o n (5) i s measured to be (60+.20) nb. Would X(2220) be an ordinary qq-meson 
for which the r a t i o of decay modes 4Tt/4TT° i s 20-40 (see below), then 0 »3nb. 
This i s excluded by previous experiments. 

X(l8l0)-raeson cannot be i d e n t i f i e d with any known meson decaying in to KJf[4] 
(see a l so the r e p o r t of R.Langacre at t h i s conference) and i n t o 7tTt[4,8] . In 
the p resen t experiment a low upper l im i t i s a l so obtained: 

BR[X( 1810)-*2TT°]/BR[X( 1810)— 4TX°l < 1/5. (7) 
This i s i n agreement with the X(1810) assignment a s a tensor g luebal l ( fo r 
qq-meson t h i s r a t i o should be £10).. r vr 

A s t a t e with the same c h a r a c t e r i s t i c s : 1 ^ = 0 - - 2 , M=( 1820+30) MeV, T = 
=(230+40) MeV) i s observed a f t e r par t i a l -wave a n a l y s i s of ip)-system in r e a c t i 
on ( l j a t 38 GeV/c momentum ( f i g . 13, Ochs-Wagner so lu t ion [ 16]; see also da ta 
a t 1Q0 GeV/c[8]). Iden t i fy ing i t with X(1810) one obta ins the r a t i o of decay 
modes: 4TC°/TTTi»1 .Both these decay channels a r e c h a r a c t e r i s t i c for a g l u e b a l l . 

4TC° mass spectrum ( f i g s . 11 and 12) shows a l so a peak corresponding to the 
decay f—-4TT°. The p r o b a b i l i t y of t h i s decay i s 

BR(f-—47C°) * 4 - 1 0 " 3 . (8) 
( see a l so the r e p o r t of P.Binon); i . e . , M°—4TC° decay mode i n a case of qq-me-
sons i s r e a l l y of low i n t e n s i t y . 

I t i s worth a l s o mentioning, as a guide- l ine for fu r the r s t u d i e s , the ex-
c i s t ence of a wide ( ?= 300 MeV) s t r u c t u r e in 4TC° mass spec t ra ( f i g s . 11 and 12) 
with a mean mass value of 2360 MeV. I t s s p i n , according t o the angular d i s t 
r i b u t i o n s , i s J > 2 . 

5. G(1590)-MES0N AS A SCALAR GLUEBALL 
G(-1590)-meson was observed before in ~f\\ and ~tf~<\ decay channels through p a r 

t i a l -wave a n a l y s i s of r e ac t i ons (1) and (4J at 38 GeV/c ( f i g . 14) and lOOGeVc 
inc iden t momentum [ 2 , 3 , 8 ] . P i g s . 11 and 12 show the exis tence of a resonance 
i n 4TC°-system, which has the same mass and s imi l a r width (f=(160+40) MeV) and 
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the same quantum numbers:I J =0 +0 + +. Identifying this resonance with G(1590)-
meson one obtains after normalization: 

BR(G—4TT°)/BR(G—1\1\) = 0.7 + 0.2. (9) 
Such a large value of BR(G—-4TI0) is an independent evidence of the exotic na
ture of G(l590)-me3on. 

TpT], I)'!) and 4TT modes saturate practically the decay of G( 1590)-meson, the 
contributions of the remaining channels like TETT and KK is less than TIT] [ 2 ] *' . 
Using the glueball ratio 4TT/4Tt°=5 [15] aria measured value R=BR(G— 7l7l)/BR(G-7]TJ)= 
=2.9+0.7 (data [3] and the result of new measurements at 38 GeV/c), one then 
obtains: 

BR(G—4TC) =0.46 + 0.10, (1Qj 
BR(G-» 1JT)) = 0 . 1 2 + 0 . 0 2 . 

This BR(G-*-4TE) is in a good agreement with the value calculated for glue-
ball (fig. 15) using gluon decolouring mechanism [5]. In these calculations 
[I5]the cross section 0*^=0 (Tfp—Gn) •BR(G—Tytl)=(33+8) nb [2] at 38 GeV/c and 
the ratio r2 =ER(Jty^yfflyBR(.JAi}-~yT\) =4.7+0.6 [4]""were used as input para
meters. ' ~ 

In conclusion, experimental data obtained on all essential decay channels 
of G(l590)-meson allows to give a selfconsistent description of its production 
and decay as the scalar glueball, a particle with the dominating gluon com
ponent . 

6. EXOTIC VECTOR MESON C(1480) DECAYING INTO \$TL° 

A resonance of 1.5 GeV mass produced in the charge-exchange reaction 
TT~p-~M°n 

was observed earlier [17J. At the present conference the same group ' has 
presented new experimental data [8], which allowed to define quantum numbers 
of this meson. 

Measurements have been made in the 32.5 GeV/c TT ~ beam of the Serpukhov 
accelerator with the combined spectrometer "Leptoh-P". This setup includes a 
magnetic spectrometer with wire chambers and Cherenkov counters and the hodo-
scope GAMS-200 spectrometer [20]. It allows to efficiently detect both char
ged particles and photons. Pigs 16 and 17 illustrate its abilities. 

ip-mesons produced in reaction (11) are identified through their <£—"-K K~ 
decay (fig. 18). When constructing the mass spectrum of ipTT°-system (fig. 19) 
the number of type (11) events has been determined by subtracting the back
ground below ip-peak (fig. 18). The resulting spectrum is dominated by the re
sonance peak C( 14-80) with the parameters: 

M = (1480+40) MeV, T = (130+60) MeV. (12) 
Its production cross section in reaction -TT ~p-»-C( 1480)n is found to be 
O-BR(C-*-ipTt°)=(40+15) nb. The background below C-peak is not large, as it is 
confirmed by a test (fig. 19c), when K"*"K~ pairs have been selected out of a 
mass interval shifted from ip-peak. The spectrum in fig. 19a shows no D(1285)-
signal (fig. 17). This confirmed the validity of the subtraction procedure 
(0+i++D(i285)-*-vpTTo decay is forbidden by C-parity and isospin conservation). 

It follows f rom C -»• vpit° decay scheme that C(l480)-meson has an odd C-pa
rity and an isospin 1=1. These quantum numbers distinguish it from its neigh
bours: EO420)-mesdh with IJPC =01++ and t(l440)-meson, 00~+. 

The t-distribution of reaction Tt~p—Cn events has a shape typical for OPE 
(fig. 20). Background events are characterized by a much wider distribution. 

*J According to [5,15] BR(G—TTTE+KK") « 0.6 BR(G-"-7]T|). 
* * ) 

' S.I.Bityukov, R.I.Dzhelyadin, V.A.Dorofeev, S.V.Golovkin, A.S.Konstanti-
nov, V.P.Kubarovsky, A.I.Kulyavtsev, V.P.Kurshetsov, L.G.Landsberg, V.V.lapin, 
V.A.Mukhin, Yu.B.Novozhilov, V.P.Obraztsov, Yu.D.Prokoshkin, V.I.Solyanik, V.A. 
Victorov, N.K.Vishnevsky-(IHEP, Serpukhov); M.V.Gritsuck (ITEP, Moscow). 
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OPE dominance in C(1480)-meson production restricts possible quantum numbers 
of this state to P=C=(-1)J . C is odd, so J P C=1—, 3" , ... A straightforward 
Jp determination is possible through the analysis of the angilar distribution 
of C(H80)-*-vpn:0, <P—K+K+ decays. 

The distribution of the events on QK-K" angle between K~ and TC° in ip rest 
frame (fig. 21a) has a shape of sin29ini« . This means that vp helicity is \n= 
=+1 and, particularly, rules out J=0 (independently of OPE hypothesis), for 
wEich the distribution should be -cos2©*^.. \ip =±1 assignment is in a agree
ment with- the one expected for OPE. The azimuthal angular distribution has a 
form of ~sin2,PK- 0PK- is measured relative to C-*-<pn:

0 decay plane) confirming 
OPE dominance. Finally, the distribution of events on polar angle in the Gott
fried-Jackson frame has a shape typical for 

JPC = I"-, (13) 

it rules out J 5.3 (fig. 21b). 
Attempts have failed to explain the observed C(1480) peak in the ipTt"mass 

spectrum as a threshold Deck-type effect [21]. Its contribution to reaction 
(11) does not exceed, due OZI suppression, 10% [22]. 

To conclude, this work proves the existence of vector meson C(1480) coupled 
to ipTT° channel. Such resonances have been considered theoretically [23,24] • 
The experimental confirmation of the structure in this mass region was obtai
ned in a study of iprc--3ystems [25] -

The analysis of the mass spectrum of ipTC°-systems produced in reaction 
TC~P~~U}Tt0n., which has been'measured in a series of experiments with the GAMS-
2000 spectrometer [2], shows no• structure in the C(1480) region. The follo
wing limit is thus obtained (95% C.L.): 

BR(C—ipTT°)/BR(C— U)TC°) > 1/2. (14) 

Would C( 1480)-meson have qq structure,the ratio (14) is very low (»l/350) due 
to OZI suppression. The strong coupling of C(1480)-meson to ipTt° channel is a 
convincing argument in favour of_its interpretation as a four-quark state, 
with possible structure (uu-dd")ss/5/2" [24]. The properties of C(1480)-meson can 
also be explained within meikton qq&nE hypothesis [26]. 

7. OBSERVATION OF D(1285)-npY DECAY 
The data available at present do not allow one to determine unambiguously 

the content of the nonet of axial-vector mesons (JPC =1 + +). Out of two isosca-
lar states in this nonet only one can be considered to be reliable, D(1285)-
meson. Data on the other, usually considered isoscalar E(1420) are contradic
tory (the well-known "E/t puzzle", see.reports by T.Tsuru and ff.Toki at thi3 
conference). 

Important information on axial-vector nonet may be provided by radiative 
decay M°(I«TPC =01++)—•"vpy* Since ip=ss, the ipy decay serves as a good analyzer 
of ss component in the wave function of M°. A search for this decay has been 
performed at the Serpukhov accelerator. The experiment [27] has been carried 
out with the "Lepton-P" setup (see previous paragraph, the group is practi
cally the"same). Reaction 

Tt ~p -*- M°n 
•—- 9Y x (15) 

was used for the search of the decay, TC "-momentum being 32.5 GeV/c. 
The main source of the background is process (11) (with one gamma lost). 

These events are concentrated at small |t| (OPE). At the same time OPE is for
bidden for axial mesons, their t-distribution is much wider (fig. 20). So, to 
suppress the background a cut was introduced: |t| >0.1 (GeV/c)2 . 

Only zero helicity component of ip -meson (Xm =0) contributes to the decay 
M°( 1++) —* ipYi *ke distribution over the angle between K~-raeson and a gamma has 
the form cos20K-Y . In case of pseudoscalar meson decay, M°(0~

+)-*-iPY, Aip =±1 
and angular distribution is ~sin29K-Y. To select ^5-mesons with Am=0 a cut was 
introduced: IcosQiov I > 2/3, which strongly suppressed the background at the ac
count of small (30%) loss of wanted events. 

In the effective K+K~. mass spectra of the selected events of reaction (1) 
a distinct ip -meson peak is observed (fig. 22). K+K~Ymass spectrum shows a 



peak at D-meson mass (fig. 23). The resulting iDy mass spectrum is given in 
fig. 24» which was obtained after a small background subtraction using K+K~ 
intervals adjacent to ip (fig. 23). The spectrum is dominated by the peak, cor
responding to the decay 

D(l285)-*-<PY • C16) 
Peak width is instrumental. Decay (16) interpretation is unambiguous. The back
ground due to kinematlcal reflections of TJC"n*) —*"TĈ TC"y decays has been control
led [1R], it turned out to be negligibly small. The distribution of peak events 
on 0u-Y angle (beiore the cut is introduced) corresponds to J

p =1+.(fig. 25). 
The branching ratio of decay (16) has been determined by calibration with 

the known K+K'TC* decay mode [4J (fig. 17): 

BR(D—ipy) - (9+3)-10"4 (17) 
(+4 with the account of the uncertainty of the table values [4]). Then, using 
the width of D( 1285) -meson [4] one may obtain 

r(D—ipy) = (23+8) KeV (18) 
(+10 [4])« The comparison of value (18) with theoretical calculations [28,29] 
sEows that the mixing angle in axial nonet QA differs strongly from the ideal 
one (9Ao =35.3°): 10C| = |0A -©A«I > 30°. So, there should be quite a noticeable ss 
component in the D(1285) wave function. This is confirmed by the data of 
MARK-IE and DM2 on the ratio of J/ib-*-ipD and J/l]j-*-(DD decay modes [30], which 
brings to 25°<|a|<35°. 

Would D(1285) and E(1420) mesons belong to the same nonet then in the fra
mework of independent quark model (the validity of which has been checked ex
perimentally for pseudoscalar (T],T)') [31] and vector (u),ip) mesons [32]) the 
ratio of expected event numbers is equal to: 

R(E/D) =* N(E-^Y)/N(D-~ipY)=(P2/p£)3(ryrE) = 1.4 . (19) 
Here p is the cm.a. decay momentum, T is the width of resonance. The upper 
limit for this ratio obtained experimentally (fig. 23, where E is not seen) is 
much lower: 

R(E/D) < 0.6 (20) 
(90% C.L.). This shows that E(1420)-meson does not belong to the same axial-
vector nonet as D(1285)-meson. • 

I would like to use this opportunity to thank S.S.Gershtein, H.J.Lipkin, 
J.L.Rosner and T.Tsuru for discussions and S.Ozaki, K.Takamatsu, the Organi
zing committee for their help and hospitality. 
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Fig.1. a)InTariant mass spectrum of v-pair3 produced in reaction (1) at 40 
GeV/c with W—it-y , i,k = 1 to 4; b)idem for one of the pairs ( y3 Y4 ) obser
ved with the other identified as T\——\ v, • c) and d) are the same as a) and 
b) but for Itl >0.3 (GeV/c)2. " I2 

Fig.2. T|"n mass spectra with different t-cuts. Hatched area shows X(1750)-peak. 
Fia;.3« T]-pair mass spectrum in reaction (1) at 38 GeV/c, ltl>0.35 (GeV/c) . 
Peak corresponds to the production of a narrow meson decaying: X(1750>*lltl—4y» 
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F1R.U-. Integral t-distribution of TITJ events in X(1750)-peak (figs 2,3). Points 
are fit with exp(bt), b = 3»8 (Gev/c)~2 . Dashed curve shows the t-dependence 
for scalar glueball candidate G(1590) and £(1230), f(1270) and h(2030) mesons 
( typical for OPS ). 

Fig;.5. Efficiency corrected angular distributions of T\i\ events in three mass 
intervals of M-mi (shown in MeV on the top, a central interval corresponds to 
X(1750) region) in the Gottfri'ed-Jackson frame, with various t-cuts (given in 
(GeV/c)2 at the hystogramms). Efficiency £ is shown by a dashed line. 
Fig.6. Distribution of X(1750)-*-T)T| events (hatched area in fig. 3) on tae 
polar angle in the Gottfried-Jackson frame. 
FiK.7. TE°TC mass spectrum in reaction Tt ~p-*-TC°Tt°n around X(1750) measured 
with GAMS-2000 spectrometer at 38 GeV/c. 
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FJR.8. Invariant mass spectra of the other two gammas after identification of 
a y-pair a s a:a T]-meson C^-*-YiY2^ ̂  *ke selected 4"y -events. 
FJR.9. Measured mass spectra of the selected l/l] events in reaction (4). 

Fig.10. Angular distri'butions of T|'"n selected events in the mass interval 2150 
MeV to 2310 MeV ( X(2220)-peak region ). The cross-shaded area near cos9GJ = 
=-1 is the limit, below which the efficiency drops to zero. 

U„ [MiV| 

FJK.11. Invariant mass spectrum of 4ir° system produced in reaction (5) at 
58 GeV/c, measured with GAMS-2000 spectrometer. Dashed curve shows the phase 
space, efficiency being taken into account. 

FJK.12. Same as in fig.11, but with the cuts on the decay angle: a)cosOQB< 0.4 
which favours JPC = 2 , and b)cos9QB > 0.5 (favours O**). 

Fig.13. Partial wave analysis-of reaction (1) at 38 GeV/c. Hatched D-wave 
peak corresponds to 2 glueball candidate X(1810) (6). 
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Pip;.14-. Intensity of S-wave in reactions (1) and (4) at-38 GeV/c. Hatched 
areas are for G(1590)-meson. The curves are the result of the fit with B.-T7. 
resonances plus background [2,4,1 ] . 

Fip.15. BR(G-*-4M) versus R = BR(G—-Tl'Tl)/BR(G—-T]7l). In 11 curve is calculated 
for giueball [15] (see text) with r* = BR(J/ty~YW

3R(JAI;"*"Y7P = 4' 7 ̂ l and 
0-n-n= 33 no at 38 GeV/c [2] . Error bars correspond to + AO-rpq, dashed curves 
show the corridor corresponding to ±Ar !. Open circle represents the experiae-
ntal results of GAMS Collaboration for R = 2.9±0.7 and BR(G—-4Tt) (10). 
Arrow shows the value expected for qq-meson. 
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Fig .16 . Inva r i an t mass spectrum of TC + Tl~K° system i n r e a c t i o n Tt ~p-̂ TC4TC~H°n 
measured with "Lepton-I"' charged-neut ra l spectrometer . 
F ig .17 . K+K~Tt° mass spectrum i n r e a c t i o n K~p-*K+K"TT°n a t 32.5 GeV/c. 

r + t r -F i s . 1 8 . E^ET-pair mass spectrum i n r e a c t i o n TI~p—— K+K~lX°n. ^P-peak width i s 
ins t rumenta l . 
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Fig.19. a) (pTT° invariant mass spectrum in reaction (11), acceptance (b) cor
rected.-Curves are fit with relativistic, L = 1 B.-W. resonance plus polynomi
al background. c)Same as a), but ip-mass interval is chanced from 1016 -1024 
MeV to 1Q44-1052 MeV (see fig.18). . 

Fig.20. t-distribution of C(1480)-peak events. Curves are OFE and A~ -exchange 

Pig• 21. a)Distribution of C-peak events over 9K-tx<» angle (see text). Curve is a 
fit showing that ip helicity is A.m = + 1. b)Angular distribution of C-peak 
events in reaction (11) Gottfried-Jackson frame. Curves are for Jpc-1 and 3 . 
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Fig.22. K K~-pair mass spectra in reaction Tr~p-*-K+K~y°- for different inter
vals of mass M|/+K-Y (shown in MeV). Curves are fit with ^p-peak and polyno
mial background. 

Fig.23* Mass spectra of selected K+K~y events from reaction Tt""p—~x*KTy n. 
Mass intervals are given for MK*K- in MeV. 
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F i a . 2 5 . Angular d i s t r i b u t i o n of ipy events from D-region (1230-1330 Me7).D 
curve i s the r e s u l t of the f i t (0.2+0.3 + cos29K-v); i n the case of Jp = 1 
d i s t r i b u t i o n i s ~cos 2 9 K -y . "~ 
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B . D i e k m a n n 
l )Can the G and X(1750) be observed simultaniously in a certain t - range? 
2)Is the <f>ir° curve acceptance folded? 

Prokoshkin 
l )When | t | is increasing the signals from G(1590), f, h go down and X(1750) appears 

as a peak, with peak-to-background ratio improving with |t|. But the regions where 
you can see bo th G(1590) and X(1750) do not overlap: G signal disappears at |t |>0.15 
(GeV/c)2 and X(1750) peak becomes statistically significant at | t |> 0.2 (GeV/c)2 

2)Yes 
M . C h a n o w i t z 

If the (f>j enhancement at 1280 were due to the 7/(1280) seen at the ZGS and KEK, 
what would the angular distribution have looked like? 
Prokoshkin 

The decay 1 + + —* <py way proceed only with 7 having helicity Xy=0. In this case 
dN/d cos0x_y ~ cos 2^j . For 0~+ -* <py decay \V=±1 and dN/d cosflkj 

~ sin dk-y. The 
past figure definitely shows 1 + . 
H. Lipkin 

The <f>ir 1~ resonance was originally predicted by Close and Lipkin as a four-quark 
state produced in 7p. The present state is not formed in 7p but in 7r7r —+C—• <j>ir. This 
begins flavor mixing in the four-quark wave function, i.e. cosfl |qqss >+s in 9 |qqqq > , 
where qq denotes u and/or d. You need |qqss > for C—* <f>ir and |qq qq > for TTTT —*C. 
This suggests that the C is in the exotic 10-10* SU(3) multiplet. The 10-10* contains 
a "charge conjugation doublet" -1 and 1 _ + which would accommodate the GAMS 
TJ-K exotic s ta te as the companion' of the C. 
Prokoshkin 

Thank you for your comment, Harry. Of course we knew your work. Unfortunately, 
being so squeezed in time I had no possibility to refer to your results. 
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IS THE U(3100) STRANGE DIQUONIUM? 

H.W. Siebert 

Physikalisches Inst i tut , Univ. Heidelberg 
Philosophenweg 12, D6900 Heidelberg 

speaking for the WA62 collaboration . 

We have previously reported on evidence fo r narrow states at 3.1 GeV/c2 , 
decaying as U*^AP"TT*TT*, Ua~Aprr*rr*TT" and U~— ApiT*n* ( f i g . 1) . These states 
were produced by Z" of 135 GeV/c interacting in a beryllium target , at the 
CERN-SPS hyperon beam [ 1 ] . Preliminary results from a neutron beam experi
ment at Serpukhov seem to confirm this observation [2 ] . If the observed final 
states are the result of strong decays, then the U* must be a multiquark state 
with the minimum valence quark content sudd. 

These states may be explained as diquonia, i .e. systems of a qq and a qq 
pair, which have been discussed in the l i terature already a decade ago. Not 
only is a rich spectroscopy of diquonium states expected, but there are also 
some detailed predictions on diquonium decays which can be tested in the data. 
In part icular, Tsou and Chan [3] calculated masses and widths of "mock diquo
nia", where the qq and the qq pairs are color sextet states J and separated 
by an orbital angular momentum L. In this scheme, the U(3100) would be a 4" 
state with L=3 and isospin 1=3/2. Such states cannot decay simply through 
breakup of the color f lux tube between the pairs. Instead, i t was predicted 
that they should decay through pion emission into states of lower L, unti l color 
mixing allows the breakup of the color f lux tube , leading to the production of 
a baryon-antibaryon pair . These transit ions, U—nX, should be easy to f ind in 
the data as peaks in the pion CMS-energy. 

Such an effect may explain the observed shapes of the pion spectra in U° 
decay. In f i g . 2, we show the CMS-energy spectrum of the low-energy TT* for 
the U° sample (thick histogram), which contains 21 events after statistical sub
traction of 32 background events. It is quite different from the corresponding 
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spectrum for the background outside the U° mass peak (thin histogram) and 
from the spectrum calculated for f ive-body phase-space decay (curve) . The 
distr ibution for the U° sample rather corresponds to the one expected for a 
decay U ° - T T * X " , where the recoil system X" has a mass between 2800 and 2S50 
MeV/c2. This effect is absent in the TT" spectrum, which would have corre
sponded to a decay U°—TT'X*. In the case of U* and I T , the pion spectra for 
the U samples correspond to those for the background and the phase-space 
decay calculations. It should be noted, however, that the observed U* and U" 

f f inal states contain one pion less than the U° final state. If the emission of a 
single pion is not the only decay mechanism, but direct breakup processes do 
also occur, then the latter may have a larger weight in final states with fewer 
pions. 

Another prediction which we can test in our data, comes from Ono et a l . 
[ 4 ] , namely that the baryonic decay of strange diquonium should lead mainly to 
decuplet particles, i.e. Z and A. Owing to its narrow width, T=36 MeV/c2, the 
Z(1385) should be recognized easily in a plot of the (An) effective mass. In 
f i g . 3 we show the m(Arr*) distr ibution for events in the U* signal region. The 
plot contains 196 entries from 98 events, including an estimated background of 
52 events. There is a slight enhancement visible in the two bins around 1380 
MeV/c2, but it cannot be judged as significant. There is also no evidence for a 

* — 
Z in the U° and U" data. A resonances are more diff icult to observe owing to 
the larger A width , l">100 MeV/ca ; we see nothing in our data. 

A high-statistics investigation of the U(3100) and of charmed-strange 
baryons in a new hyperon beam at CERN has been proposed by a group from 
our institute [ 5 ] . If the existence of the U(3100) is veri f ied, its investigation 
will provide extremely interesting information on a new state of hadronic matter. 

Members of the WA62 Collaboration: 
M. Bourquin, R.M. Brown, H.J. Burckhart, P. Extermann, M. Gailloud, 
W.M. Gibson, J .C . Gordon, P. Jacot-G.uillarmod, Ph. Rosselet, P. Schirato, 
H.W. Siebert, K.-P. Streit (spokesman), J . J . Thresher, V.J.Smith. 

In a paper submitted to this conference, Close and Lipkin argue that the 
diquark (antidiquark). should be rather in a color antitr iplet ( tr iplet) state. 
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Figure captions. 

1 . Effective (Ap+pions) mass distributions observed in experiment WA62. 

2. CMS-energy spectrum for the low-energy n* in the decay U°—Ap7T*TT*7T". 
Thick histogram: signal after statistical subtraction of background." 
Thin histogram: background; curve: expectation for f ive-body phase-
space decay; these distr ibutions are normalized to the number of signal 
events. 
The kinetic energy T is divided by Q = m(Aprr*7T*n") - ( m A + m

D
+ 3 n O *° 

obtain background distributions independent of m(Apn*TT*n*). The recoil 
mass scale is for events in the U° mass peak. 

3. Distribution of the (ATT+) effective mass for events in the U+ signal 
region. The arrow denotes the position of the Z*(1383). 
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D.C. Peaslee 
It may be that a whole Regge trajectory of exotics is being discovered. The states 

so far suggested all lie on a straight line of m2 vs. J (using Tsou's assignment). 

JL. T̂= o l a 3 ¥ <f 6 *^(TsoatS,T.t A/P B/%( 1?7 

(3(tOo£lf0) 
rUC3Voo) 

IX-

8 - X.„ J* 

(r?3o± no) \JT AQ 
I U 

o - \ 
I 

( • ^ Possr9L£ CuToKF fa/? 
1 3". TtATScTofty , 6 = 0 . 

J 
Siebert 

Yes. If the U reappears and really is diquarkonium, we should see several trajecto
ries like this one. 
J . Lipkin 

F. Close and H. J. Lipkin (contribution to this conference) have a simple expla
nation of the U as an ordinary color 3* diquark and antidiquark with orbital angular 
momentum. Since the color 3* diquark has the color field exactly like an antidiquark. 
Our diquark-antidquark model has a color field like that in a meson and a decay into 
baryon-antibaryon analogous to meson decays: a q q pair is created between the color 
3 and color 3* to make two color singlets. Estimates of the U mass and width from the 
known meson spectrum in particular the H=L=3 are consistent with L=3 or L=4 for 
this model. There is no reason to resurrect the color sextet diquarks which will after 
the original baryonium fiaseo. There is no reason to expect a color sextet diquark to 
be bound. 
Siebert 

Thank you. We were not aware of this study before the conference. 
3. Rosner 

I would like to invite lattice gauge theorists to comment on whether widely sepa
rated sextet-anti-sextet pairs are in fact likely. One would think that it is very easy for 
a sextet to combine with a gluon to form a 3", and it is my understanding that this is 
supported by specific calculations. 
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This and the following papers were presented in the talk entitled "Analysis 
of <fi<f>, ^K+K- and K°K° system in 7r~p reactions. This talk appears as two 
separate papers upon the author's request. 

The Argand Amplitudes for the 44 events from 
it~p + <jxf>n at 22 Gev/c. 

R.S. Longacre, A. Etkin, K.J. Foley, R.W. Hackenburg, W.A. Love, 
T.W. Morris, E.D. Platner, A.C. Saulys 

Brookhaven National Laboratory, Upton, New York 11973 

S.J. Lindenbaum 
Brookhaven National Laboratory and City College of New York 

C. Chan, M.A. Kramer 
City College of New York, New York, New York 10031 

ABSTRACT 

We obtain the Argand plots for the three ^ I J = 0+2-*"*" amplitudes, 
which completely describe our 6658 events (after a 13% background subtraction) 
coming from the reaction n~p •*• <(><f>n at 22 GeV/c. The essential part of this 
determination is the partial wave analysis of the background reaction u~p •*• 
iJiK+K'n (1934 events). 

We have performed a partial wave analysis on 6658 events of the reaction 
ir~p •> $$n at 22 Gev/c. This analysis represents an increase of 3006 events 
over a prior published anaylsis [lj. In Ref. 1 we have shown that the <{i<J> 
events are produced almost entirely by Ti-exchange. Fig. la shows the accep
tance corrected <(»<J> mass spectrum for the overall combined sample, plus the 
acceptance derived from the partial wave analysis. Fig. lb shows the partial 
waves found which consisted of JpSLMn = 2+2S0~ (S2), 2+2D0- (D2), and 
2+0D0~" (DO). Fig. lc shows the relative phases of the two D-waves with re
spect to the S-wave. The smooth curves are derived from a three-pole K-matrix 
fit (i.e., Breit-Wigner resonances given in Table I). Errors are derived from 
a complete study of the x surface. We generated surfaces in the K-matrix 
varables which corresponded to a x of 4a. These surfaces enclosed our best 
solution which was a lo fit. The masses and total widths of the resonances 
are consistent within errors given in the earlier analysis [1]. 

We also studied the reaction ir~p •»• <jK*TCn. Approximatly 13% of the $$ 
events are made up of this background. A partial wave analysis of this back
ground using K*TC" masses just above the <{> (1934 events) is shown in Fig. 3. 
Approximately 67% of this background is structureless and incoherent while 30% 
is jPC » l and 3% is 2 + +. The 1 is coherent and also produced by ir-ex-
change, therefore this wave interfered with the $$ 2 + + amplitudes. The smooth 
curves for the 1 and 2 + + in Fig. 3a are Breit-Wigner fits with masses and 
width3 given in Table II. The 1 phase measured against the large S2 2 + + M 
amplitude is shown in Fig. 2b. With this connection between the 4><J> and the 
4>K7"K~, it becomes possible to establish an Argand plot for the (j><j> amplitudes, 
if we make assumptions about the absolute phase of the 1 amplitude. If the 
1 is just a Breit-Wigner (Table II), we obtain the flatest curve in Fig.2b 
with an overall absolute phase in the measured region of 84 degrees. Another 
possiblity for the (frK+K"" is a multi-peripheral deck mechanism. While a Breit-
Wigner has an Argand amplitude which is circular in shape, a multi-peripheral 
deck mechanism (which has the same partial wave content) has a sausage shape 
for both the 1 and 2+*" amplitudes. The second curve on Fig. 2b is the deck 
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1 phase and corresponds to an absolute phase of 31 degrees. The <{><}) 2"^ 
Argand plots for both conditions of 1 absolute phase are shown in Fig. 2a 
and Fig. 2c. Finally we see that the Argand plots for the $<\> 2 + + are well 
established with only minor shifts of angles depending on the 1 . 

Next let us consider (in the context of QCD and OZI) two scattering 
processes TMT ••• <f><f> and TTTT •• KK. These processes represent two unique topolo
gies in which strange quarks are created. The first is an OZI forbidden (dis
connected) process which represents lowest threshold for light quarks (largest 
production process) going to the lowest threshold for complete flavor change. 
QCD tells us that the disconnection is bridged by two gluons. The OZI rule 
would indicate that the gluons are weakly coupled thus the cross section is 
small and one would expect I = to 0"*" and .T = 0"**, 2 +, and 4+. Since the OZI 
rule is badly violated [2], one needs a strong flavor-changing amplitude. 
Vacuum mixing could cause? such an amplitude through a 0"*~*" qq resonance [3], 
However as we show above, we only see 2 + + resonances. In QCD there is only 
glueballs to cause such a large amplitude in the spin greater than zero 
sector. John Donoghue [4] has argued that the threshold resonance could be a 
rapidly falling background from direct nonresonant two-gluon exchange. Such a 
background would have to fall extremely rapidly and couple only to J^C = 2 + + 

in an S? and a DQ wave, where in general such a background would couple to 
jPC = Q++ } 2"

1"*" and 4++" waves in S0 , D0, S 2 and D2 combinations. In our 
paper of the last Hadron Conference [5], we addressed other points that John 
Donoghue had raised as alternate explanations for the $$ data. 

The second and connected process explores strange particle decay modes cf 
light quark resonances. We have measured the reaction ifp •*• KsK3n at 22 GeV. 
A partial wave analysis has been performed using 40494 events with t* < 0.1 
(GeV)2 [6], from which the S, D, and G Argand amplitudes for TTTT scattering are 
obtained. Fig. 4a shows the S amplitude (J = 0"**) and Fig. 4b shows the D 
amplitude (J = 2 + + ) . The D-wave in the region of 2.0 - 2.5 GeV amounts to 
400 nb, while the comparable cross section for <fr$ is 20 nb, thus the absence 
of a clear coupling to the 2"*~*" resonances seen in the ty$ system does not imply 
that they do not have a KK coupling. This coupling is overpowered by the many 
allowed final states in this mass region. In the same mass region centered at 
2.2 GeV we see a 50 nb 0+4" bump in KK which is 13% of the 2"1-*", while there is 
no evidence for any 0"*"*" (less than 2%) in the $$ system. Thus we conclude 
that the OZI violation in the <{>(}> system is very selective and is best 
explained by glueballs. 

Table I 

Parameters of the Breit-Wigner resonances and percentage of the resonances 
going into the 2 + + S2, D2 and Dg H channels. 

Name %Data Mass 

gT 45% 2.01lt;o76GeV 

gT, 20% 2.297t;^ G e V 

gT„ 35% 2.339"^*Q55GeV 

Width S2 D2 DO 

_n.+.067„ „ 0 Q ~ + 1 % 0„+l% ov+2% 
•202-.062GeV 9 8 % - 3 % 0 % 2 %-l% 

1 / Q + . 0 4 1 _ _ fiy+15% 9c»+18% .oy+16% 
*149-.041GeV 6 %-5% 2 5 %-14% 6 9 %-27% 

o1Q+.081„ „ 0,„+19% ,„+12% co„+21% 
•319-.069GeV 37%-19% 4 % - 4 % 59%-19% 
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Table II 

Parameters of the Breit-Wigner resonances for the <|>KK. background 
for the 1 and the Z*~*~ channels. 

rPC J 

1— 

2-H-

Phys 

%Data 

30% 

3% 

Mass 

2 .270 

2 .390 

References 

L e t t . 165B (1985) 2 1 7 . 

Width 

.454 

.562 

[2] A. Etkln et al., Phys Rev. Lett, j ^ (1978) 784. 

[3] V.A. Novikov et al., Nucl. Phys. B191 (1981) 301. 

[4] John F. Donoghue, Proc. of the International .Europhyslcs Conference on 
High Energy Physics, Bari, Italy, July 18-24, 1985, L. Nitti, G. 
Preparata, Editors, p. 326 (Latenza, Bari, 1985). 

[5] S.J. Lindenbaum and R.S. Longacre, Hadron Spectroscopy - 1985 
(International Conference, Univ. of Maryland), S. Oneda, Editor, AIP 
Conf. Proc. 132, pp. 51-66 (American Institute of Physics, New York, 
1985). 

[6] See accompaining paper about Tt~p •*• K°K°n at 22 Gev/c. 
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ABSTRACT 

A coupled channel analysis has been carried out using amplitudes of the 
Ks^s system produced in the reaction ii-p •*• KsKsn at 22 Gev/c, which contained 
about 40,000 events in the low-t region(jt-tminj < 0.1 Gev2). The IG = 0+, 
jPC - 0++^ 2++, 4 + + amplitudes from this analysis is considered, together 
with available data from other experiments in channels with the same quantum 
numbers in order to determine which 0"1-*" and 2 + + isoscalar mesons have signifi
cant pseudoscalar-pseudoscalar couplings. It is found that we need one pole 
for the 4 + + amplitudes while the 2+"*" needs five poles and the 0 + + needs 7 
poles. 

We have measured the reaction ir~p •> KsKsn at 22 Gev/c obtaining 82111 
events. In a prior experment we studied the same reaction at 23 Gev/c with a 
data sample of 29381 events [1]. Many of the same analysis techniques of 
Ref. 1 are used. A partial wave analysis has been performed using 40494 
events with it'j < 0.1 (Gev)2, from which the So, Drj» G0 Argand amplitudes for 
irir scattering are obtained (Fig.l). The purpose of this work is to determine 
the masses and partial widths of mesons which have an important pseudoscalar-
pseudoscalar coupling. For this,paper we consider the three amplitudes, which 
describes the production and decay of I = 0+, J = O**, 2+*", 4 + + via TTW + 
Kg Kg • 

In order to obtain a global view of the number and properties of these 
mesons, we incorporate other amplitudes irir •> irir [2-7], irir •> nn [8], irir + nn' 
[9], and K+K- + K+K- [10].* The channels pp •>• pir+ir~p [11], J/ip •»• Yir+ir~, 

* KK •*• KK is obtained from M = 0 unnatural exchange amplitude from K~p •»• 
K+K-A°(r°). 
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J/1? •»• yK̂ TC" [12] , and J/tji •*• Yin [13]. The spectrum of isoscalar mesons in the 
0"*"** and the 2 + + channels is very important in testing quark-gluon and gluon-
gluon confined QCD theory. Both qq and gg states can occur in these chan
nels. However they can mix, and only by a detailed analysis of these mesons 
in different production and decay channels can their nature be determined. 

By following the same chain of analysis as described in section II 
through IV of Ref. 1, we obtain the moments which can be separated into the 
same preferred SQ, D Q , and GQ amplitudes. These represent the OPE extrapola
ted Argand amplitudes [14] of inr -»• K^Kg with IG = 0+, Jpc = ff*4", 24"1", and 
4 + +. We proceed to obtain the S-matrix, which describes meson-meson scatter
ing for the above quantum numbers. The S-matrix is formed out of a K-matrix 
which is made out of a sum of factorizable poles each being related to meson 
resonances (Breit-Wigners). 

In order to describe the double pomeron and J/\|i radiative decay data, we 
use the Generalized Watson Theorem of Aitchison [15]. Aitchison defines a 
production vector described by a complex constant for each pole, where for the 
double pomeron there is an additional l/mass falloff. For the j/ij> radiative 
decay there is a production constant for each of the helicity states of the 
meson gamma system. 

We have performed a coupled channeled fit to the data of the present 
experiment and of Refs. 2-13 using the K-matrix formalism. We find that the 
4 + + amplitudes need only 1 pole [h(2040)], while the 2 + + needs five poles and 
the 0"" needs 7 poles. The 2 + + poles corresponds to the f(1270), f'(1525), 
6(1690), fr(1810) [7] and a broad high mass background pole. We have perform
ed many fits with different sets of the data [16], but here we will only dis
cuss the one fit which has properties of the 8(1690) most consistent with j/iji 
radiative decay. The need for the 6(1690) depends on the J/>p radiative decay 
alone [13]-[14]. This fit has a x* of 307 for 225 degrees of freedom coming 
from the 2 + + data. Figs, lc, 3a, 3b, 4c and 5 show the fit to_the complete 
2 + + data set. _The largest contribution to x comes from the KK -•• KK data. 
The reaction KK •*• KK (Fig. 5a) would measure directly the inelasticity of the 
6(1690). Without a single pass KK collider one will have to use the reaction 
K~p + KgKgA . This reaction is reported on in this conference and no 8(1690) 
is seen, however one needs to proform a t-depenent analysis to separate the 
Q-exchange from the K-exchange. Polarized targets may be helpful for this 
purpose. The resonance parameters are given in Table I for this fit. Table I 
shows that the f'(1525) has the expected 0ZI suppression of its coupling to 
the TTTT system, however the 8(1690) also shows a similar suppression to TTTT. 

The last important meson from the fit is the fr(1810) [7] which is 
consistent with the radial excitation of the f(1270). If one uses the pheno-
menological Gell-Mann Okubo mass rule for ideally mixed mesons It seems hard 
to associate the 6(1690) as the SS partner of the fr(1810) since It Is 200 MeV 
lower in mass instead of 200 MeV higher. However the Gell-Mann Okubo mass 
rule has not been established expermentally for radial excitations. 

As of the time of this report, we have a 0"*"*" fit with seven K-matrix 
poles. In this fit we have held fixed the 2"*"1" fit as described above. • 
Globally we have achieved a good fit to all the amplitudes (Figs. 1-5) except 
the IT-IT -»- ni [8] Fig. 4. However without complete success in fitting all the 
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available amplitudes, we think it is premature to publish masses, widths and 
coupling for the 0"*"*" states. Before we add additional poles to the 0"*""*", we 
need to explore our present fit when we release our Z** fit. It is clear that 
if we need to add an additional pole the present masses and widths for the O"*-*" 
would change. With this warning let us look at some of the properties of the 
seven poles that we now have. In the mass_region from ITTT threshold to KK 
threshold we find two poles right at the KK threshold. One pole is very broad 
with a width of 1 GeV while the other one is very narrow with a width of 
around 40-60 MeV [s*(980)]. In the mid range 1.0-1.6 GeV we have two poles 
one around 1.35 with big TTTT coupling [e(1350)] and another around 1.5 which 
couples strongly to nn [G(1590)j. In Fig. 4a we see that the region around 
the threshold we do a very bad job. We may need to add an additional states 
here which could correspond to the gs(1240) [17], In the upper range 1.6-2.0 
GeV we have two more poles around 1.70-1.80 GeV with strong coupling to inr, 
KK and Tin [e'(1650) and s*'(1750)]. Finally in_the high mass region we have 
.one pole at 2.35 GeV which couples to the TTTT, KK and Tin, where the Tin is a 
very strong coupling. 

In conclusion we have carried out a coupled channel analysis of Cr*-1", 2 + +, 
4"*""*" isoscalar mesons which are coupled to pseudoscalar-pseudoscalar final 
states. One pole was sufficient for the 4*+ channel [h(2040)], while the 2 + + 

needed 5 poles and the 0 + + needs at least 7 poles. The five poles that are 
necessary for the 2 4 + are f(1270), f'(1525), 9(1690), fr(1810) and a broad 
high mass background pole. 9(1690) has a branching fraction to irir that cannot 
be greater than 4% and has not been established in hadronic production [16]. 
In the 0"*"*" sector we are able to get a good fit to all except the amplitudes 
coming from irir ->• nn [8] using 7 poles. The final results for the 0""" will 
have to wait until we achieve a uniformly excellent fit to all the data. 

Table I 

Name Mass 

f(1270) 1283 
+6 
-5 

f'(1525) 1547 

fr(1810) 1858 

+10 

+18 
-71 

6(1690) 1730 
.+2 
-10 

Width 

186 +9 
-2 

108 

388 

+5 

+15 
-21 

122 
.+74 
-15 

XTTTT 

.844 

.013 

.21 

+.032 
-.005 

+.009 
-.005 

+.02 
-.03 

.039 
+ .002 
-.024 

XKK 

.048 

.583 

.003 

+.004 
-.002 

+ .056 
-.046 

+.019 
-.002 

.38 
,+.09 
-.19 

Xnn 

.005 

.222 

.008 

+.001 
-.001 

+.028 
-.046 

+.028 
-.003 

.18 
,+ .03 
-.13 

X other 

.103 
+.007 
-.039 

+.080 
.182 

+.03 
.77 

.41 

-.07 

+ .33 
-.11 
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Fig. 5 (a) The modulus square of the DQ amplitude from Ref. 10 in events 
as a function of mass in GeV; 

(b) The J/if( radiative decay into yn+iT from Ref. 12 in events as a 
function of mass in GeV. 

(c) The J/ij; radiative decay into It&KT from Ref. 12 in events as a 
function of mass in GeV. The J/i|> radiative decay data has the 
same background subtraction that is used in Ref. 12. The 
curves are from K-matrix fit as described in the text for the 
jPC = 2++, I = 0. 

S. Chung 
Are you claiming that your J P C = 1 <^KK state is an additional resonance? 

L o n g a c r e 
1 could be an other />' like state with a mass of 2.370 GeV and width .454 on 

the 1 and 2 + + could come from a Deck mechanism. This Deck could have a phase 
motion as little as 30°. Both assumption lead to very similar argand plots 
Yu. D . Prokoshkin 

In your analysis e(1300) -+ TJT) is not seen near the threshold. But this S-wave 
process could be calculated without complicated analysis: e —»• 7T7r—>• KK are known, 
e —• 7777 is obtained via SU(3) ( B R ~ 5%). Did you check whether your analysis is 
consistent with SU(3) for e ? Our data on 7r°7r° show e(1250) in S-wave. If your 
curve for |S|2 is valid around 1.3 GeV than BR(e -> 7777)13 ~ 5 times lower than SU(3) 
orediction. Please, check it. 
L o n g a c r e 

When we achieve a good fit the xir -+ 7777 data for the e —* 7T7r, we can then compare 
measured branching ratios to SU(3). 
S.F. Tuan 

Suppose in 7r~p—• <fxj> n in the region of the g? states you make a fit (using your 
method) with a two pole fit for D 2 , and D0,but let S2 be a background term. What 
kind of a fit will you get? 
Longacre 

If we do a K-matrix fit with two poles and a background, it is necessary to make 
the background fall off very rapidly in mass. This fall off only is simulating a resanance 
at threshold and gives the same argand plot as other methods. 
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Partial Wave Analysis of ^ K g * - Final State 

AGS Experiment 771 Collaboration 
Presented by S. D. Protopopescu 

Brookhaven National Laboratory, Upton, New York 11973 USA 

ABSTRACT 

A partial wave analysis of high statistics data collected by AGS 
Experiment #771 in reaction ir""p •*• K+Kgir~ + n shows evidence for 
a 1 + + and a 0~+ state in the 1280 MeV region, a 0~+ state in the 
1420 MeV region and a 1 + + state in the _1500 MeV region. 
Preliminary data from reaction K~p + K+Kgir~ + X are presented. 

We present here results of a partial wave analysis of high statistics 
data collected by AGS Experiment #771 in reaction: 

TT"p •*• K+TCgTr- + n 36,000 events (1) 

and some preliminary distributions from reaction: 

K~p •*• K+Kgir + X 2,500 events (2) 

The data were collected over a number of years (1983-1987). The number 
of events presented here correspond to about 70% of the total for reaction 
(1) and 25% for reaction (2). The results of a Dalitz plot analysis with 
"1/3 of the data in reaction (1) have been published and also from 
reaction : 

pp •»- K+Ksir
_ + X 12,000 events (3) 

Both analysis concluded that there is a 0 - + state around 1420 MeV 
and had no evidence for a 1 + + meson in that mass region claimed by other 
experiments. The mass and width of the 0~+ state observed in reactions (1) 
and (3) seems different from that of the iota(1440) observed in radiative 
j/t decays raising the possibility that more than one 0 - + state exists in 
that mass region. Preliminary results of partial wave analysis of reaction 
(1) have been presented at various conferences and generally confirmed the 
results obtained with a Dalitz plot analysis. With the higher statistics 
available now on reaction (1) there is evidence for additional mesons which 
will be presented in this report. We will not discuss reaction (3) any 
further. 
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These data were obtained with the BNL Multiparticle Spectrometer (MPS) 
using 8 GeV it-, K~, p beams impinging on a 60-cm hydrogen target. The 
apparatus has been described in previous publications. ' It consists 
basically of 49 planes of multi-wire drift chambers measuring along x, y and 
60° inclination for stereo track reconstruction, 3 proportional multi-wire 
chambers (PWC's), 2 large array scintillator hodoscopes, and a high pressure 
Cerenkov counter for triggering purposes, and a large time-of-flight (TOF) 
counter to separate ir+, K+ and p up to 5.0 GeV. The TOF counter was added 
after 1983, specifically to help reduce the proton background in reaction 
(2). For all reactions the triggers were designed to select events with at 
least 4 particles in the spectrometer and one positive particle with p > 1.5 
GeV/c identified as either K+ or p by the high pressure Cerenkov counter. 
In addition, the trigger for reaction (1) required a multiplicity increase 
between 2 PWC's, and a veto counter around the target rejected any events 
with recoiling charged tracks or photons. After selecting a neutron missing 
mass, the background from protons misidentified as K+ was estimated to be 
less than 2% from a study of TOF spectra. 

The effective F̂ Kgir" mass spectrum for reaction (1) is shown in 
Fig. 1, the solid line is a fit to it with 3 Breit-Wigner functions and a 
cubic polynomial. The probability for the fit, 20% is fairly good (x /ndf = 
47/37). If only 2 Breit-Wigner's were used instead the contribution to X 
in the mass region 1.49 to 1.54 GeV is 20 for 5 points corresponding to a 
probability < 1.5 x 10" . The masses, widths and number of events for each 
Breit-Wigner are respectively: 1) m = 1285 ± 1 MeV, T = 22 ± 2 MeV, 2900 ± 
150 events; 2) m = 1421 ± 1 MeV, T = 73 ± 6 MeV, 6500 ± 300 events; 3) m = 
1512 ± 10 MeV, I" = 40 ± 22 MeV, 630 ± 150 events. 

In Fig. 2a we show the missing mass square (MM ) spectrum for reaction 
(2) and Fig. 2b the effective mass spectrum (inclusive, MM < 3.0 GeV). 
These data correspond to roughly 25% of our total data sample. To separate 
p and K+ with the TOF counter we required that the measured time-of-flight 
corresponds within 2 c of that expected of a K and be more than 3<J away from 
that expected for a p. Even after these cuts the estimated proton back
ground is about 20%. The separation is expected to improve after further 
analysis when corrections for time dependent drifts will be introduced in 
the time-of-flight calculations. The effective mass spectra are strikingly 
different from the one in Fig. 1. There is no peak in the exclusive 
channels in the 1285 region indicating that the few events above background 
in the inclusive channel probably come from the decay of some higher mass 
state. The events in the 1400 to 1500 MeV region peak closer to 1500 than 
1420. If we assume that the same states seen in reaction (1) are present in 
reaction (2) then one would conclude that the state around 1512 MeV is 
produced much more copiously. The results are still highly preliminary and 
a spin-parity analysis will be performed after a larger sample of the data 
has been processed. 

A partial wave analysis of the reaction (1) events was performed using 
a program developed by S.U. Chung at BNL. The analysis makes use of both 
decay and production information and makes the following assumptions: 
1) Isobar model is valid (all decays proceed via 2-body decays), 
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2) F a c t o r i z a t i o n (on ly one d e n s i t y matrix per JP G s t a t e ) , 3) Rat ios of 
s p i n - f l i p / s p i t i - n o n f l i p ampli tudes don' t vary s i g n i f i c a n t l y over a g iven t 
b i n . The f u l l angular d i s t r i b u t i o n i s g iven by: 

I 
_ aa' . a .a" rTPG , _ 1 _ „k „k = Ep , A A , , a = |J , l , s , e t c . } P , = „ E _ V V . 

mm in m" l ' ' ' mm' K=l ,2 m m 

where A i s an ampli tude, depending on product ion and decay angles and 
c o n t a i n i n g Breit -Wigners for secondary decays , and V i s a complex parameter 
obta ined in a maximum l i k e l i h o o d f i t . The log of the l i k e l i h o o d i s g i v e n 
by: 

L = I in 
Ti 

l ( T i ) 

I ( T ; ACT) dT 

where ti is the phase space point for an event and A represents the finite 
acceptance of our apparatus. The fits were done in 20 MeV mass bins for 3 
separate t-regions: 0 < -t < 0.2 GeV , 0.2 < -t < 0.45 GeV , 0.45 < -t < 
1.0 GeV . The mass spectra for the three t-regions are shown in Fig. 3. 
There are a couple of points worth noting: 1) The low t region is very 
different from the other two above 1.4 GeV with considerable background 
under the 1420 bump, 2) the 1420 bump has a very shallow t-dependence quite 
unlike the 1285 bump or the 1512 bump, 3) there are very few, if any, events 
left of the 1512 bump above 0.45 GeV. The following partial waves were 
included in the fits: 0 - +, 1++, l+~, 1-+, 1 and phase space. All waves 
have K K decay modes and, in addition, the 0"*+ and 1++ have a Sir decay 
mode. Fits have typically 30 to 40 parameters. Figs. 4 show the 
intensities of 0~+, 1++ and 1+- waves for -t 0.2 GeV and for -t > 0.45 GeV 
(2 t-regions combined). At low t all three waves are equally strong and 
above 1500 MeV so are the 1 - + and 1 waves (not shown). At high t the 0 - + 

wave is dominant, consistent with the interpretation that the 1420 bump is 
mostly 0-+. In addition there are clear enhancements in the 1285 region for 
both lt+ and 0~+ waves, this confirms the claims of Stanton et al. and Ando 
et al. of 2 states in that region decaying to Sir (observed in ir~p •>• mrir + n 
at 8 GeV ). The partial wave analysis also allows one to extract relative 
phases between partial waves. The relative phases between 1++ waves and 0"+ 

waves in the 1285 MeV region vary only slowly for all t (not shown), 
indicating that both or neither are resonating. The first interpretation is 
the only one consistent with the observed intensities. 

We show in, Fig. 5a the relative phases between 0 - + 0 + 6TT and 1 + + 0+ 

K*K waves and in Fig. 5b between 0"*" 0+ K*K and 1 + + 0 + K*K for 
effective masses between 1.34 and 1.54. The relative phases in the two 
higher t-regions show the classical rise expected for a 0~+ resonance 
beating against a slowly varying 1++ phase. Both 0"+ 6ir and 0~+ K*K 
exhibit the same variation indicating that what we are observing is a single 
resonance coupling to both channels. The interpretation of the phases at 
low t is. not straightforward. The 0~+ 0* K*K vs. 1++ 0+ K*K relative 
phase shows at first the rise from the 0~+ resonance but then seems to 
reverse direction instead of remaining constant, this is just what one would 
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expect if there is a 1++ K K resonance around 1500 GeV. However, the 0~+ 

0 _ + 6ir vs. 1++ 0+K*K shows rather slow variations throughout, and wa see 
no simple way of interpreting it. The l+~ wave also peaks in the 1420 MeV 
region but shows no significant phase variation against 1++ in any of the 
t-regions so we cannot conclude that it is resonating. 

From the partial wave analysis of reaction n~p •*• K+Kgir"" + n we can 
reach the following conclusions: 

1) There are 2 states in the 1280 MeV region, a 1++ state, fi(1285), 
and a 0-* state, n(1275). 

2) Many waves are aeeded to describe the data above 1360 MeV, the 
strongest wave with unmistakeable phase variation expected for a 
resonance is 0~+, n(1420). Given that the mass and width are 
noticeably different, it may be that this is not the iota(1440). 
The l+~ wave also peaks around 1400 MeV, but we have no evidence 
that it is in fact a resonance. 

3) There is another state at i = 1512 ± 10 MeV and width 40 ± 20 MeV 
with some indications that it is a 1 + + state. Although the width 
is narrower than what was reported for a state observed in K~p 
interactions, it may very well be the same state, fi(152Q). 

The data from reaction K~p •*• K+Kgir~ + X are still too preliminary for 
far reaching conclusions but some interesting observations can already be 
made in contrast to reaction (1): 1) The production of fi(1285) and/or 
1(1275) is substantially smaller. 2) The mass spectrum between 1400 and 
1500 MeV is strikingly different, consistent with results from other 
experiments. 

Research supported by the U.S. Department of Energy under contract 
DE-AC02-76CH00016. * 
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S.U. Chung 
Godfrey and Isgur fits predict 6 states coupling to K K T for mass 1.3- 1.6 GeV. The 

J P G = l + ~ we see may well be the H' statebelonging to the B-meson nonet. 
Protopopescu 

We do not observe phase motion for l + _ wave although its intensity peaks around 
1400 MeV. 
B . D ie ' rmann 

What is the favored (sepeculative?!) assignment for the mesons in the 1400-1500 
MeV region? 
Protopopescu 

In 7r -p reactions we do observe a 0 - + state at 1420 MeV, the state around 1500 
Mev is consistent with 1 + + . In K~p reactions there could be l + ~ or 0~+ around 1400 
MeV and 1 + + around 1500 MeV. No analysis has been done including spin 2 waves, so 
we cannot rule out the possibility of f2'(1525)—> K*K. 
J. B . Kinson 

WA76 see clean D and E, and Dalitz plot shows well defined K* bands with little 
background. Dalitz plot analysis shows 1+ +KK is dominant wave and explains almost 
the whole signal. Could be up to 14% of 0" + mainly K*K. 
Protopopescu 

no comment 
J. Rosner 

Can you comment on the x~p—*KgK27r°n experiment at the MPS? 
Protopopescu 

The mass spectrum shows evidence for the D(1285) and E(1420). Spin parity 
analysis has not yet been done. 

7Z0 0 
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ABSTRACT 
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1. Overview and Introduction 

Several candidates have been reported for glueballs and exotic mesons in various 
experiments111 . Most of these states lie in the 1.0 - 2.5 GeV/c2 mass region, and 
they are easily confused with conventional qq states. To help settle the nature of these 
candidates, it is very important to make a full map of qq mesonic states, exploring 
the spectrum of excitations, as well as to search for exotic states which are directly 
produced in the hadronic processes. Since light quark spectroscopy has been studied 
for a long time, an experiment is required to have both high sensitivity and good ac
ceptance in a wide variety of physics channels to make significant progress. The report 
here describes an effort towards addressing these issues in. an experiment utilizing the 
Large Aperture Superconducting Solenoid (LASS) spectrometer at SLAC. 

A schematic view of the LASS spectrometer is shown in fig. 1. This spectrometer 
is characterized by a clean B.F separated K~ beam, flat acceptance over nearly 4JT 
steradians, and a bias free trigger for events with > 2 charged particles as defined in. 
the planar and cylindrical proportional chambers surrounding the target. Two thresh
old Cerenkov counters, a t ime of flight counter hodoscope, and dE/dx measurement in 
the cylindrical proportional chambers around the target provide good particle identi
fication. The details of the spectrometer are described elsewhereIa] . 

We accumulated 113 million K~p events, corresponding to a sensitivity of 4.1 
events/nb. The results presented below come from the study of strange mesons in the 
K_7T+ and K~tj channels, strangeonium mesons in the KKir and KK channels, and 
the strangeness —3 baryons in the H*0(1530)if- channel. As some of these results have 
already been presented at the Berkeley conference, we concentrate on progress since 
then, especially on a study of underlying JRf* states in the K~x+ channel; a check of 
SU(3) in the Ki) coupling to the JRT*'S; an s5 axial vector search in the KKir channel 
which is important with respect to the E/i puzzle; and a search for ft*~ states. 

2. Strange Mesons 

2.1 K-ir+ SCATTERING 

The simple topology and large cross section of the K~ir+ final state provide an 
ideal place for studying natural JFC states. The leading orbitally excited states of 
the K* resonances were explored up through Jp — 5~~ by the spherical harmonic 
moments method, and the results have already been published1,41 . These moments 
and information from a t-dependent parametrization of the production amplitude have 
been used to perform an energy independent partial wave analysis of the K~7r+ system 
from threshold to 2.6 GeV/c2, for the purpose of studying K~ir+ two body scattering. 

Fig. 2 shows the results of the partial wave analysis. The amplitudes are uniquely 
determined up to 1.84 GeV/c2 , and there is essentially a two fold ambiguity only in the 
non-leading waves above 1.84 GeV/c2 as shown by solutions A and B in fig. 2. In either 
case, the amplitudes corroborate the leading L-excited states (if* (892), JK"2(1430), 

ifg (1780), K\ (2060) and iJT| (2380)) directly observed in the moments, and also provide 
new evidence for the underlying states in S and P waves. 
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The low mass 0 + amplitude shown in figs. 3(a) and (b) confirms the KQ (1350) [was 
K] observed by earlier experiments. The lines on the figure are the results of a fit to the 
model of P. Estabrooks et al which gives parameter values for the mass and width 
of M = 1429 ± 4 ± 5 MeV/c2 and T = 287 ± 10 ± 21 MeV/c2, respectively. However, 
other models give values which differ from these by up to 100 MeV/c2. Figs. 3(c) and 
(d) also show evidence for a second 0 + .Kg (1950) at higher mass in both solutions A 
and B, with M = 1934 ± 8 ± 20 MeV/c2, T = 174 ± 19 ± 79 MeV/c2 for solution 
A, and M = 1955 ± 10 ± 8 MeV/c2, T = 228 ± 34 ± 22 MeV/c2 for solution B, 
respectively. 

Fig. 4 shows the P wave amplitude in the region of no ambiguity. In addition to 
the well known if* (892), the amplitude displays clear resonant structure around 1740 
MeV/c2, which confirms the K* (1790). However, these two resonances plus background 
do not give a good fit to the amplitude in the region around 1400 MeV/c2 as shown 
by the dashed line in fig. 4. "When an additional resonance is added, the model shown 
by the solid curve fits the data very well. The values obtained for the two higher mass 
resonances are M = 1380 ± 21 ± 19 MeV/c2, T = 176 ± 52 ± 22 MeV/c2 for the 
Hr*(1410), and M = 1677 ± 10 ± 32 MeV/c2, T = 205 ± 16 ± 34 MeV/c2 for the 
K* (1790). Both of these states have been observed in the K°ir+ir~ three body PWA, 
but this is the first observation of the if* (1410) decaying into JKV. The small coupling 
to the Kir mode could be a direct consequence of a node in the radial wave function, 
which gave small overlapping integral in the two body decay amplitude . 

As a summary, fig. 5 shows the list of K* states observed in the K~ir+ channel. 

2.2 K~q CHANNEL 

In contrast to the extensive study of if*'s in the Kir and Kirir channels, no serious 
attempt to look for these states in the Kr\ channel in a high statistics experiment has 
been made so far. The K* —> Kr\ branching ratio can be calculated in STJ(3), hence 
comparing these ratios with K* —> Kir provides us a good check of SU(3) symmetry 
with a new channel. 

The reaction K~p —*• K~ir+ir~ir°p is selected by a 1C fit, and exhibits a clear rj 
signal in the ir+ir~ir° mass spectrum (fig. 6). Selecting the TJ region, the K~r\ effective 
mass spectrum shows a prominent peak around 1.75 GeV/c2 (fig. 7). A background 
subtracted spherical moments analysis and subsequent amplitude decomposition shows 
this peak is.dominated by Jp = 3~ (fig. 8(a)). A Breit-Wigner fit to the preliminary 
F wave amplitude gives M = 1749 ± 10 MeV/c2, and T = 193 ± 43 MeV/c2, with 
systematic errors still to be determined. The peak is most naturally interpreted as 
#1(1780). Using the Kir data of the CERN-Geneva group1"1 , the relative width of 
KT] to Kir is 

_ r(jg(i78o)-+jrn) _ 054 , 022 

If we assume the PDG value"1 for BR{K*(1780) -* Kir) = 17 ± 5%, we get 
£J?(JK3*(1780) -> Kv) = 9.2 ± 4.4%. 
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On the other hand, no positive evidence for 2^1(1430) is observed in either the 
K~T] mass spectrum or the D wave amplitude (fig. 8(b)). The upper limit of the 
relative widths of Krj to K-x for the ifj* (1430) is estimated to be 

_ r(JE3(i430)-+gn) < 0 9 1 % 
R2 - T(ii:2*(l430) -> Kx) < ° - 9 1 % 

at the 95% confidence level, which leads to a limit on the KTJ branching ratio 
JBi2(iiC2*(l430) -* KTJ) of 0.41% at the 95% confidence level. The PDG quoted value171 

of 5.2 ± 2.9 % is far from our measurement. 

The dramatic difference between the Krj coupling to ^ (1430) and to ^ (1780) 
(iZ2 and JR3) looks odd. However, it is explained by an SU(3) model with octet-singlet 
mixing of the 77 and 77'. The main difference comes from the D and F type meson 
couplings, according to the symmetry of the parent and daughter states. A straight
forward calculation gives 

p - r(iT2«(1430)-> Krj) _ 1 , - 2 (gKv V 

and 

_ r(JC|(1780) -» KTJ) _ vflKoY 
R* ~ 1 ( ^ ( 1 7 8 0 ) - , ^ ) - {COS0^ [glTj ' 

where qxn and qxx are the c m . momenta of the final iT»7 and Kir states, respectively, 
and 0P is the SU(3) octet-singlet mixing angle of the T7 and 77' in the 0~ nonet. R2 has 
a suppression factor of 9 compared to the #3, and has a further suppression from the 
negative mixing angle 0P, while R3 is rather insensitive to 0P. For example, 

0P = 0.0° : R2 = 3.2%, R3 = 41% 

0p = -10.0° : R2 = 0.8%, R3 = 40% 

0P = -18.5° : R2 = 0.0%, R3 = 37% 

Bp = -23.0° : R2 = 0.1%, R3 = 34% 
The data are roughly consistent with today's generally accepted 0p value (—10° < 
0p < —23°). The flux tube model calculation by Kokoski and Isgur1"1 also gives 
very similar values to those of the above naive SU(3) model [#(#2 (1430)) ~ 1% and 
R(K3 (1780)) ~ 50%], basically in agreement with our results. 
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3. Strangeonium 

K~p hypercharge exchange processes with backward going A's are expected to be 
a rich source of 53 states. Below are some results of analyses of exclusive processes 
with A vertices reconstructed in the spectrometer. Hence, rather loose requirements 
on the particle identifying devices provide very clean identification of these processes 
with uniform acceptance. 

3 .1 KKTC CHANNEL 

Mesons decaying to KKir are studied in the K~p —*• K^K^ir^K. exclusive channels. 
The most important issues are to determine the as" members of 1 + nonets. Defining 
these states will play an important role in sorting out the E/L puzzle. 

Fig. 9 shows the effective mass spectrum of K^K^ic* with K®K+n~ and K®K~ir+ 

combined. The spectrum is characterized by a rapid rise at the K*K + c.c. threshold, 
and peak structures around 1.5 and 1.9 GeV/c2. There is no clear evidence for signif
icant production of an 'i£(1420)' in contrast with expectations if its quark content is 
dominantly ss. 

We carried out an isobar model three body partial wave analysis using these data. 
The threshold region and the first peak after the K*K + c.c. threshold are seen in 
fig. 10 to be mostly 1 + while the second peak around 1.9 GeV/c2 is associated mainly 
with 2~ and some 3~~ waves. There are no prominent structures in the 0*~, 1~~ and 2 + 

waves. 

Checking the dominant 1 + wave in more detail, we see that the production of the 
K* and K are asymmetric in the region below 1.6 GeV/c2 (fig. 11). ThJ3 is also clear 
from the Dalitz plot (not shown). It is hard to explain such an asymmetry if a single 
ss resonance contributes. This motivates us to check the interference of the K*K 
and K K waves. The interference pattern shows interesting features. Namely, it is 
negative right after the K*K + c.c. threshold and then becomes positive at 1.5 GeV/c2 

(fig. 12). Since opposite G-parity states interfere with opposite signs, this indicates 
the existence of at least two objects with opposite G-parity in this mass region. 

As the K*K and K K waves themselves are not G-parity eigenstates, the ampli
tudes are decomposed into the. G-eigenstates JPG, and the 1 + waves split into 1 + + 

and l + ~ waves (fig. 13). Note that for isospin zero objects, JPG coincides with JFC. 
With this assumption the Jpc = 1 + + amplitude has a clear peak at 1.53 GeV/c2 with 
r ~ 80 MeV/c2. This observation is in good agreement with the iy(1530) reported 
by Gavillet et al'101 , and since it is strongly produced in K~p hypercharge exchange 
reaction, it is an excellent candidate for the ss member of the 1 + + nonet. The l + _ 

wave is strongly peaked towards the K*K + c.c. threshold and provides a good can
didate for the ss member of the l"1 nonet. Because of the proximity of the K*K + 
c.c. threshold, it's mass and width are somewhat difficult to determine, but they lie 
within the range 1.3 < M < 1.45 GeV/c2 and T < 150 MeV/c2. 

In summary, there is no sharp I?(1420) signal in the K~p hypercharge reaction, 
suggesting that the i?(1420) is not dominantly an ss" object. Instead, a 1 + + /{(1530) 
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[22'(1530)] exists as an 55 candidate member of the 1++ nonet, and evidence for a 1 + 

A/(1380) [H'\ is also seen. These two states fit rather well into nonets, where the 1 + + 

nonet includes the ax (1270), #1^(1340), /i(l285) and /{(1530), while the 1+" nonet 
contains the 61 (1235), 1^(1340) , /ii(1190) and /i'(1380). 

3.2 KZC CHANNEL 

The exclusive reactions K~p —* K+K~A and K%K®k have also been analyzed. 
These reactions provide new information on the 55 leading L-excited states, and also 
permit interesting comparisons with the KK spectrum produced in "glue enriched" 
channel of radiative J/if) decay. 

In fig. 14 the raw K+K~ mass spectrum is shown. The K+K~ channel suffers from 
strong diffractive production of JV*'s in the JK"+A channel. The mass spectrum with 
the requirement of MK+K > 2.0 GeV/c2 is shown by the shaded histogram. In both 
spectra, we can see a strong $(1020) peak, a clear /2(1525) [/'] peak, and evidence for 
a $3(1860). On the other hand, K°K% is relatively background free, and only couples 
to even spin objects due to Bose statistics. The acceptance corrected K%K® mass 
spectrum is shown in fig. 15. The only strong peak seen is the /J (1525). In either 
case, the f% (1720) [8] is not seen, suggesting that the ft (1720) [6] is unlikely to be a 
conventional ss" meson. 

A previous spherical moments analysis of the K+K~ channel has reported struc
ture at 1.86 GeV/c2 in the corrected mass distribution (too) and the higher moments 
up to *6o'S j suggesting the spin parity of the peak at 1.86 GeV/c2 is 3~. This has 
been confirmed by an amplitude analysis. Fig. 16 shows a preliminary result of the 
subsequent amplitude decomposition for the F-wave. A Breit-Wigner fit to the am
plitude gives the resonance parameters M = 1859 ± 17 MeV/c2 and T = 144 ± 55 
MeV/c2. 

Below 2.0 GeV/c2, the acceptance corrected K%K% mass distribution (fig. 15) is 
well fit by a sum of the /2(1270) [/] and /£(1525) [/'] resonances without the /2(1720) 
[6\. The resonance parameters axe consistent with other data, and the upper limit 
of the /2(1720) [6] production cross section times its branching ratio to the K%K° 
channel is 91 nb at the 95 % confidence level. 

There are some excess events clustered right above the K°K$ threshold. Though 
these events may be considered to result from decays of either the conventional /o(975) 
[S] or the ao(980) [8], the narrowness of the structure leads to some preference for a 
narrower object closer to the KK threshold. Such an object (the #2(988)) has been 
suggested by Au, Morgan and Pennington in a recent analysis of several different 
channels including new data from CERN ISR. Their analysis also suggests at least one 
additional resonance in the same mass region which is proposed as a good candidate 
for the lightest glueball. 

Some structure exists where MARK HI claimed the existence of X(2200) [£]. 
Fig. 17(b) shows the comparison of the effective mass distributions from LASS and 
MARK iH in the 2.2 GeV/c2 region. The mass spectra are very similar with a small 
structure on top of a broad enhancement. The decay angular distribution of our events 

- 6 9 -



peak forward (backward) (fig. 17(a)), and the data also show £20 and £40 moments axe 
associated with this structure, indicating the spin J of this peak to be J > 2. 

4. Search, for fi*. 

Finally, we briefly report on a search for fl*s. From the events with a V - topology, 
we select the H~ir+K~~ candidate sample requiring K~ identification by the Cerenkov 
counters. After selecting events where the 2~?r+ combination results from the decay 
of a S*°(1530), clean evidence appears for a fl*~ peak around 2.26 GeV/c2 (fig. 18(a)). 
This figure also includes estimates for the non-H*°(1530) background and TT~ punch-
through due to finite efficiency of the Cerenkov counters. The peak does not result 
from misidentified ?r's as can be seen by taking positively identified 7r~"'s as K~'s which 
have the same momentum space and not seeing any structure (fig. 18(b)). A Breit-
Wigner fit to the background subtracted E*°JK"~ mass spectrum (fig. 19) shows the 
parameters to be M = 2253 ± 13 MeV/c2 and T = 77 ± 35 MeV/c2. The signal is 
estimated to contain 48 ± 12 events, corresponding to an inclusive cross section of 630 
± 180 nb. 

It would be interesting to compare this state with the states reported by the CERN 
hyperon beam group'1 , as well as the levels several theoretical models predict t ls | . 
Unfortunately, spin-parity information is not available from either of the experiments 
due to the limited acceptance of the particle identification devices, so this question 
remains a matter of speculation at this moment. 

5. Summary and Conclusions 

We have obtained a good scope on the details of qq spectroscopy, and have states 
ranging over 5 units of orbital excitations and 2 units of radial excitation quantum 
numbers. The gg states discussed in this report are summarized in. fig. 20. We now 
have good candidates for almost all the qq structure expected in JK"*S below 2.0 GeV/c2 

and see the orbitally excited states extending to higher mass. Many of the structures 
expected in the strangeonium spectrum are seen as well. The Krj final state shows 
selective coupling to different if*'s, implying that SU(3) is still able to predict inter
esting features of the meson spectrum. The long and confusing story of the ss axial 
vector nonets around 1.4 - 1.5 GeV/c2 has become much clearer since this experi
ment, containing an s-quark in the beam, gives evidence that the /[(1530) [JD^ISSO)] 

and A'(1380) [H'\ are the sS members of the 1++ and l + ~ nonets. Finally, we have 
good evidence for the production of an excited strangeness = —3 baryon (fl*) at 2253 
MeV/c2. 
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S.U. Chung 
For your KKTT analysis, have you included £(980) for both J P G = 0 - + and 1 + + ? 

Suzuki 
We included S in 0~+ , but not in 1 + + . 

M . Chanowitz 
Qi(1280) and Q2(1420) are mass eigenstates but not C eigenstates. An analysis 

done by LASS and eventually confirmed by ACCMOR suggests 45° mixing between 
Qi and Q2 "which would put both QA and Q B at 1360. This in turn will change your 
results for the singlet-octet mixing of the two nonets. 
S. O n e d a 

I was wondering whether you considered QA-QB mixing in your table of 1 + + and 
1~+ . If you consider Q A - Q B mixing, the result seems to indicate that both the 1 + + 

and l + ~ have ideal structure. 
R . Longac re 

Kir S-wave has two components, one background £5 phase plus resonance £a phase. 
The phase shift is always on the unitary circle, therefore, 6=6^+6^. So when <$R=90°, 

5 must be greater than 90°. Yet you give mass where (5=90°. 
Suzuk i 

We fitted B W + Background to extract resonance parameters. So the mass value 
for K is lighter than 1350. 
J . R o s n e r 

I have a further comment about the SU(3) mixing in the isoscalar 1 + + and l+~ 
states. If indeed the D decays to 7^, it cannot be ideally mixed. One should study 
both ~/(f> and JUJ decays to learn more about the mixing in the 1 + + nonet, (the l+~ 
will not decay to j<f> or 70;) 
Suzuk i 

Unfortunately it 's difficult for us to analyse M—> 7M' decay. 
H . J . L ipkin 

The K Q ( 1 9 5 0 ) is very close in mass to the charmed D meson. This resonance should 
introduce a strong final state interaction into D decays to KTT, K77', and completely 
destroy all naive weak interaction model predictions for D branching ratios into these 
modes. It is therefore very important to look at the 0 + KTT phase shift at the D mass 
and provide good reliable numbers for weak interaction calculations. 

It would also be interesting to look for K77' at this mass, since the Kn' should be 
expected to be strong when KT/ is suppressed. 
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A* AND £2* RESONANCES IN A "Be INTERACTIONS 

Philippe Rosselet 

University of Lausanne, Switzerland 

Summary: 
In an experiment carried out in the CERN-SPS hyperon beam, we have studied 

the AK~, 2rfK- and Z~TT+V~ final states prgduced_by the_diffractive dissociation of 
the incident S", as well as the jnclusive AK°, 2°K°, E"K°, Z0K~, Z-ir+K- and 
n~ir+Tr~ final states. Several H resonances have been observed. The 2(1680) ap
pears as a narrow state (M = 1691 ± 3 MeV/c2, r < 8 MeV/c2) in the AK" chan
nel and possibly also in the Znv channel. The well known 2(1820), seen in four dif
ferent channels, is confirmed as a narrow resonance (T = 15 to 20 MeV/c2) and its 
spin-parity is found to be |~ . Three new states are observed : one at 1783 MeV/c2 

in the 2°K~ and Emr channels (with a width compatible with the experimental res
olution), a second one near 2180 MeV/c2 in the AK~, Z-n-ir and AK° channels 
(width of the order_of 40 MeV/c2), a third one at 1963 ± 5 MeV/c2 (T = 25 ± 15 
MeV/c2) in the AK° inclusive channel. The latter state iŝ , found to have a spin of | 
or greater in the natural spin-parity series. The two fl resonances found in the 
2_7r + K_ channel at 2250 and 2390 MeV/c2 are not observed in the S°K~, H~K° 
and £2"ir+7r~ channels; upper limits for the corresponding branching ratios have 
been obtained. 
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1. INTRODUCTION 

In this article, we present the results of an experiment carried out at the^CERN-JSPS 
charged hyperon beam with incident S~ of 116 GeV/c, to search for E and fi re
sonances produced in E ~ Be interactions. 

2. THE EXPERIMENTAL APPARATUS 

The hyperon beam [1] and the experimental apparatus [2] have been described in 
detail elsewhere. The incident S~ hyperons were identified by a DISC Cherenkov 
counter. The target consisted of a beryllium rod 83 mm long. Trajectories and mo
menta of outgoing charged particles were measured in a magnetic spectrometer con
sisting of two magnets and clusters of multiwire proportional chambers and drift 
chambers. A threshold Cherenkov counter provided w/K separation with a nominal 
ir threshold of 10 GeV/c. A lead glass array and a liquid argon detector were used 
to measure impact points and energies of photons resulting from ir° and 2° decays. 

A very open trigger was used, demanding only an incident E~ and at least two 
charged particles through a multiplicity counter situated 4 m downstream of the 
target. Our total data sample consists of 18*106 triggers, corresponding to 82-106 in
cident S~. 

3. GEOMETRICAL RECONSTRUCTION AND INITIAL EVENT SELECTION 

Tracks of charged particles were.reconstructed in space from the coordinates meas
ured in the wire chambers. Pairs of tracks of oppositely charged particles were iden
tified as V° candidates if they intersected in the region extending from the target to 
the multiplicity counter. These candidates were then identified as A hyperons or K° 
mesons if the effective mass of the two secondary particles was within 20 MeV/c2 of 
the expected value. The A and K° signals have widths (FWHM) of 4 and 10 MeV/ 
c2 respectively, with less than 10% background. This background was further re
duced by kinematical fitting and a x 2 cut. 

The initial event selection demanded that a A and at least one other charged 
particle be completely reconstructed ; 1.36*106 events were thus selected. 

4. SELECTION OF DIFFRACTIVE EVENTS 

Further cuts were applied to define diffractive subsamples of events. 
For the AK~ subsample, events were required to have exactly one negative par

ticle completely reconstructed in addition to the A decay products. In order to elimi
nate the events due to the Air" decay of non-interacting or elastically scattered S~, 
we used the information from the Cherenkov counter to identify the negative secon
dary particle as a K~. Furthermore, the Air" effective mass was required to be 
larger than 1350 MeV/c2. 

For the 2°K~ subsample, events were required to consist of a A, an additional 
negatively charged particle and a single photon shower in one of the neutral particle 
detectors. A clear peak is observed in the Ay effective mass at the 2° mass. A kine
matical fit and a x2 cut were used to reduce the background in the 2° sample. 
Again, the information from the Cherenkov counter was used to identify the neg
ative secondary particle as a K" meson. 
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For the S~Tr+ir~ subsample, events were chosen with exactly two negative and 
one positive reconstructed charged particles in addition to the A decay products. We 
demanded that the A and one of the negative particles intersect downstream of the 
target. A S " signal is seen in the Air" effective mass spectrum, essentially back
ground free. A kmematical fit and a x2 cut were applied to the Z-^ATT" decay. The 
two additional secondary particles and the trajectory of the 2" were required to in
tersect the beam within the target. 

When a cut is applied on the value of the transverse momentum squared p T
2 at 

0.50 (GeV/c)2, a peak is seen near 116 GeV/c in the distribution of the total longi
tudinal momentum pj of all three samples, providing evidence for the diffractive 
dissociation of the incident Z~ into the AK", 2°K~ and £~ir+v~ channels. Defin
ing finally our diffractive samples by the conditions 110 < p, < 122 GeV/c, we are 
left with the following numbers of events : 4036, 787 and 1157 in the chanels AK - , 
2°K~ and E~ir+ir~, respectively. These events are characterized by a steep distri
bution of the transverse momentum p^, with a mean value of about 320 MeV/c. 

5. RESONANCES IN THE DIFFRACTIVE CHANNELS 

5.1 The AK~ Channel 

A narrow enhancement is seen at 1690 MeV/c2 and a broader one at 1830 MeV/c2 

in the AK" effective mass spectrum. Fitting two Breit-Wigner functions added to a 
polynomial background of fourth order over the mass spectrum, the following values 
are obtained for the parameters of the two peaks : 

M = 1691.1 ± 1.9 MeV/c2, T = 10.7 ± 3.6 MeV/c2, 104 ± 24 events/ 
M = 1819.4 ± 3.1 MeV/c2, T = 24.6 ± 5.3 MeV/c2, 280 ± 50 events. 

The statistical significance of the two peaks corresponds to 6.7 and 8.7 standard 
deviations, respectively. Less significant effects are seen at 2020 and 2175 MeV/c. 

5.2 The 2°K" Channel 

Several peaks are observed in the 2°K~ mass spectrum, with the following charac-
tcristics * 

M = 1785 ± 3 MeV/c2, T = 1 + 13-1 MeV/c2, 21 ± 10 events, 
M = 1820 MeV/c2 T = 15 MeV/c2, 16 ± 10 events, 
M = 2039 ± 9 MeV/c2, T = 51 ± 17 MeV/c2, 73 ± 16 events, 
M = 2234 ± 6 MeV/c2, T = 20 MeV/c2, 19 ± 7 events: 

The statistical significance of these effects is of 3.0 to 4.3 (for the third one) 
standard deviations, respectively. 

5.3 The H-ir+ir" Channel 

The 2"«r+ effective mass spectrum is dominated by the 2(1530) which is present in 
56% of the events. A broad bump near 1950 MeV/c2 is also visible. Fitting two 
Breit-Wigner functions added to a polynomial background yields the following pa
rameters for the two peaks : 

M = 1532.7 + 0.5 MeV/c2, T = 11.6 ± 1.4 MeV/c2, 
M = 1944 ± 9 MeV/c2, f = 100 ± 31 MeV/c2, 129 ± 35 events. 

Below 2000 MeV/c2, the H~ir+7r effective mass spectrum shows a complicated 
behaviour, probably due to the presence of several resonances. Fitting, two 
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Breit-Wigner functions and a polynomial background yields the following 
parameters for the most significant peaks (statistical significance of 3.3 and 2.0 
standard deviations): 

M = 1782.6 ± 1.4 MeV/c2, T = 6.0 ± 1.5 MeV/c2, 27 ± 10 events, 
M = 1831.9 ± 2.8 MeV/c2, T = 9.6 ± 9.9 MeV/c2, 21 ± 15 events. 

A peak is also visible near 2200 MeV/c2 in the S~7r+n-~ mass spectrum, with 
the following characteristics : 

M = 2189 ± 7 MeV/c2, T = 46 ± 27 MeV/c2, 66 ± 32 events. 
This peak seems to be associated with the peak at 1940 MeV/c2 of the Z~n + 

mass spectrum. 

5.4 Comparison between the three diffractive channels 

The well known 2(1820) dominates the AK~ diffractive channel. It is seen in the 
En-ir channel, though at a slightly different mass, and also weakly in the 2°K~ 
channel. 

The 2(1680) which appears as a clear narrow peak at 1691 MeV/c2 in the AK~ 
channel, is not seen in 2°K_ . In the z.irw channel, a cluster of four events near 1690 
MeV/c2 could represent an alternate decay mode of the same state. 

The region 1900 — 2000 MeV/c2 is complicated, with probably several overlap
ping resonances. There is some evidence for the known 2(2030) in AK~ and 2°K~, 
and for two new states : one in 2°K~ and ZTTJT at 1783 MeV/c2, with a width com
patible with the experimental resolution, the other near 2180 MeV/c2 in both AK~ 
and HTTIT. 

6. THE AK* AND 2°K° INCLUSIVE CHANNELS 

Events with one identified A-»-p7r~ decay and one identified K -»-n-+7r~ decay were 
selected. The Av~ effective mass of all combinations of the A with an additional 
negative particle was required to be more than 20 MeV/c2 away from the 2 ~ mass. 

Since the initial state has strangeness —2, we expect the majority of the K de
cays to result from K° mesons rather than from K° mesons. The contamination in 
K" is estimated to be of a few percent. Finally, we rejected the events in which any 
Air- or KIT~ effective mass was within ± 80 MeV/c2 of the 2(1385) or K (890) 
mass. We also rejected the events in which a Ay effective mass fell within ± 25 
MeV/c2 of the 2° mass (these events are considered later). Our sample after these 
cuts consists of 4192 events. 

In the AK° effective mass spectrum, excesses are visible at 1680, 1750, 1820, 
1960 and 2180 MeV/c2. The peaks at 1680 and 1820 MeV/c2 probably correspond 
to the known 2(1680) and 2(1820), which we saw^in the AK~ diffractive channel. 
In order to enhance the signals due to high mass 2 states, cuts were applied_pn the 
laboratory momenta of the A and K° particles, keeping the events with a K° mo
mentum greater than 27.5 GeV/c and a AK_° total momentum greater than 75 GeV/ 
c. After these cuts, the structures in the AK° effective mass at 1820, 1960 and 2180 
MeV/c2 appear clearly. Fitting three Breit-Wigner functions and a polynomial 
background yields the following parameters for these peaks : 

M = 1826 ± 3 MeV/c2, T = 12 ± 14 MeV/c2, 54 ± 17 events, 
M = 1963 ± 5 MeV/c2, T = 25 ± 15 MeV/c2, 63 ± 24 events, 
M = 2181 ± 7 MeV/c2, T = 30 ± 13 MeV/c2, 43 ± 11 events. 

The statistical significance of these effects corresponds to 4.4, 3.6 and 3.0 stan
dard deviations, respectively. 
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The parameters of the 2(1820) are consistent with the ones found in the analysis 
of the AK~ diffractive channel and with those found in previous experiments. The 
peak at 2180 can probably be related to the effects seen in the AK - and Zw dif
fractive channels at nearly the same mass. The signal at 1963 MeV/c2 is the first 
unequivocal observation of a relatively narrow resonance in the AK channel in the 
1900 - 2000 MeV/c2 mass range. 

Even though a strong 2° signal is visible in the inclusive Ay mass spectrum, no 
significant signal is seen in the 2°K° mass spectrum. „, _ 

We have investigated the angular distribution of the decay chain 2 -*-AK°, 
A-*p7r_ in the 1820 and 1960 MeV/c2 mass regions, using a double moment for
malism. This analysis indicates a spin-parity of |~ for the 2(1820) resonance, and a 
spin of | or greater in the natural spin-parity series for the 2(1960) resonance. This 
analysis is described in details in [3]. 

7. SEARCH FOR O* RESONANCES 

We have already published our observation of two £2 resonances in the channel 
E~n + K~, at masses of 2251 ± 12 and 2384 ± 12 MeV/c2, with widths 48 ± 20 and 
26 ± 23 MeV/c2 [4]. We have searched for these (and other) resonances in the 
S= —3 inclusive channels 2~K°, E°K~ and SI~TT+IT~. 

The 2 - K° channel : Events were required to have completely reconstructed de
cays S~ •*• Air-, A -*• pir— andJK -*• ir+7r". In this channel, there is no reason to 
expect K decays to result from K°Tather than from K° mesons. Peaks in the 2~K 
mass spectrum could therefore be due to S = - 1 as well as S = — 3 resonances. 

The 2°K~ channel : After selecting events with at least two photon showers in 
the neutral particle detectors, we performed a combined geometrical and kinematical 
fit of the chain of decays 2° -•> Air0, -rr0 -* yy. After a cut in x2-probability, our 2° 
sample still contains about 50% background. The K" meson was identified using 
the information from the Cherenkov counter. 

The Q~V+TT~ channel : Events were selected if they had a completely recon
structed £2" -• AK~, A -•- pir~ chain of decays (x2-probability larger than 1%) and 
at least two additional charged particles from the vertex. 

In all three channels the longitudinal momentum of the S = —3 system of parti
cles was required to be smaller than 105 GeV/c, since additional particles have to be 
present in order to conserve strangeness. 

None of the three mass spectra (398, 325 and 1042 entries) shows any signifi
cant enhancement at 2250 or 2380 MeV/c2. Taking acount of the respective geome
trical acceptances, we have estimated the following upper limits (at the 90% confi
dence level) for the branching ratio of £2(2250) and £2(2380) into 2_K°, 2°K~ and 
£2~n-+ff~, relative to S~n-+K~ : 

£2(2250) £2(2380) 
2"K° 0.34 0.31 
2°K" 1.8 1.5 
£Tir+7r- 0.33 0.37 

It is worth mentioning that the channels 2°K~ and Q~n+v show a marginally 
significant effect (2.5 to 3 standard deviations) at a mass of 2160 MeV/c2, with a 
width of about 40 MeV/c2. 
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8. DISCUSSION 

We have observed 5 2 enhancements of varying statistical significance in the dif-
fractive dissociation of E~ hyperons, four of which in the^mass region between 1600 
and 2000 MeV/o2. The quark model predicts 12 to 15 Z states in this mass range; 
this number could be reduced to 6 or 7 if the Gribov—Morrison rule is valid. To 
associate the experimental peaks and the predicted resonances, a spin-parity analysis 
is necessary and is presently being carried out. The 2(1680) seems a good candidate 
for the doubly strange analogue of the Roper resonance N(1440), of spin-parity i + . 

In the AK° inclusive channel, we have determined the spin-parity of the 2(1820) 
as | " , and we have observed a new, narrow state at 1963 MeV/c2, of spin f or 
greater in the natural spin-parity series. 2 states with these quantum numbers and 
approximately |hese masses are expected from the quark model. 

The two fl resonances that we have observed previously in the 2"~rr+K_ chan
nel are not seen in the 2 - K°, 2°K~ and fl~7r+ir~ channels ; upper limits for the 
corresponding branching ratios have been estimated. 
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D . Peaslee 
The states reported can be assigned on the basis of the following figures. 

H.J.Lipkin 
Is there any indication for an anticharmed strange baryon in your experiment-

(uudsc)— a five quark exotic. These are theoretical arguments that this may be 
bound. 
Rosse le t 

We have no indication for this state. 
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New Limits on Primakoff Prodnctica of Hybrid Mesons 

M-ZieHriski 
Jageltanian University 

Reymonta 4, 30-059 Cracow, Poland 

Abstract. Constraints on properties of isoscalar, Jpc = 1~+ exotic hybrid mesons are discussed, 
assuming their dominant decay mode is qx. The experimental limits are based on Primakoff production of 
such states and on a VDM argument relating their radiative widths to their pt decay modes. Using data 
on coherent production of nx+ systems in x + collisions with nuclei, few percent limits on the px branching 
ratios for hybrid masses <1.5 GeV have been obtained. 

It has recently been realized [l] that the existence of several exotic hybrid mesons can be verified with 
the help of presently available data. In Ret [l], using data on coherent nuclear production of p°x+ systems, 
the existence of px decay modes of a hypothetical isovector J**7 = 1~+ hybrid meson of mass <1.5 GeV 
(denoted p below) has been examined. Sack hybrids have been predicted within QCD sum rules [2-4), QCD 
bag [5-7], flax tube [8], and potential [9| models; for a light hybrid, a rather narrow total width {Tzf&O-TOO 
MeV) and dominant px and qx decays have been expected in some models. 

The results of Ref. |l] indicate that, if such states exist at low masses, their non-px decay channels most 
be dominant. Here, I present results of an analysis [10] that includes qx decay channels, in addition to px 
decays of a p. The analysis procedure relies on the assumption that the p has a non-negligible coupling to px. 
In such a case, a sizeable radiative width to 77 is also expected, based on usual VDM relation between x~f 
and px decay couplings. As a consequence, the value of JT(p+ -* p°T+j determines uniquely the strength of 
the p signal expected for electromagnetic production in the Coulomb field of a nucleus [11]. In Ref. [1], the 
data on coherent production of p°x+ states [12,13], collected at a x+ beam energy of 200 GeV on Cu And 
Pb targets, were investigated for possible contributions from electromagnetic production of a 1" resonance. 
Upper limits on T(p+ -+ x+i)B(p+ -*• p0**) were obtained as functions of ms and TIL. 

Assuming VDM, these results can be translated into upper limits on B(p+ -*• p°x+) alone. The result 
of such a calculation is presented in Fig. 1 (carves labelled as "p°x+ data"); upper omits on B[p+ -* p°x+) 
do not exceed »20% for p masses below 1.5 GeV. It is therefore important to investigate other possible 
decay modes of the p. In the following it is assumed that the fall width of the p is saturated by the qx and 
px decay modes. Under this assumption the data of Ref. [141 on coherent production of light qx systems 
on nuclei provide a tight limit on contributions from Primaicoff production of a Jpc = 1~+ resonance 
to the dominant A3 production. Electromagnetic production amplitudes of the A3 and p, and a strong 
production amplitude of the A3, were calculated using the same optical model [15] as was employed in [1, 
14j (details of the implementation were given in [16]). These amplitudes were used to fit simultaneously the 
mass and momentum transfer distributions of qx+ systems, and the angular distribution •'% the x+ in the 
Gottfried-Jackson frame. 

As a result, the nx+ data provided an even stronger constraint on the electromagnetic pre-; x-liw of the 
p than one derived using the p°x+ data alone. The \a apper limits, obtained for T(p+ -+ x+7)i {̂ »' -+ nx+), 
are shown in Fig. 2, as a function of ms, for two values of r~. The corresponding limits on the branching 
fraction £(p+ -»p°x+), obtained from the r\x data, are abo shown in Fig. 1 (curves labelled a» "»)x+ data"); 
as seen from the figure, B(p+ —• p°x+) is <0.03 over the entire mass range available for this study. 

It is clear that the Primakoff method is a viable way to search for hybrids, or as? other states, that 
couple to px. Its sensitivity may be greatly enhanced by simultaneous analysis of dominant non-px decay 
modes. Therefore, extending the range of sack search to masses up to ss2 GeV, preferably for several 
expected decay modes of the p, would be of great interest to the phenomenology of hybrid states. 

I acknowledge useful discussions with S. Cihangir, T. Ferbel, N. Isgur, S. Narison and J. Rosner. 
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RECENT RESULTS ON RADIATIVE J/ip DECAYS F R O M MARK III 

William. J. Wisniewski * 
California Institute of Technology, Pasadena, CA 91125 

representing the Mark III Collaboration 

ABSTRACT 

The reaction J/ip -»• qKliir is studied. Evidence for the K*(892yK 
decay of the i(1440) is presented as well as an investigation of the 
t (1440) line shape. The radiatively produced j>tf> spectrum is studied 
in two final states: K+K~K+K- and K+K~K%Kl. Evidence for 
structure at low $</> mass is presented. 

The J/XJJ decays to hadrons via several mechanisms. One of these is the radiative decay 
to two gluons. This mechanism, which is expected to account for ~ 10% of the J/if> width, 
is of great interest for the study of new states such as glueballs (resonant states of two 
gluons) and hybrids (resonant states of a gluon and two quarks). 

The data was acquired using the Mark HI detector!1', a general purpose solenoidal 
detector installed at the e+e"~ storage ring SPEAR. The detector features relevant to 
the analyses presented are: a central drift chamber which provides momentum resolution 
6pfp = 1.5%(1 + p2)1/2 with 3cr n - K separation by dE/dx below 0.6 GeV/c; time-of-
flight(TOF) counters which provide at least 2a ir — K separation up to 1.1 GeV/c; and a 
calorimeter which covers 0.95 of 4?r sr and has resolution SE/E = 17%/E1'2. 

l .Analysis of the t(1440) 

The i(l440) was first observed in radiative J/rp decays by the Mark II experiment.!2]. 
In and isobar analysis of J / 0 -*• ~fK+K~ 7r°, Crystal Balll3! found the t(1440) to have 
Jp == 0~ and to decay primarily through the Sir channel. This led to the expectation that 
t(l440) -+ Tj7T7r. This has not been observed at the expected level. An explanation!4' is 
that t(1440) —*• K*(892)K •+• c.c. dominates and that final state interactions distort the 
observed Dalitz plot. 

The i(1440) is studied in three decay modes: K^K^tK^K^^ndK+K-v0. After 
TOf identification is applied, these events are kinematically fit to improve background 
rejection and resolution. Clear t(l440) signals are observed in the 1.3-1.6 GeV/c2 region 
in all three modes. Since the acceptances for these modes are nearly identical and are 
essentially constant in this mass region, the spectra are added. The histogram in Fig. 2 
shows the resulting spectrum. This spectrum is fit with a single Breit-Wigner line shape. 
The fit yields m t = 1451 ± 2 MeV/c2,r t = 104 ± 5 MeV/c2 and 

B{J/j> -> it) • B{i -* KK-K) = (5.1 ± 1.2) x 10~3. 

However, the fit probability is only 1.4 x 10~13. 



The question arises: Is the distorted line shape that the data suggest caused by the 
opening of a threshold? In order to pursue this issue, Dalitz plots are studied for the mass 
regions 1.36-1.46 GeV/c2 and 1.46-1.58 GeV/c2 . Figure l a shows the Kir projections from 
these Dalitz plot. Figure l b shows the KK projections. In the high mass region, there is 
clear evidence of if* (892). The low mass region is inconclusive. 

The t(1440) peak is scarcely 60 MeV/c2 above the K* (892)1: threshold. In addition 
to phase space limitiations, since t(1440) is a pseudoscalur, there is a p-wave angular 
momentum barrier operative for this channel. A coupled channel analysis is performed to 
understand the effects of the if*(892)!ff threshold on the KKn spectrum. Two K*(892)~K 
amplitudes are used, which interfere constructively, along with a Sir amplitude whose 
magnitude and phase are allowed to vary in the fit. The if*(892) is parameterized by 
a p-wave relativistic Breit-Wigner. The Flatte parameterization'5 ' of the S amplitude is 
used. A Breit-Wigner line shape for the D(1285) is also included in the fit. The branching 
fraction of the resonance to KKir is set at 0.8. (The results are unchanged for fractions 
between 0.6 and 1.0). The best fit is shown superposed on the KKir spectrum in Fig. 2, 
as are the K* (892)Jf (largest component), Sw, and interference term(smallest component). 
The resonance mass and width that result from the fit are: 

m t = 1454 ± 3 MeV/c2 , I \ = 160 ± 11 MeV/c2 . 

The product branching ratio that this fit yields is: 

B(J/i> ->• 7t) • B[L -+ KKir) = (6.3 ± 1.4) X 10~3. 

The probability of the fit is 47%. 

It may also possible to explain the KKT line shape by invoking the presence of two 
resonances. To test this hypothesis, the spectrum is fit to two incoherent Breit-Wigner line 
shapes. The fit yields, 

mi = 1422 ± 2 Mev/c2 , Ti = 43 ± 7 MeV/c2 , 
m2 = 1490 ± 5 MeV/c2 , r 2 = 95 ± 10 MeV/c2 

with product branching ratios of (1.8 ±0.5) x 1 0 - 3 and (3.2 ±0.8) x 10~3 respectively. The 
fit probability is 15%. If two coherent Breit-Wigner line shapes are fit, the results are: 

mi = 1409 ± 5 Mev/c2 , Ti = 69 ± 11 MeV/c2 , 
m2 = 1499 ± 9 MeV/c2 , T2 = 138 ± 25 MeV/c2 

with product branching ratios of (1.5±0.4) X 1 0 - 3 and (2.7±0.8) X 1 0 - 3 respectively. The 
fit probability is 58%. An isobar spin parity analysis is currently in progress. 

2 .Analys is of t h e <f>(f> F i n a l S t a t e 

Study of the radiatively produced (fxf> final state has recently become topical. Structures 
have been observed^6'7! near <t><f> threshold in the reaction ir~p —»• n<f><f>. One groupt6', after 
performing a partial wave analysis, has resolved three resonance, all with Jp = 2 + . These 
states have been interpreted!8] as glueballs and are expected to be produced the radiative 
J / 0 decays. The DM2 Collaboration^9! in a study of radiative J / 0 decays has observed 
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a state in <j><f> at 2.25GeV/c2 with J p = 0~. The Mark IH observations!10-11! of dominant 
pseudoscalar content near threshold in the radiatively produced pp and ww systems has 
also encouraged a search of the <f><f> mode for similar structure. 

The ~f<j>(f> final state is studied in two modes: iK+K'K+K- and iK+K'K^Kl. 

In the K+K~K+K~ mode, kaon decays lower the detection efficiency in the 4>4> mass 
region below 2.4GeV/c2. About 60% of the events in this region have mis-measured tracks 
which may cause the event to fail a four constraint(4C) kinematic fit to the hypothe
sis Jj^> —»ryK+K~K+K~. To remedy this situation, a 1C fit to the hypothesis J / 0 —* 
KJrK~K±K^liia- is performed, where the poorly measured track is dropped from the fit. 
This track is selected by distance of closest approach to the vertex, by TOF information, or 
by the x 2 of the track fit. At least two of the charged tracks must be identified as kaons by 
TOF or dE/dx. The isolated photon whose direction is closest to that of the missing mo
mentum is used in the fit. The <f><f> spectrum displayed in Fig. 3a is obtained when events are 
selected requiring 5 < 3, where 

The resolutions are o\ = 4.2 MeV/c2 and a% = 5.6 MeV/c2.The second pair contains the 
'missing' track. The acceptance is shown overplotted. The background, determined by 
requiring 5< 6 <6 , is ilat and negligible. 

In the K+K~ K%K% mode, the poor efficiency for detecting the K^ lowers the detection 
efficiency by 50%. To compensate for this problem, 2C kinematical fits are performed, using 
the hypothesis J/ip —*• ^K+K~KgK^ misaing, on events with two identified charged kaons, 
a K% (detected in 7r+7r~), and and isolated photon. The $$ mass spectrum in Fig. 4a results 
when events are selected with 6 < 3, where 

<52 = ({mK+K- - m^lcK+K-)2 + ((mK%K°...„ ~ m0)/o r tf°ir°)2 

The resolutions are OK+K-
 = 4>° MeV/c2 and crKoKo = 5.9 MeV/c2 . The acceptance 

is shown overplotted. The background, determined by requiring 5< 6 <6, is flat and 
negligible. 

The acceptance corrected spectra for K+K~K+K~ and K+K~KgK^ are displayed in 
Fig. 3b and Fig. 4b respectively. Structure is clearly seen at low mass in both spectra. The 
T)c is seen clearly in the K+K~K+K~ mode, and events consistent with an ije interpretation 
are seen in the K+K~KgK^ mode. The spectra are fit to two Breit-Wigner line shapes 
combined with a phase space term. The resulting fits are shown overplotted in Fig. 3b 
and Fig. 4b. The parameters which result for the low mass state in the K+K~K+K~ 
mode are: 

mx = 2220 ± 15 ± 20 MeV/c2 , Tx = 114 ± 45 ± 35 MeV/c2 

5 ( J / ^ -» ix) • B{X - • 4><f>) = (3.45 ± 0.8 ± 0.7) x 10~4. 

In the K+K-K%Kl mode the results are: 

mx = 2206 ± 20 ± 25 MeV/c2 , Tx• = 150 ± 46 ± 35 MeV/c2 

B[J/if> -*• 1X) • B[X -»• 44) = (3.0 ± 0.6 ± 0.6) X 10"4 . 



The T]e parameters are consistent with an earlier measurement!12!. Preliminary indications 
are that the spin parity of this low mass structure is 0~. 

3 . Summary 

Evidence has been presented for i(1440) -> K* (892)!ff. The t(1440) line shape may be 
due to either a single resonance shaped by threshold effects, or to two Breit-Wigner line 
shapes. In 70$ , structure is seen in the <f><f> mass spectrum near 2.2GeV/c2 in both the 
K+K-K+K- and K+K~K^Kl modes. 

$ This work was supported in part by the Department of Energy under contract DE-AC03-
85ER4L050. 
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Figure Captions 

1. a.-KV projection of the KKTT Dalitz plot. 
b.KK projection of the KK% Dalitz plot. 
Both plots are split into low and high KKTT mass regions. 

2. Invariant* KKTT mass spectrum. The coupled-channel spectrum fit is superposed, 
as well as the K* (892)^, Sir, interference term and D(1285) component. (The 
K*(892)TC component is the largest; the Sir component is the next largest.) 

3. a.<f><f> mass spectrum for the K+K~K+K~ mode. The smooth superposed curve is 
the acceptance. 
b.Acceptance corrected <f><f> mass spectrum with superposed fit to two Breit-Wigner 
line shapes with a phase space term. 

4. a..<f><t> mass spectrum for the K+K~K^K^ mode. The smooth superposed curve is 
the acceptance. 
b.Acceptance corrected <f><f> mass spectrum with superposed fit to two Breit-Wigner 
line shapes with a phase space term. 
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K.F. Liu 
Have you determined the spin parity of the (f>tf> resonance at 2.22 GeV? 

Wisniewski 
Preliminary studies of the x-angle between the <f>'s indicate that the low 

mass structure is 0". 
Y u . D . Prokoshkin 

Do you have anything new in £ region? 
Wisniewski 

Nothing new at this time on the £ region. 
D . P e a s l e e 

In 2-resonance analysis of i, were spin-parities determined? 
W i s n i e w s k i 

No. However, a Dalitz-plot J p analysis is in progress. 

TlfC 
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New Results from the DM2 
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(The manuscript is not received.) 
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D . L i c h t e n b e r g 
What are the problems in determining the glueball fraction in the 77' ? 

Szk la rz 
Seiden, Sadrozinki and Haler have recently shown that if we take into account the 

double OZI suppressed disconnected diagram along with the usual 3 gluon annihilation 
diagram of the J / ^ , the interference effect between these 2 diagrams has the effect of 
increasing the value of 777' measured in the standard analysis. In addition, this effect 
removes the difference which existed between the results obtained in J/^» annihilation 
and 77production. 
W . Toki 

The paper by Seiden, Sadrozniski and Haber that includes the OZI connections 
and fits the 3/ip —•vector 4- pseudoscalar measurements has been submitted to this 
conference. 
M . C h a n o w i t z 

The motivation of Haber, Sadrozinski and Seiden as I understand it was at least 
in part because the original fits predicted a much larger 77 width for iota than was 
subsequently allowed by the data. Their new fit includes DOZI or equivalent nonet 
symmetry breaking effects, describes the data without requiring a large gluonium con
tent in 77 or 7/'. I would say that it is not surprising to find that nonet symmetry 
breaking effects are significant in this channel. 
K e h - F e i L i u 

Have you looked at K*K* events near threshold, namely around 2 GeV, in light 
of the fact that a K"K* enhancement at ~ 1.95 GeV has been observed in hadronic 
collisions? 
Szk la rz 

The analysis is not yet done, but this will be looked at. 
J . R o s n e r 

In the KKTT mass plot shown in the study of J ftp —> cpH, do you have any evidence 
for D (1530)? 
Szk la rz 

At this moment, I cannot answer that question. 
S . U . C h u n g 

Your M(0) seems to be different depending on the production process. How do you 
explain this ? 
Szk la rz 

The "0" signal seen in J/V> —*• 7KK and 3/tj; —* wKK is very similar in K+K~ and 
K° Kj. However in Z/ij) —* tpKK the K+K~ signal looks quite different, in particular 
the "0" mass is lower. Moreover the K° K° signal in front of the ip, even within the 
small statistics is pretty different from the K+K~ one. 



Two Photon Physics with the Crystal Ball 

S. Cooper * 
Physics Department and Laboratory for Nuclear Science, 

Massachusetts Institute of Technology 
Cambridge, Massachusetts 02139, U.S.A. 

Abstract 

Two-photon collisions leading to final states consisting entirely of photons have 
been investigated with the Crystal Ball detector at the e+e~ storage ring DORIS II 
at DESY. The process 77—>Tr°ir° is observed down to 7r°x° threshold. The preliminary 
cross section and angular distributions are presented. Formation of the 7r°, 77, and 77' 
are measured in 77—»77. The n' is also measured in 77—»777r°x°, and the 77 is observed 
in 77—»37T°. No signal is seen for formation of a radially excited pseudoscalar in the 
777r°7r° or 3r° final state. 

Introduction 

The Crystal Ball [1] is a highly segmented Nal(Tl) detector designed to measure the 
energies and directions of electromagnetically. showering particles. It is well suited to the 
study of two-photon collisions in which all the final state particles decay to photons. The 
analyses presented here are of 7 7 —•> 7r°7r°, 77 —> 777r°7r° and 77 —» 3TT°. 

The photon energy resolution of the Crystal Ball is crE/E = (2.7 ± 0.2)%/\/~E {E 
in GeV), which corresponds to &E = 5 MeV for a 100 MeV photon. Details of the 
detector and its use in two-photon physics are given in Ref. [2]. In the analyses presented 
here, we detect the 7r°'s and 77's via their 77 decay modes, selecting events in which the 
individual final state 7's are seen as clearly separated clusters of energy deposition in the 
Nal crystals. This gives excellent ir° recognition for ir° energies up to about 500 MeV. At 
higher energy the probability that the photon showers overlap begins to rise and the 7r° 
efficiency decreases. More sophisticated algorithms can efficiently recognise higher energy 
7r°'s, but have not yet been applied in the analyses presented here. 

The data were taken at the e+e~ storage ring DORIS II at DESY. The two virtual 
photons of the initial state come from the beam e+ and e~, which scatter predominantly at 
very small angles and are not detected. In general the two photons have unequal energies, 
so that the two-photon center of mass system is moving in the lab frame. The two-photon 
center of mass energy W is determined from the total invariant mass of the detected final 
state. Two-photon collisions are characterised by low net transverse momentum |]CPt| 
relative to the e+e~ beam axis. We calculate | J2Pt\ from the detected final state particles, 

'Supported in part by the U. S. Department of Energy under contract DE-AC02-76ER3069. 



and cut on it to reduce backgrounds. This requirement of small | £ p t | also eliminates the 
contribution from the rare cases when one of the leptons scatters at a substantial angle 
and the corresponding photon is far off mass shell. Thus our events are from "quasi-real" 
two-photon scattering. Yang's theorem [3] forbids a spin 1 state in this case. The allowed 
quantum numbers are Jpc = 0 ± + , 2 ± + , 

Threshold Region in 77 —> 7r°7r° 

For the 77—•7r°7r° analysis [4] we select events with | £ p i | < 71 MeV which have 4 detected 
photons, each with at least 20 MeV and |cos#| < 0.85, where 6 is the angle to the e+e~ 
beam axis. There are 3 ways of combining 4 7's into (77) (77) pairs. For each combination 
we calculate the mass of each 77 pair and plot the one pair mass against the other. Clear 
evidence for 7r°7r° production is seen at all center of mass energies W = M±y from 7r°7r° 
threshold up to ~1500 MeV, above which we have only a few 47 events. The scatter plots 
are shown in Fig. 1 for two W bins. The "background" is mostly from the 2 "wrong" 
combinations of real 7r°7r° events. 

The observed number of 7r°7r° events as a function of W is shown in Fig. 2a. The shape 
of this spectrum is strongly influenced by the effective two-photon luminosity, which falls 
steeply with increasing W, and by our efficiency for detecting 77—>7r°7r°, which rises from 
threshold to about 1 GeV and then falls again. The rise in the efficiency comes mainly 
from the tendency of events at higher W to be more at rest in the lab frame, with a higher 
probability for all the final state particles to be within our angular acceptance. The fall 
comes from the loss in 7r° recognition efficiency at higher TT° energies. 

Correcting for these effects, we obtain the preliminary 77—>7r°7r° cross section shown 
in Fig. 2b. It is fairly flat from threshold up to about 900 MeV, and then rises to a 
peak at the /2(1270) resonance. The detection efficiency depends on the spin of the 7r°7r° 
system, which determines the angular distribution of the 7r°'s. Spin 0, expected near 
threshold, gives an isotropic angular distribution in the center of mass. Spin 2 states such 
as the /2(1270) have been shown [5] to be produced in quasi-real two-photon collisions 
predominantly with helicity 2 (spin parallel to the beam axis). The corresponding angular 
distribution is (sin#*)4, where 9* is the angle between the 7r° and the beam axis in the 
7r°7r° center-of-mass system. The spin 2 angular distribution leads to a higher detection 
efficiency than for spin 0. Since we have not determined the spin fractions, we show the 
cross section in Fig. 2b for the two extreme assumptions: 100% spin 0 and 100% spin 2, 
helicity 2. The true cross section, depending on the W-dependent mix of spin 0 and 2, 
will He between the two histograms. The observed angular distributions, shown in Fig. 3, 
agree well with spin 0 near 7r°7r° threshold and spin 2 at the /2(1270). 

As expected, we observe in 77—vir°7r° a much lower continuum than has been seen in 
77—•7r+7r~, where the initial state photons can couple to the charge of the pions. Thus the 
signal to background is much better in 7r°7r° for studying a possible low mass TTTT resonance. 
Such a resonance has been suggested to explain the low mass inr enhancements seen in 
J/if>—+W7T7T [6] and T(3S)—•7r7rT(lS) [7], as well as deviations from the expected continuum 
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seen by some experiments in 77—»7r+7r~ [8]. At present we cannot tell if we are seeing a 
77—>7r°7r° continuum or a very broad resonance. Comparison of our data with the expected 
mass and angular dependence for the 77—»7r°7r° continuum, and with other TTTT reactions, 
may lead to better understanding of the low mass TTTT system. 

Pseudoscalar Mesons in 77 —> 777r°7r° and 77 —• 37r°. 

The two-photon width of a resonance is proportional to the 4th power of the charge of its 
constituent quarks. Thus the relative r 7 7 of mesons in an SU(3) nonet are sensitive to 
the octet-singlet mixing angle in that nonet. r 7 7 is also sensitive to a possible glueball 
mixture, since the glueball component has no charged constituents, and thus Try=Q to 
lowest order. 

The ground state pseudoscalar (11So) qq nonet contains the 7T°, 77, and 77'. Their two-
photon widths r 7 7 have been measured by several groups. The Crystal Ball spectrum 
from 77—+77 is shown in Fig. 4. The two-photon widths from this analysis are [9] 

r^(7T°) = 7.7 ± 0 . 5 ± 0 . 5 eV 

r77(/7) = 0.51 ± 0.02 ± 0.03 keV 

r77(77') = 5.6 ± 0 . 6 ± 0 . 6 keV, 

giving a mixing angle of 6 = —16°.± 2° and Fs /F i = 1.01 ± 0.07, where the later is the 
ratio of the SU(3) octet and singlet qq—t'yf decay constants. F 8 7̂  Fi could be a sign of 
glueball content in the mostly singlet 77', but the measured ratio is consistent with the 7T°, 
77, and 77' being purely 1 ^0 qq states. However an analysis of J/ip decays has suggested a 
fairly large glueball content in the 77' (but see [10]), which has often been interpreted as 
mixing between the 1 ̂ 0 qq nonet and the 77(1460) glueball candidate (formerly called t). 
Since the radially excited 2 ̂ 0 qq states are also thought to be in the 77(1460) mass region, 
it seems imprudent to consider 1 ̂ o-glueball mixing without including the 2 JSo states. 
However doing this realistically requires that we first understand the 2 1SQ qq states. This 
need is enhanced by the desire to argue for the 77(1460) as a glueball candidate on the 
basis of (a) its not fitting into the 2 aSo qq nonet, and (b) its large ratio (stickiness [11]) of 
production in radiative 3j^> decay compared to two-photon width. The stickiness of the 
77(1460) is > 170 times that of the 77'. However the present best limit on its two-photon 
width rn(!46o)-.7v x A)(i460)-.K.KV < 1.6 keV [12] is not much less than the expected T77 

for 2 ̂ o qq mesons of a few keV [13]. 

The candidate 2 ^ o mesons are: 

1 = 1 : TT(1300), T = 200 - 600 MeV, decays to -np and ir(inr)s-wavt. 
"Not a well-established resonance" [14]. We have heard at this conference that it 
failed to show up in recent KEK data on 7r~p—•(7r+7r~7r°) n [15]. 

1 = 1 : K(1460), T ~ 260 MeV, decays to KTTTT. 

"Not seen by Vergeest et al. Wait confirmation" [14]. 
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1 = 0 : 77(1275), T = 30 - 70 MeV, decays to 77713. 
Its presence under /i(1285) is now confirmed at KEK [16]. AGS-771 KKx data also 
need some pseudoscalar contribution at this mass [17]. 

1 = 0 : 77(1420), T = 30 - 70 MeV, decays to KK7r and TJTTTT. 

It is seen by AGS-771 [17] and KEK [16] in 7r_p collisions, but 7r+p in the ft Spec
trometer shows a 1 + + resonance instead [18]. 

The underlined decays are accessible to the Crystal Ball as all-neutral final states produced 
in two-photon collisions. 

Our observed 77ir°7r° spectrum is shown in Fig. 5a. The spectrum is dominated by a 
strong 77' signal, from which we obtain [2] 

r„»_1 7 = 4.6 ± 0.4 ± 0.6 keV 

There is no sign of a resonance at higher mass; upper limit "curves are given in Fig. 5b. If 
the 77(1275) and 77(1420) have total widths less than 50 MeV, as indicated by the published 
KEK results [16], we obtain the 90% confidence level upper limits 

r\,(l27S)—77 X -£77(1275)—TjTnr '-" 0-3 k e V 

I ri(i42o)-.77 x -^(1420)—I,*-*- < 0-3 k e V 

Mark III and DM2 have seen a narrow TJTTT resonance at ~1390 MeV in radiative J/iJ> 
decays [6]. If it is a pseudoscalar of total width < 50 MeV, we obtain 

I \Y"(1390)- .77 X -BA'(I390)-.I7TT7T < 0-27 k e V 

In all three cases, the limit stays below 0.4 keV for total widths up to 100 MeV. Other as 
yet unseen pseudoscalars may be wider, but even for a total width of 200 MeV our data 
cannot accomodate T7 7 x B^n — 2 keV for masses below 1.8 GeV. 

Our preliminary spectrum for 77—»37r° is shown in Fig. 6. There is no sign of the 
TT(1300). Extraction of upper limits is in progress. 

The absence of any 2 aSo resonance in these spectra is a challenge to our understanding 
of the radially excited qq system. The amplitudes for 2S—^77 and IS—'77 have opposite 
sign (caused by the 2S radial wave function going negative within the range for qq an
nihilation, which is roughly the Compton wavelength l / m q ) . The 1S-2S mixing can be 
chosen to give an arbitrarily small r 7 7 to the mostly-2S state [19]. Although this value 
of the mixing angle is not predicted, and the consequences of it on other decays have 
not been investigated, the sensitivity to it suggests that T77(2S) limits can provide useful 
constraints on the 1S-2S mixing in the qq sector. 

The Crystal Ball can do a good job on all-neutral decay modes. Given the uncertainty 
on the branching ratios (especially in searches for possible new 2S meson candidates), 
complementary measurements from magnetic detectors on pir and KK7T final states would 
be very helpful. Only when we understand the qq states can we safely conclude that a 
glueball candidate does not "fit in". 
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Figure 1: Scatter plots of M^, vs. M^ for 77—>47 events with | Ylpt\ < Tl MeV. There 
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•c; igure 5: (a^ Mvrovo spectrum 
" om 77—>r77r°7r°, with | £ p j | < 100 

leV/c. Note that no background 
subtraction has been made, so that 
the events above 1 GeV cannot be 
regarded as evidence for a •yy—fqirir 
continuum, (b) 90% C.L. upper 
limit on TJC—TT x -̂ A"—rjinr for a res
onance X of total width 50 MeV 
(solid line) or 200 MeV (dashed 
line). 
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A . Weins t e in 
Do you have any results on 77 —> T77r0? 

C o o p e r 
We published a paper on 77 —Y 7777° a, year or so ago, in which we gave 

T ^ widths for the ao (980) and a2 (1320). The new data looks similar, but 
final results are not available yet. 

—106— 

TIK 



T w o - P h o t o n Produc t ion of Spin 1 Mesons 

Daniel A. Bauer 
University of California, Santa Barbara 

TPC/Two-Gamma Collaboration 

We have previously reported evidence for a Jc = 1 + particle, with mass near 
1420 MeV, coupling to two photons. This state is produced in the reaction 

e + c - _> e + e - 7 7 * _, e+c_X(1420) -*• e+e-JCsK*** (1) 

only when one of the photons is highly virtual (tagged "by detection of one final 
state lepton). In this paper we will describe an experimental investigation of the 
X(1420) parity and we will present improved results on the coupling of X(1420) 
to two photons, based upon 30% more data than used in reference 1. We will 
consider whether this is the same Jpc = 1++ particle, the /i(1420), as has been 

2 3 

found earlier in hadronic reactions,' and whether it is in the same nonet as 
oi(l270) and /i(1285). This mass region is confusing, since other experiments 
have found evidence for a resonance of the same mass but with Jpc = 0 - + . 
A state with Jpc — 1 •", which could not be qq, and might be a candidate 
for a gg-gluon hybrid has also been proposed. Finally, we will also present our 
measurement of the coupling of f\ (1285) (measured in the channel 27r+27r~) to 
two photons. Assuming that X(1420) is /i(l420) and is in the same nonet as the 
/i(l285), the coupling constant measurements can be used to extract a nonet 
mixing angle, Q. 

The data reported here were collected by the TPC/Two-Gamma collabora
tion at SLAC, using the e+e~ colliding beam facility PEP with a center of mass 
energy of 29 GeV. The key detector components for this analysis were the time 
projection chamber (TPC) in the central region, and Nal and Pb-scintillator 
shower detectors at angles between 25 and 180 mr from the beam line. The in
tegrated luminosity was 117 p6 - 1 , of which 50 p6 - 1 were with a TPC magnetic 
field of 4 kG and 67 pb~l with 13 kG. The apparatus and data collection are 
described in reference 1, which utilized a subset of the data. 

We required that one of the outgoing e* be detected, corresponding to 
a highly virtual photon. The trigger and event cuts for selection of 77* —• 
X(l420) —*• KsK±Txz^ were similar to those of reference 1, while the cuts on pion 
and kaon identification were slightly looser. The events were scanned to remove 
those with evidence of extra particles, primarily photons. The resulting Klin 
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mass spectrum is shown in figure 1. We then excluded events that had two de
tected c* to. ensure that one virtual photon was almost real. We also excluded 
events that had a single detected e^ outside fiducial cuts designed to ensure ac
curate measurement of Q2, the magnitude of the virtual photon's squared mass. 
The events with masses between 1.34 GeV and 1.52 GeV were used to measure a 

resonance mass of 1.427+5" G e V m d a t o t a I w i d t h o f 0-020+.0:oi7 G e V - w h i l e w e 

assumed a fiat background of 1.2 events/100 MeV, these results were quite insen
sitive to the amount of background. Finally, for purposes of measuring quantities 
more sensitive to the background, we narrowed the mass (W) cut to the range 
1.39 < W < 1.47 GeV. The cut at 1.39 GeV excludes most / i ( l285) mesons. 

The remaining 9 events were used to measure the two-photon width of the 
state. A virtual photon in reaction (l) can have either transverse polarization 
(T) or longitudinal polarization (L). One can write 

E\E%<Po 
dzp\d?pi ^ A / ^ , (2) 

where i and j can each be either L or T, and the £,-y are photon flux factors that 
were calculated to lowest order in QED. Ei, E%, pi , and pi are energies and 
momenta of the outgoing leptons. Interference terms that integrate to zero over 
azimuth have been neglected. We can define virtual 77 widths for each ij, for a 
resonance of mass M and width T, by 

_32 f f(2J + l) W2 r T i t f 
i3~ NiNj 2 v T ^ 2 - M 2 ) 2 + r 2 M 2 . r ' n " { 1 

Here iv*t- is the number of polarization states, which is 1 for i=L and 2 for i=T, 
X = (qi • ft)2 — 9i?2» a n d 1* 13 the photon four-momentum. Our values for Tl^. 
would need to be multiplied by 2{2\ZXfW2) « 2(1 + Q2/M2) if we used the 
convention of Cahn. For a spin-zero resonance, our definition of T^. gives a 
result which in the limit of Q2 —* 0 becomes the total decay width into two real 
photons. But in this paper, we are considering spin-one resonances, where OTT 
vanishes like (q2 — g|)2> while 0x3* and OTL vanish like q\ and q%, respectively, 
in the limit of low q2 . For the two kinematic regions corresponding to single-
tagging (detection of a single outgoing lepton), one photon is much more virtual 
than the other; let Q2 = — q2 for that photon. 

For the kinematic region in which, say, p\ is the momentum of the tagged 
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lepton, the quantity T77« (Q2) is denned by 

EiE2#o r327r(2J-H)i r W* 1 r T 1 
d?pid?p2 L NiN2 J l 2 V X - H - ( ^ 2 - M 2 ) 2 + r 2 M 2 J 7 7 " w 

C — f>LTi and the JVt- are defined as if we were considering the LT case alone. To 
within about 1%, LLT ** &TT hi our kinematic region; so 

i v - i s * + a*). 

In order to extract values of T^- from our data, we used a Monte Carlo 
calculation, incorporating equation 4, and simulating the detector response, trig-
gering, and experimental cuts. The '"standard" model" for these Monte Carlo 
calculations also used the non-relativistic quark moderresult for a Jpc = 1 + + 

resonance 

r " = ^^-F'U\)FH^)f • (56) 

where T is a constant to be determined from experiment, as will be demonstrated 
later. The form factor, F, is given by 

F(e)" T=7]uf' 

with My taken to be the p mass. To a good approximation, equations (5) imply 

OTI _ r « : _ Q2 

our 2r^. 2M2 (6) 

Our results for Sil(iif JK"7r) - I ^ T are shown in figure 2. These results are relatively 
independent of details of the Monte Carlo model; changing the Monte Carlo 
program to use a <f> form factor has less than a 3% effect on the acceptances used 
for making figure 2. 

We now turn to a determination of the parity of the observed X(1420). In 
order to compare our kinematic decay distributions with those expected from 
various decay matrix elements, we must decide how the two virtual photons 
couple to the vectors corresponding to those matrix elements. Since a spin-one 
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object cannot have Jz = 2, OTT contributes only to the Jz = 0 component of 
the matrix element, corresponding to the z component of the vector. On the 
other hand, ajjr has matr ix elements with Jg — ± 1 with equal probabilities for 
each sign, so the square of the matrix element is the sum of the squares of the 
x and y components of the vector. The ratio between OTT and cjyr is model 
dependent. For the case of Jpc = 1 + + we use the ratio given by equation (6) 
above, which is used in the Monte Carlo model. We use the Kolmogorov test 
to decide how well the data distributions agree with the model. We find that 
there is a 97% confidence level for the earlier described "standard" Monte Carlo 
production model with the K*K L=0 decay mode of the /i(1420) identified as 
Jpc = 1++ by Dionisi et al . Figure 3 confirms that our events could almost all 
come from decay into the K*K mode. 

We have seen tha t our data are consistent with what would be expected for 
the positive parity / i (1420). In order to see if negative parity can be excluded, 
it would desirable to predict the ratio between OTT a^d OLT f ° r JPC — 1~ + 

states, which cannot be simple quark-antiquark pairs. Unfortunately, no such 
prediction exists. However, while a 1 _ + state produced entirely by OTT cannot 
be ruled out, we find that a K*K model with negative parity has no more than a 
10% confidence level whenever the LT contribution is at least 30%. We get even 
smaller confidence levels if the negative parity s tate decays into KsK^ir^. 

If 9* is defined as the angle of the virtual photon direction in the two-photon 
center of mass, it can be used to distinguish between parities independent of the 
decay dynamics. The distribution of 0* is (l+cos20*) for Jp = l +

 OJJT, sin20* 
for either Jp = l +

 OTT or 1 azr, and cos20* for Jp = 1 OTT> Assuming 
equation (6), the Kolmogorov test for the distribution in 0* gives a 53% confidence 
level for Jp = 1 + . This is to be compared with less than 2% for 1~ ajfi. We 
cannot use angular distributions to exclude 1~ with a large CTTT contribution. 
But even if we restrict ourselves to the 7 events with Q2 < 1.5, where OTT is 
expected to be less important, the 1~ OJJT angular distribution has probability 
below 2%. We conclude that positive parity is favored for the Jc = 1 + object 
found in two-photon reactions and will henceforth call it the /i(1420). 

If we assume that the /i(1420) belongs in the 3 Pi nonet, we can determine 
the mixing angle by using the non-relativistic bound state quark model along 
with the assumption that the 3 Pi and the 3P2 nonets have the same radial wave 
function.8'10 For low Q2, 

r ( / i ( 1 4 2 0 ) - V 7 ) = 5 s i n 2 ( f l - g c ) Q2 

T( / 2 (1270) -> -y*7) 6 cos2 (02 - 0e) M1420M1270' { 

where Q-i w 28° is the nonet mixing angle between the /2(1270) and the /2(1515) 
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as computed from the Gell-Mann Okubo quadratic mass formula, and 8e — 
sin - 1 (1/3) = 19.47° is the mixing angle for which the two-photon coupling of 
/i(l420) equals zero. With T(/2 -»• 77) = 2.70 JfceV,11 we get in the limit of low 
Q2 

* ' ( « - 6C) = . 4 3 5 M ^ f 2 7 0 r ( / l ( 1 4 2 0 ) -> 7*7), (8) 

where V is in keV. Our data with all Q2 > 0 combined, along with the Q2 

dependence assumed in the earlier described "standard" Monte Carlo program, 
yields a preliminary value 

M2 

T = lim 7—r(/x(l420) -• 7*7) = 1.3 ± 0.5 ± 0.3 keV, 
Q3—*0 V 

where the first error is statistical and the second systematic. We here assumed 
the branching ratio to KR"K is approximately 1 for /i(l420). The smooth curve 
in Fig. 2 shows the assumed Q2 dependence normalized to the above measured T. 
If we restrict ourselves to Q2 < 1.5 GeV2, there is not much change in the value of 
f, which becomes 1.6 keV. The ideal mixing angle (35.26°) and the mixing angle 
from the Gell-Mann Okubo quadratic mass formula (42.2°) give f equal to 0.19 
keV and 0.38 keV, respectively, which are both much smaller than we observed. 
The value T = 1.3±0.5 would occur if the mixing angle were 65±12° and the state 
were mostly ss, but with a significant light quark admixture. However, unlike 
the results of figure 2, the extrapolation to Q2 —*• 0 is highly model dependent. 
If we assume the same Q* dependence as assumed in reference 1, T becomes 
3.7 keV, while if instead we use our present Q2 dependence but replace the p 
form factor with a <f> form factor, T becomes 0.63 keV. The quoted errors change 
proportionately. Neither of these changes in the model can be excluded by our 
data. Note that all our values for T must be multiplied by a factor of two for 
comparison with those of Cahn. 

There is less theoretical and experimental model dependence in a quark model 
prediction that compares two particles within the same nonet. If the f\ (1420) 
really is in the same nonet as the /i(1285), then taking the two-photon coupling 
proportional to the square of the quark charges gives, for low Q2, 

r ( / i ( l285) ->7*7)_M 1 4 2 o 2 , . . . 
fKIl420) - 7*7) ~ M^COt {° ~ °e)- (9) 

The factor Mi42o/A î285 comes from s-wave phase space with neglect of the masses 
of the virtual photons. In order to make use of equation 9, we sought evidence 
for two-photon production of the /i(l285) decaying into 27r+27r~. 
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Events were selected with four charged tracks and zero total charge. All the 
pion candidates had to have tracks passing near the vertex and have momentum 
above 120 MeV/c. The component of momentum perpendicular to the beamline 
had to balance to within 200 MeV/c. We required that the tracks for all four 
pion candidates have dE/dx measured in the TPC to be consistent with the 
track being from a pion, and at least one of the tracks had to be unambiguously 
identified as a pion. For the single-tagged (Q2 > 0.2GeV2) sample, we selected 
events with exactly one outgoing lepton detected in the same way as described 
in reference 1. A no-tag sample, with Q2 w 0, was also studied. Events with a 
detected e^ were then scanned to reject cases in which there was either an extra 
photon or an extra track not found by the software. 

Figure 4 shows, for various Q2 ranges, the mass spectrum of such 47r states. 
As expected, there is no sign of the vector state with Q2 « 0 (Fig. 4a), for 

13 

two real photons cannot couple to a spin-one state. There is some sign of a 
resonance near 1.27 GeV in the Q2 > 0.2GW2 data sample. The signal left after 
drawing a smooth curve for the background through this region in figure 4b leads 
to a two-photon width of f = Hmga_»0 ^ r ( / i ( l 2 8 5 ) - • 77*) = 0.86 keV, with a 
100% systematic uncertainty on this preliminary result. This width implies that 
we should expect two f\ (1285) events in figure 1, which is consistent with the 
data in that region. This result is also consistent with the 1.12 keV predicted 
by equation 9, with the /i(l420) mixing angle (65°) and two-photon coupling 
(f = 1.3 keV) found above using the same model for the Q2 dependence. 

Instead of assuming we see an /i(1285) signal in the 27r+27r~ sample, we 
can state a preliminary 90!% confidence level upper limit on the background 
subtracted signal in Figure 4c: .limQ3_»o TyrT^- < 2.4 keV, where the method of 
computation involves the same assumptions as were used above for the /i(1420). 
The 90% confidence level upper limit on the ratio between /i(l285) and /i(1420) 
two-photon widths is 2.5, which is to be compared with a ratio of 6.3 expected 
from a 42.2° mixing angle (Gell-Mann Okubo quadratic mass formula) and 13.9 
from ideal mixing. But this upper limit on the ratio depends on an extrapolation 
to Q2 —*• 0 of the /1 (1420) two-photon width assuming a p form factor. If instead 
we extrapolate with a tj> form factor, the 90% confidence level upper limit on 
the ratio between /i(l285) and /i(1420) two-photon widths becomes 5.2. There 
is further model dependence since the /i(l285) upper limit is taken from the 
Q2 > 0.5 data, where the signal is especially prominent, while the f\ (1420) value 
comes from the whole Q2 > 0 range. In spite of these caveats, our results are 
evidence against the hypothesis that the /i(1285) and /i(1420) are members of 
the same, ideally-mixed nonet. 

Thus the spin-one state produced by one nearly real and one quite virtual 
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photon (Q2 » 0) at 14271JJJ MeV appears to have positive parity and a non
zero light-quark content. However, our statistical uncertainties do not presently 
allow us to exclude a Jpc = 1 - + hybrid state interpretation. We anticipate 
that the large increase in statistics obtainable from the high-luminosity PEP will 
clarify the experimental situation. 

This work represents the efforts of the entire TPC/Two-Gamma collaboration 
and was supported in part by the United States Department of Energy, the 
National Science Foundation, the Joint Japan-United States Collaboration in 
High Energy Physics, and the Foundation for Fundamental Research on Matter 
in the Netherlands. 
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J. Rosner 
If the D is at 1285 and the D' is at 1530, what is the 1420 state? In particular, do 

you have limits on 77 —•Ai0? 
Bauer 

I wish I knew what the 1420 state is ! We are working on 77 —*Ai but it is a 
difficult state to study and there is experimental conflict on its mass and width (from 
tau decays). 
S. Suzuki 

How many K K + c.c. components in your E(1420)? 
Bauer 

Our Dalitz plot (M^±w vs M j ^ ) is consistentwith mostly K"K -f c.c., given the 
background under the 1420 state. We cannot really determine the fraction of K*K 
versus K K T . 
D . Lichtenberg 

Why do you have so many Monte Carlo K* events outside the boundary of the 
Dalitz plot? 
Bauer 

Because the E used in the Monte Carlo is quite broad(60 MeV) which has the effect 
of smearing the Dalitz plot boundary; effectively there is a different boundary for each 
event. 
M. Chanowitz 

My question is for members of the MPS collaboration. Can you say anything about 
the Jpc=l~+KK7r channel in your data? 
S. Chung 

Answer to M. Chanowitz's question on the 1~+ state in our BNL data; We measure 
JPG and not JPC , since I is not known in our data. Our JP G=1"+ state can be explained 
as a tail of the //(1600) decaying into KKr. 
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Abstract 

We have searched for narrow peaks in inclusive y ray spectra obtained 

for each charge multiplicity separately. The 4cr upper limit for the yield of 

pp-» y B with baryonia candidates B decaying into Ncu prong states is 0.3 - 0.1 

x 10~3 at Ey =80 - 938 MeV for each of Nch = 0 and £.6, 0.8 -> 0.1 x 10-3 for 

each of Nch = 2 and 4, and 1.2 - 0.2 x 10-3 for the sum over the charge 

multiplicity. At 2 to 3o* levels, however, we have observed nine narrow y 

ray peaks with individual yields between 10-* to 10-3 for various charge 

multiplicities. 
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*) Kochi Medical School, Nankoku, Kochi, 781-51 Japan. 
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We have measured inclusive y ray spectra from pp annihilation at rest. 

The experiment was described in a previous paper[l], which we call I through

out the present paper. Searching for monochromatic y rays, which could be 

produced in the reaction of pp-» y B with B baryonium candidates, we reported 

in I the absence of monochromatic peaks at 95% CL in the y ray spectrum 

summed over the accompanying charge multiplicity when peaks with individual 

yields larger than 1.5 x 10-3 per annihilation were searched for. We could 

not confirm any of the four peaks which were observed by Richter et al.[2] at 

Ey , the y ray energy, of 103, 174, 223 and 548 MeV with yield levels of 1 -

3 x 10-3. 

Besides the result given in I, the present experiment can give more 

information. We have measured the y ray spectra separately for each charge 

multiplicity by employing cylindrical MWPCs and scintillator hodoscopes both 

covering a solid angle of almost in sr. Consequently it is possible to 

compare the decay topologies of baryonium candidates. If any baryonia favour 

a decay with a specific charge multiplicity, the inclusive y ray spectrum 

associated with that charge multiplicity may have a higher sensitivity for 

the detection of baryonia than that summed over the charge multiplicity. 

Moreover, the inclusive y ray spectrum summed over the charge multiplicity 

has a high enough statistics that enables detection of tinier peaks with 

yields as low as 6 x 10-*(or 3 x 10-*) at 100(or 500) MeV at statistical sig

nificance of 2o* . In the present paper we will present, separately for each 

charge multiplicity, a result on narrow y ray peaks with individual yields as 

small as the sensitivity of the experiment. 

The inclusive y ray spectra are compared in Fig. 1 for different charge 

multiplicities. The y ray intensity monotonically decreases as the y ray 

energy increases from about 50 MeV. The slope is steeper for larger charge 

multiplicities than for smaller ones, as qualitatively expected from the 

average energy of it ° mesons. These spectra, similarly to that given in I for 

the sum of the charge multiplicity, were obtained under a triggering condition 

that one or two y rays should exist on the Nal calorimeter. 

Search for monochromatic peaks in the y ray spectra was first carried 

out with the fitting methods as described in I: the global fitting in the 

whole energy range and the local fitting within narrow energy windows. Though 

both methods gave consistent results with each other, we have finally adopted 

a method somewhere in between, namely, simultaneous global fitting over four 
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energy ranges of medium size. The medium energy range was adopted so that 

many peaks could be included in the fitting by keeping the variables within a 

reasonably small number of 15. We have divided the energy range of 80 to 1000 

MeV into four by keeping ample overlaps between adjacent two ranges, and 

fitted the y ray spectrum with a polynomial background plus narrow peaks. 

The order of the polynomial was chosen so that not only the chi-square/DF (DF 

being the degree of freedom) should be around unity but also the residue 

should have no systematic wavy oscillation around the zero. Mostly a polyno

mial of order 3 was sufficient to give good fits. Narrow peaks were expressed 

by asymmetric gaussians as described in I. Their widths are taken almost due 

to the instrumental resolution, which is given by A E y /Ey = 6.2%(Ey in 

GeV)- 1 / 4 in fwhm. The width was allowed to vary within ± 20% around the in

strumental one. 

The fitted result is presented in Fig. 2 for charge multipicities of 0, 

2(actually the sum of 1 and 2), 4(3 and 4) and k 6(larger than 4) separately, 

and in Fig. 3 for the sum over the charge multiplicity. Except the Panofsky 

peak at 129 MeV due to slow secondary negative pions (see I), we have obtained 

nine narrow y ray peaks at Ey = 140, 156, 227, 275, 320. 356, 423, 468 and 

560 MeV with statistical significance at 2 to 3<r levels. The yields of the 

peaks were calculated from the peak areas according to the formula given in I, 

and given in both Fig. 4 and Table 1. The overall systematic error for the 

yield mainly comes from fitting conditions and is less than 50% (see I). 

A few more peaks that have been observed above 600 MeV can be assigned to 

monochromatic n ° peaks coining from the reaction of pp-» ic °M with M = y , TZ °, 

7 , p°/ct> , etc., and they are not shown in Fig. 4 and Table 1. Misiden-

tification of n ° as a single y ray could occur at high energies where 

spatial separation between the two decay y rays was incomplete with the 

granularity of the present calorimeter. Employing a Monte Carlo simulation 

adapted to the present experimental setup, triggering condition and software 

cuts, we have estimated the probability of registering n ° mesons as single y 

rays. The probability has been found to increase with the energy but negli

gibly small (less than a few %) at n ° total energies below 500 MeV. The 560 

MeV peak, the highest energy one below 600 MeV, must be due to monochromatic 

y rays. Should this peak be due to monochromatic it ° mesons, their yield 

should be much larger than 1% according to the above Monte Carlo calculation. 

Actually, no such large'peak was observed in the it ° inclusive spectrum[3], 
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which excludes the possibility that the above peak might be due to ir° mesons. 

We have not observed any statistically significant y ray peak around 103 

MeV, where a 3 to 4o" pepk with yields larger than 10-3 per annihilation was 

reported in previous experiments[2,4]. Our analysis presented above in Figs. 

2 and 3 assumed an asymmetric gaussian shape for the Panofsky y ray peak. As 

the 103 MeV peak lies in the valley between the two large y ray peaks, i. e., 

a wide peak around 65 MeV (jt -p-> it °n-> y y n) and a narrow one at 129 MeV 

(it -p-» y n), the conclusion on the 103 MeV peak may depend on the shape of 

these Panofsky peaks. To check on this point, we have carefully reanalyzed a 

range of 50 to 200 MeV by using an experimental spectrum of the Panofsky y 

rays instead of the gaussian shape. The y ray spectrum was fitted with a 

polynomial background of order 3 to 4 plus an experimental Panofsky peaks and 

narrow asymmetric gaussians. The Panofsky y ray spectrum was taken from a 

high statistics measurement with stopping n ~ beam in the liquid hydrogen 

target instead of antiproton beam. Only the intensity of the Panofsky y rays 

was taken as a variable. The fitted result is presented in Fig. 5 after sub

traction of the background. Among the spectra with different charge 

multiplicities, one with null charge multiplicity gave the largest peak around 

103 MeV with a yield of 0.2 x 10 _3 per annihilation at statistical sig

nificance of 1.4o" . The 4cr upper limit is 1.2 x 10-3. 

In the following, we list a few facts which indicate the observed 2 to 3 

a peaks may be real: 

The pros: 

(i) Six peaks, except for 140, 320 and 423 MeV ones, have been simul

taneously observed in' the spectra with more than one different 

charge multiplicities, 

(ii) The energy range of 80 - 600 MeV includes 22 independent bins in 

units of the instrumental fwhm. The probability that N peaks of 

2<y significance are created by statistical fluctuation is as 

small as 19% for N=2, 6% for 3 and 1.4% for 4. 

(iii) As -a check we have divided the entire data into the earlier and 

later halves with respect to the data taking period. The two 

spectra gave essentially the same result, though the statistical 

significances of the peaks were a little different between them, 

(iv) Yields of the Panofsky peak at 129 MeV for different charge 

multiplicities are consistent with qualitative expectation: 
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zero for 0 prong, large for both 2 and 4 prongs, and small for 

^ 6 prongs. 

The cons: 

(i) The yield of each peak is as small as the sensitivity of the 

experiment for 2 to 3ff peaks (see Fig. 4). Experience tells that 

2 to 3o* peaks are sometimes not stable enough. 

The above results are summarized as follows: 

(1) By fitting the inclusive y ray spectra from "pp annihilation at rest 

with a polynomial background plus narrow gaussians, we have not observed, 

besides the Panofsky peak at 129 MeV, any narrow peaks with statistical sig

nificance higher than 4o" . The 4a- upper limit for the yield times BR(Nch) 

per annihilation, where BR(Ncii) is the decay branching ratio of B into Nch 

prong states, is 0.3-0.1 x 10"3 at 80-938 MeV for each of Neb = 0 and £ 6 , 

while 0.8-0.1 x 10-3 for each of Neb = 2 and 4. From the spectrum summed over 

the charge multiplicity, the 4o" upper limit for the yield is estimated to be 

1.2-0.2 x 10-3 at 80-938 MeV. 

(2) At 2 to 3o" levels, we have observed nine narrow peaks at Ey (in 

MeV)=140 (MB = the corresponding mass of B in MeV/c2 in pp-> y B = 1731), 156 

(MB = 1713), 227 (MB = 1634), 275 (MB = 1578), 320 (MB = 1524), 356 (MB = 

1478), 423 (MB = 1391), 468 (MB = 1329) and 560 (MB = 1191). These peaks 

have yields between 10-4 and 10-3 per annihilation. 

(3) The pros for the notion that the observed peaks are real are simt, -

taneous occurrence of the same peaks in the spectra with different charge 

multiplicities, and consistency between the two data sets in the earlier and 

later halves of the data taking period with respect to the existence of the 

narrow peaks. The cons are their small yields close to the sensitivity of the 

experiment for 2 to 3<y peaks. 

The yields of narrow states obtained in the present experiment have just 

reached the order of magnitude that is expected[5] for baryonia consisting of 

a diquark-antidiquark pair in a quark potential model. Higher statistics 

measurements in the future are very important. Rejection of y rays from n ° 

decay by exclusive measurement of all y rays can considerably reduce the 

background, and will be a good direction to be pursued. 

Very recently, results of two new experiments have been reported[6,7]. 
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They have given only results summed over the charge multiplicity; their 

results are consistent with ours given in I. A final remark goes to £ (1480) 

(Mass = 1477 MeV/c2, r = 116 MeV/c2)[8], which have been observed in ph-* 3K *2 

it - and assigned to ̂ (Jfc) = 0+(2++). The 356 MeV y ray peak observed in the 

present experiment satisfies correctly the kinematics for pp-*- y £ (1480) (see 

Table 1), though the statistical significance of this peak is insufficient to 

make any further definite statements. 
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Fig. 1 Inclusive y ray 
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errors (lo- ). The number of 

events per 4.16 MeV bin is 

given at the peak of each 

spectrum. 
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Fig. 2 A f i t to inclusive y ray spectra with a polynomial background plus 

narrow gaussians. The residue a f te r background subtraction i s shown 

for each charge mul t ip l ic i ty . The bin width i s 2.08 MeV for the 

figures on the l e f t and twice of i t on the r ight s ides . 
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Fig. 3 A f i t to the inclu

sive y ray spectrum summmed 

over the charge mult ipl ici ty. 

Other items are the same as 

for Fig. 2. 

Fig. 4 Yields of the narrow 

peaks observed in the y ray 

spectra from pp annihilation 

a t r e s t are compared with the 

CERNdata[2]. BR(Nch) shows 

the decay branching ra t io of 

B into Nch prong s t a t e s . 
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Fig. 5 A fit to the inclu

sive y ray spectrum in the 

Panofsky peak region is 

presented after background 

subtraction. Two peaks are 

clearly seen corresponding 

to it ~p-* n °n and it ~p-* Y n 

due to slow secondary n ~ 

stopping in the target. An 

experimental spectrum of 

the Panofsky peaks was used 

instead of gaussian shapes. 
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Table 1 Experimental result on narrow states. Position, yield .per annihilation, 
statistical significance and width are given for each peak in y ray spectra. The 
width was made variable within the instrumental one plus/minus 20X : (U) and (LI 
mean the upper and lower limits, respectively. For the case of U (or L), the error of 
width is meaningful only with minus (or plus) sign and is given in parenthesis. The 
column of notes gives the weight-averaged position of y ray peak. The mass of B for 
the reaction of pp -»• y B is also given in parenthesis. 

Nca=all 
Charge Multiplicity (Ncu) 

2 4 £ 6 
Notes 

Position(MeV) 129.2± 0.7 
YielddO-3) 4 . 5 2 1 0 . 3 6 
Stat . Sig. 12.4(j 
Width,a (MeV) 6 .SI0.2 , U) 

129.8± 1.0 
1 .45±0.33 
4.4o-
6 . 0 ± 1 . 8 

128.1± 0.9 
2.48±0-2S 
9.8ar 
6 .8(0 .2 , U) 

128 .8±1 .1 
0 .37±0 .08 
4.7ar 
4 .5 (2 .1 , L) 

129.0± 0.8 
Panofsky y 

Position(MeV) 
YielddO-3) 
Stat . Sig. 
Width, a (MeV) 

139 .9+1 .4 
0 .18±0 .06 
2.9ff 
4 .8 (1 .7 , h) 

139.9± 1.4 
(Mass M» in 
MeV/cl= 
1731.0± 1.5) 

•Position(MeV) 156.1± 2.6 159.3± 2.0 
YielddO- 3) 0 .56+0 .29 0 .13±0 .06 
Stat . Sig. 1.9cr 2.0o* 
Width.ff'(MeV) 5 .2 (2 .4 , L) 5 . 3 (2 .1 , L) 

155-8± 2.2 
0.42±0-20 
2.Iff 
5 .2(2 .4 , L) 

156 .4+2.4 
(1713.0± 2.6) 

Position(MeV) 
YielddO- 3) 
Stat . Sig. 
Width, a (MeV) 

212.9± 4.0 
0 .16±0 .08 
2.Off 
9 . 4 ( 3 . 1 , U) 

232.9± 3.4 
0 .4010 .19 
2.1ff 
7 .0(2.8 , L) 

227 .2+3 .6 
(1633.614.1) 

Position(MeV) 2 7 4 . 2 1 3 . 0 
YielddO-3) 0 . 6 6 1 0 . 2 9 
Stat . Sig. 2.3ff 
Width,a (MeV) 7 .9 (2 .7 , L) 

273 .412 .3 
0 .5610 .21 
2.6<x 
7 .8(2.7 , L) 

279.2± 3.5 
0 .3610-19 
1.9o-
8 .0(3 .9 , L) 

275 .012 .9 
(1577.813.4) 

Position(MeV) 
YielddO-3) 
Stat . Sig. 
Width, a (MeV) 

319 .612 .9 
0 .4410-13 
3.3cr 
8 .8(4 .0 , L) 

319 .612 .9 
(1523.813.6) 

Position(MeV) 3 5 3 . 9 1 7 . 9 3 4 2 . 5 1 3 . 9 355 .616 .9 366 .416 .6 
YielddO-3) 0 . 6 9 1 0 . 3 1 0 . 1 3 1 0 . 0 6 0 .4810 .24 0 .3110 .14 
Stat . Sig. 2.2cr 2.Off 2.OCT 2.3ff 
Width.ff (MeV) 14.2(3 .9 , U) 9 .3 (3 .9 , L) 14.3(3.5, U) 13 .613 .4 

355 .917 .0 
(1478.418.9) 

Position(MeV) 
YielddO-3) 
Stat . Sig. 
Width, a (MeV) 

4 2 2 . 8 1 4 . 7 
0 . 0 9 1 0 . 0 4 
2.6ff 
10.8(5.0 , L) 

422 .814 .7 
(1390.916.3) 

Position(MeV) 4 6 8 . 7 1 5 . 4 
YielddO-3) 0 . 4 2 1 0 . 1 9 
Stat . Sig. 2.2ff 
Width.ff (MeV) 11 .7(5 .3 , L) 

467.9± 5.8 4 5 8 . 3 1 3 . 9 
0 .1710 .08 0 .0610 .03 
2.lor 2 .0c 
11.7(5.6, L) 11.5(3.9, L) 

4 6 7 . 5 1 5 . 4 
(1329.217.6) 

Position(MeV) 5 5 9 . 0 1 7 . 3 5 4 8 . 8 1 3 . 7 575 .415 .0 553.6± 5.9 
YielddO-3) 0 . 7 1 1 0 . 2 8 0 . 1 6 1 0 . 0 6 0 .2610 .13 0 .1710 .06 
Stat . Sig. 2.5ff 2.8ff 2.Iff 3 .1a 
Width,a (MeV) 20 .0 (5 .1 , U) 13 .1(4 .4 , L) 13.6(6.2, L) 1 4 . 9 1 5 . 8 

5 6 0 .316 .3 
(1191.019.9) 
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Short Review on Results at LEAR 

U. Gastaldi 

CERN, Geneva, Switzerland 

(The manuscript is not received.) 

S.F. Tuan 
The recent analysis of Brodsky, Lepage, and myself suggests that there should be 

a glueball 0 with J p c = l — at a mass very close to 3/tp ~ 3.1 GeV. Will LEAR be in 
a good position to look for such a state, if 0 has fair sized branching rations to K*K 
and pw? 
Gastaldi 

To do this LEAR should be operated in the colliding beams mode operation option 
for which the design figures are 

- bunch length ~ 5 meters 
- straight section available for experiments < 8 m 
- highest luminousity ~ 1029 cm - 2 sec -1 

With super LEAR in the jet target mode operation the figures would improve to 

- interaction volume < 1 cm long 
- highest luminousity ~ 1032 cm - 2 sec-1 

Whether an existing signal could be observed or not depends of course on the sig
nal/background ratio and on the detector performance. 
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D. Lichtenberg 
Is there any inconsistency between LEAR's failure to see the £(2200) and other 

experiments in which it has been seen? 
G'astaldi 

PS 170 does not see an enhancement in the K+Kr ratio as a function of beam 
momentum. This gives upper limits on the product BR(£ -+pp) x BR(£ —>K+K~) 
that depend 

- ( i )on the assumption that X (TT+7T~) is smooth 
- (ii )on J p c of the candidate resonance 
- (iii)on the width of the candidate resonance 

PS 172 (pp -> 7T+7T-, K+K -) and PS 185 (pp -vK* K|) have started analysing thier 
date and are not yet in the position of giveing energy dependances. 
J . Lipkin 

There are reports that LEAR finds the 6, now called the a0, at a somewhat higher 
mass than the partide data group value, in particular somewhat above the KK threshold 
rather than below-Would you care to comment? 
Gastaldi 

We have in ASTERIX (PS 171) good evidence for signal in the S region in 

p p —+ 7r+7r~7r° (6 —+ TJTT) 

pp - ^ K ^ T T * (6 ->KK) 

Work is in progress on these channels but the major improvements from the introduc
tion of the SPC information in the tracking and momentum measurement have still to 
be introduced in the production analysis. Any statement that might have been made 
on there topics would have been more than preliminary. 
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Charge-Commutation-Relation Approach to 
the Cabibbo Angle and Meson Masses in SU(2) xU(l) xSU(n). .. 

Yoshio Koide and Sadao Oneda 

Center for Theoretical Physics, Department of Physics and Astronomy 
University of Maryland, College Park, Maryland 20742, U.S.A. 

(Talk given by S. Oneda) 

In this talk I present a recent work with Dr. Y. Koide which approaches 
the problem of Cabibbo-Kobayashi-Maskawa mixing and qq-meson masses from the 
standpoint of broken SU(2) *U(1) *SU(n)f .. symmetry. The approach is based 

on the method called "asymptotic symmetry plus constraint algebras involving 
the generators of underlying symmetry groups". Therefore, we first explain 
the method by using the examples already worked out2 in QCD and electroweak 
theories. 

1. Asymptotic Symmetries in QCD and Electroweak theories 

Nowadays we introduce (perhaps too many) badly broken symmetries but 
neverthless use their representations to accomodate multiplets. However, the 
symmetry can hardly play a role afterwards, unless it allows us to use non-
perturbative method towards symmetry breaking. Also, particle mixing will play 
a crucial role in such badly broken symmetry. However, the traditional method 
relies heavily on the diagonalization of ad-hoc mass matrix and is decidedly 
short of general prescription. The proposed method2 can cope with these diffi
culties, as will be illustrated below. 

(a) Constraint algebras involving the generators of underlying symmetries 

In the theoretical framework of LorD+quark-mass terms, though chiral [QCD] ; 
SUf(N)L><SUf(N)R symmetry is certainly broken, Gell-Mann's chiral SUf(N)L* 

SU,(N) charge-charge and charge-current type algebras involving the vector 

(V ) and axial-vector (A.,) charges are valid3 and they severely constrain the 

world of observable hadrons, as demonstrated by the successful calculation 
of g»(0) by Adler and Weisberger1*. For the time derivative of the charge V , 

• 

i.e., V =i[H, Va] where H is the total Hamiltonian, we have additional con
straints at our disposal, i.e., the so called exotic commutators, [V , Vg]= 

[V , A.]=0, etc. Here (ex, 3) stands for the exotic2 combination of flavor 
a . p 

indices. 

Electoweak theory ; Generators of broken SU(2) symmetry satisfy the commu

tator [T., T.]=±s..-T. . If the SU(2) breaking interaction belongs to an 

SU(2)L triplet (like the SU(2) doublet Higgs scalar model), exotic commutator, 
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[T+, T+J = 0, ( 1 ) 

is also valid5 with T ̂ Tj+iTz. 

(b) Examples of asymptotic symmetry 

Flavor SU£(N) symmetry] ; The transformation of the annihilation operator 

aa(k, X) of physical ("in" or "out") hadron with momentum k, helicity A, and 

physical SUf(N) index ex (a=TT, K, n, •••) under SU (N) can be expressed as, 

[V., aa(k,X)] = «BttJae«3(t,X) + 6uiaX(t) . (2) 

In exact symmetry, Su=0 and (a, B) belongs to the same SU (N) multiplet for any 
k. In broken symmetry, this no longer holds. However, one may still posses!*" 
the following asymptotic symmetry, which is at least explicitly valid in many 
simple solvable meson models in which symmtry is broken by mass terms or by 
simple mixing terms; In broken symmetry, S in Eq.(2) should in principle be 

extended over all possible particle 3, which has the same Jpc or Jp as that of 
a, including those which belong to SUf(N) multiplets different from the one 
involving a and also glueballs and exotics etc. Asymptotic symmetry then 

requires2 that 6UlaA(S)+l/|t|
1+G, (e>0) for k~°. (The solvable models men

tioned generally yield e=l.) Therefore, aa(£,X) still transforms linearly but 

only_ in the k*=° limit. Hence, a^k.X) can be related2 linearly to the 

(hypothetical) representation operator a.(k,X) in the limit k*°°, i.e., 

•*• - * • - » • 

aa(k, X) = E c a. (k, X) for k -»• °° . (3) 

The orthogonal matrix c can involve the mixing parameters (since j needs not 

belong to the a-multiplet) , which are defined in the limit kr*=° only and can be 
determined from constraint algebras. We thus see that if asymptotic symmetry 
holds, we have a significant simplification at Tc-*». In particular, we have 

|o, k, X> = S c |j, k, X> for k •*• « . (4) 

SU(2)L symmetry] ; One can explicitly demonstrate5 the validity of asymptotic 

SU(2)L symmetry, i.e., Eq.(2), for the annihilation operators of physical 

transverse W~, Z and photon fields. They satisfy a ^ k W j (k)+ia2(k)+0(l/ |k|
 2 ) , 

az(k)=cos9wa.(k)-sin6wa.(k)+0(l/|k|
2) and aY(k)=sin0wa3(ft+cosS^(k)-K)(l/|k|

2) 

for k-*>° 

—132— 

1 



(c) Demonstration of the procedure depicted by; 

Interplay among masses, 
constraint algebras | ^ ^j mixing parameters and 

coupling constants 

asymptotic symmetry! 

Broken SU(2)LxU(l)„ svmmetrvl ; Consider <W (k, X=1)|[T+, T ] | W~(k,A)>=0 for 

k*». With asymptotic SU(2) symmetry shown above we obtain5 cos29tT(W
2-Z2)+ 

sin29„W2=0 which implies, for the masses of W and Z, the Weinberg-Salam 

relation, 

W = Zcos9w . (5) 

Broken flavor SD (N) symmetry! ; For the pseudoscalar qq-mesons, consider in 

SUf(3), <K°(k)|[VKo, VKo]|K°(k)>=0 with VKo=Vs-iV7 and k+°°. 

For the octet PS-mesons we can then derive the original quadratic G-M-0 mass 
formula5 as exact constraint, 

4K2 = 3n2 + TT2 . (6) 

Inclusion of octet-singlet mixing (n-n' mixing) modifies Eq.(6) to sin 0 n ni
= 

(4K2-3n2-ir2)/3(n,2-n2). 
One can also demonstrate a simple derivation of the surprisingly well-

satisfied intermultiplet mass relations, 

B*2 - B2 = D*2 - D2 = K*2 - K2 = p2 - IT2 . (7) 

Consider exotic commutators•of the form [V\,, A -]=0 where A -=A,-iA, and 

Va = VK 0' VD°^=Vii~iVi2^ and VB°^=Vl8+iVi9) etc> and u s e asymptotic SUf(5), 
i.e., k-*00. We then obtain in the absence of (or in the presence of small) 
inter- (but not intra-) multiplet mixing, 

<K*°| [V_0> A -]|TT +(£)> = 0 • p 2 - TT2 = K*2 - K2 . 
K. IT 

<D*°|[VDo, A7r-]|lT
+(^)> = 0 • p2 - TT2 = D*2 - D2 . 

<B*°|[VBo, A7T-]|Tr
+(^)> = 0 • p2 - TT2 = B*2 - B 2 . 

OZI-type quark-line rule can also be derived2. For example, consider 

<K*°| [V o, A -]|p+Ck*)>=0 with £-*». We obtain with asymptotic SUf(3) symmetry, 

«t>|A-|p+d)> (02^2) 
*• = _ ±P -"> Jtane £ + oo (8) 

<0)|A-|p+d)> (p2-<j>2) "• 
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where 9 , is the OJ—<p mixing angle. The interplay, p2=u)2«-K<(>| A -|p =0 or 

g, =0 (via PCAC), is thus apparent. The quark-line rule can thus be the 

consequence of the presence of constraint algebras and the working of asymp
totic flavor symmetry. With these preparations, I now discuss the main 
topics of my talk. 

2. Can we describe hadrons on the basis of SU(2) xU(l) xSU(n)f .. symmetry ? 

We know two expressions of quarks: One is quarks (u, d, s, c, • • • ) , which 
make a fundamental representation N̂  of SU(N)-flavor symmetry. The other is 
quarks (u , d ) T , u° and d „ (a=l,2,"-: family index), which are assigned to 

a a u aK aK 

(2, 1/3, n), (1, 4/3, n) and (1, -2/3, n) of SU(2)Lxu(l)YxSU(n)famil , respec

tively. Explicitly, 

(u£, c£. to,...)andd a R,(dO, s°, bj, 

(u°, d°) in SU(2) xU(l) xsU(n)f .- are related to the quarks (u , d ) in 

SU(2n)fl through the family mixing. Through this mixing, we can make 

contact with (u°, d°). The two expressions are related as follows: 
Si 3 

U T = £ u U T I * - 1 " . . > U T> = ^l^n . U0, „ , 

aL b Lab bL ' aR b Rab bR ((.\ 

daL = EbVLabd°bL • daR = EbVRabd°bR ' 

where U and V are unitary matrices. The so-called Cabibbo-Kobayashi-Maskawa 
(CKM) mixing1 matrix W is given by 

w = uLvL
+ . (io) 

We now try7 to deal with the mesons on the basis of broken SU(2) xu(l) x 

SU(n), .. symmetry instead of SU(2n) . symmetry. For the treatment of 

such badly broken symmetry, it is certainly desired that the method of "asymp

totic symmetry plus constraint algebras involving the generators of symmetry 

groups" described in 1 also works. Since SU(2) xu(l) xsu(n)- ., is a sub

group of SU(2n)fl , we expect that the constraints on the meson masses 

imposed by this broken symmetry are less stringent than those imposed by 
SU(2n)_1 . Indeed, we find that the constraints we obtain does constrain 

flovor ' 
not only the meson masses (i.e., one can approach meson spectroscopy also from 
this angle') but also the Cabibbo-Kobayashi-Maskawa mixings as well. 

The method of asymptotic symmetry cannot be applied directly to quarks 
which are permanently confined inside hadrons. In this connection the 
asymptotic relation, (3), is instructive. Instead of quark-family mixing (9), 
we can consider family mixing in the meson states with infinite momentum 

(£-*="), 
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.O-TCK.,, t 
(u d. )> = I Z ,V, , (uud°)>U ' , k -»- °° . (11) 

1 a D c d bd1 c d ca ' 
v. 1 + • ' _». 

meson states with k*30 meson states with k-*>° 
in flavor basis in SU(2)L><U(1)Y basis 
In the k-*° limit quarks behave as if they were massless, which makes Eq.(ll) 
very natural. Namely Eq.(ll) implies that physical meson states with R**> can 

be expressed linearly in terms of |u° d?>, |d° u?>, |u° u?> and |d° d?> . 

Our sum rules are obtained by inserting again the "exotic commutator", 
Eq.(l), valid in broken SU(2) xu(l) symmetry between the physical meson states 

<(u d, ) | and | (d,u )> with p-x*>. Here, we use the asymptotic relation 

<a(p)|T+|b(p)> = -i<a(p)| [T+, H]|b(p)> 

= (i/2|p|).(m2 - m^ )<a(p)|T+|b(p)> . (12) 

The PS-meson with p-*=° can be expressed as | (d, u )>=| (d,,u R^+^V,RU L ^ ' S O 

that the generator T operates on the state |(d, u )> as 
~T~ * Da 

TJ W * - Ec*J (ucL"aR)>Wcb " Zc*bWaJ (dbR3cL^ 

+ W . E. (AK - A .. K) P. > , ab k a n+b ' k ' 

where | P,> (=|TT°> |n>, |n'>, |n >, •••) are defined by 
R 2n . C 

(q,q,)> = I A,J|P,> , (14) 
3=1 J *i *x 

and q =u =(u, c, t, •••) and a =d =(d, s, b, • • • ) • [In principle, even the 
3. el T1*T"3. 3, 

states (u u, ) and (d d, ) with af'b and (u d, ) can mix with their radially 
excited states. However, for simplicity, we neglect such inter-multiplet 
mixings.] 

By a straightforward calculation of the matrix elements we obtain 

V ( V b ) 2 + ( V c ) 2 - 2(n)2]<(uadb)|T+|n><n|T+|(dduL)> = 0 , (15) 

where (u_d,)2, for example, denotes the mass-squared of the meson (u d, ), we 

obtain, for the'case of aj'c and Wd, -

t(u d ) 2 + (u d,)2 - (u u" ) 2 - (d.d.)2]W ,W 
a b c d a c b d ad cb ("[(,} 

= M P . ) 2 (A k - A„..k) (A k - A _k)W . W . . k k a n+b c n+d ab cd 

For the case of a=c and b=d, if W ,5*0, we obtain from (15) 

2(uadb)
2=VV2(Aak-An+b

k)2 • <"> 
The relation (17) with a=l and b=2 is just the generalized Gell-Mann-

Okubo mass relation2 with TT -ri-ri'-n - ••• mixing. Indeed, under the approxi-
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mation which neglects ir -n-n'-n ••• mixing, (10) leads to the well-known 

original Gell-Mann-Okubo mass formula (6). 
Under the same approximation, from (16), we obtain a new sum rule for the 

Cabibbo angle 

^ 2 R
 W * 2 W z l ( D + ) 2 - ( D 0 ) 2 - ( K ° ) 2 + ( K V n f 0 

-tan-'e = — — - — = , (18) 
C W l l W " [(7T°)2-(n)2]/2 

whose right-hand side yields -0.096, so that we get the prediction |tan0 |= 
0.31. This prediction may be said to be in fairly good agreement with exper
iment [tan0 [ =0.23 in spite of the simplified treatment of the meson states 

(neglecting possible mixings with their radially excited states, glueball and 
so on). 

If we express the vector meson state | (u d, )> with p-*» as | (u Td, .)+ 

(u Rd,_)>, we also obtain sum rules with the same form as (16) and (17). 

[(u d,) 2, for example reads mass-squared of the vector meson (u d,)]. 

The sum rules (16) are also useful to study the CKM mixing parameters 
related to the b-decays. 

The CKM mixing is usually studied by the diagonalization >>f rather ad-hoc 
mass matrix assumed. However, quark mass matrix has more parameters than the 
physically observable (quark mass m and CKM mixing parameters W , ) parameters. 

Therefore, there can be many models. In contrast, in the present approch, we 
only need the validity of exotic commutator [T , T,]=0 (which is certainly 

valid in the standard model) and of asymptotic SU(2) symmetry. While quark 
mass matrix approach may shed light on the unification theory of quarks, the 
present approach may even shed some new light on hadron physics. 

For further detailed and comprehensive treatment of this model, see Ref.7. 
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D. Lichtenberg 
In your model the difference in mass-squared between vector mesons and pseu-

doscolar mesons containing the same flavors is constant. Is this true also if the quark 
and antiquark are both heavy? (In some models this is true only if one of the quarks 
is light) 
Oneda 

Mass formula originates from the asymptotic relation; 

y/p + ml-y/pt+ml = ±(ml - m£) for p -> oo 

Therefore, mass formula always take the quadratic form, like 

/>2-7r2=K*2-K2=D*2-D2=B-2-B2= - - - . 

iin 
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EVIDENCE OF MESONIUMS IN PN ANNIHILATIONS AND YY REACTIONS 

K.F. Liu and B.A. Li+ 

Department of Physics and Astronomy 
University of Kentucky 
Lexingtin, KY 40506 

Abstract 

A new resonance at 1480 MeV with a width of 110 MeV is found in pn 
annihilations in the channel pn •»• irxg(1480) •*• TT~P°P°. Its mass, width and 
spin-parity are shown to be consistent with the p^p" enhancement observed in 
YY reactions. Together with the suppression in the YY + P+P~ data which 
requires the admixture of an isotensor structure, this pup0 resonance in pn 
annihilation and YY reactions and their small TTTI branching ratios represent 
the_best evidence yet for the Q^Q2 nature of the mesoniums. A p~p~ resonance 
in pn annihilations which would betray the exotic isotensor nature of the 
resonance is predicted. 

Recent experimental studies of pn annihilations at rest!/2 has revealed 
new resonances in the difference spectra between Tr~and ir+. A resonance at 
»1480 MeV is found to dominate the channel pn -»• 7TXn(1480) + 3TT~2TJ+ where 
Xg(1480) decays to 4ir mainly through p^pO (see fig. 1)^. 

The dominant p°p° decay of Xg(1480) is reminiscent of the p°p° enhance
ment observed in YY reactions (see Fig. 2)3"7 in this mass region. It is 
natural to question whether these p°p° decays have the same origin. First, 
we note the apparent difference between' the two data. The pOpO enhancement in 
YY reactions appears to have a much wider distribution than Xg(1480). It 
starts from below the p°p° threshold where Xg(1480) is located and extends 
to fairly far above the threshold (see Fig. 2) where Xg(1480) has little 
contribution. This difference in width can be resolved. According to the 
spin-parity analysis of the p0p0 events in YY reactions by the TASSO group,^ 
there is a sizable 0++ contribution below and near the pp threshold, whereas 
above 1.7 GeV, the main contribution comes from 2 + +. Apparently, in the 
pn annihilation, the 0++ is seen and identified with Xg(1480) and the 2++, 
which we denote as X2(1650J[, is not. This can be understood in terms of the 
kinematics involved. The pn annihilation experiment was done at rest. Hence, 
the most probable JP for the 5IT decay channel is 0~(^Sg). In order to see 
the 2++x2(1650) in pn + TT~X2(1650), the outgoing TT~ and X2(1650) must be in 
a relative D-wave. This possibility is suppressed due to the fact_that the 
combined mass of X2(1650) and the recoiling TT is so close to the pn thres
hold that there is not enough phase space for them to exit in a D-wave. On 
the other hand, there is no centrifugal suppresion for the 0++Xg(1480). 
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Fig. 2. The calculated Xg(1480) and X2(1650) mesoniums contribution to the 
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Hence, the latter is observable in pn annihilation at rest. As the center of 
mass energy of the pn annihilation increases, we expect the signal for X2(1650) 
to grow, which can be verified experimentally. 

The X0(1480) and X2(1650) in the YY reactions were interpreted
9'10'11'12 

as mesoniums which are composed of two quarks and two antiquarks (Q2Q2) and 
decay mainly through meson pairs. The spectroscopy of the s-wave Q2Q2 mesons 
has been studied both in the MIT bag modeler 14 an(j the potential model

15, it 
is learned that there are several 2 + + Q2Q2 nesons (C°(9), C°(36), £.^(36), and 
0^(36) in Jaffe's notation14) predicted14 to be at 1650 MeV—exactly where 
X2(1650) is. There is also a 0 + + C°(9*) predicted15 at 1450 MeV, which 
conincides with XQ(1480). In general, the mesoniums are OZI "superallowed": 
most of the Q2Q2 mesons can "fall apart" into two constituent QQ mesons, hence 
they are too broad to be observed. However, there are exceptions. For those 
which are sitting close to the threshold of their respective main decay modes, 
they are possibly narrow enough to be detected due to the limited phase space. 
Both the above mentioned 2 + + and 0 + + Q2Q2 fall into this category. They are 
located within 100 MeV of their predominant decay modes of pp and woi. There
fore, they are the best mesonium candidates to be observed. In comparison 
with the experimental data, we find that the calculated YY •»• P"P° cross-section 
at the 2 + + mass of 1650 MeV is essentially model independent {it depends only 
on the VDM constants and the color-spin and flavor structure of these 
mesoniums) and it agrees well with experiment9'10'11. 

Besides the mass, the spin-parity, and the p°p° cross section, a crucial 
piece of information comes from YY + P+P~« It was predicted9'10'12 that the 
p+p~ cross section is suppressed compared to that of p°p°, which was confirmed 
by the JADE data16. This suppression is the result of a selection rule: 
under the condition that meson exhange is negligible, no flavor exchange 
between the scattering mesons is allowed with gluon dynamics if all the 
allowed flavor multiplets of the mesoniums with specific spin and parity are 
degenerate oc nearly degenerate. Therefore, the experimental suppression of 
p+p~ requires the presence of the exotic isotensor (1=2) state in addition to 
the isoscalar (1=0) states for both the XQ(1480) and X2(1650). This rules 
out the QQ, glueball, and QQg interpretations of the resonance which would 
predict the p+p~ cross section to be twice that of p°p°. Hence, the 
suppression of p+p~ has been taken10'11'12 as a strong evidence for the 
mesonium structure and it simply reflects the Q2Q2 flavor classification and 
its dynamics14*15. 

It is found10'11 in the fitting of the YY •*• P°P° cross section that 0 + + 

C°(9*), C°(36*) and Evr!(36*) with a total width of ~130 MeV are needed to 
describe the p°p° and p+p" data below the threshold (Fig. 2). This width is 
quite in accord with the width of Xg(1480), which is ~110 MeV. It has been 
stressed9*10'11 that the pseudoscalar pair (e.g. TTTT) decay from the 
0 + + Xo(1480) is small mainly because the corresponding color-spin recoupling 
coefficients are small17. With the calculated recoupling coefficients17, we 
predict the branching ratio for TI+TT to be an order of magnitude smaller than 
that of p°p°. A TTTT resonance with M = 1527 ± 5 MeV and r = 101 ± 12 MeV is 
found in the following annihilations1*5'2 
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j3 + p + ir° + f2 (+2TI0) 

(1) 

p" + n + ir~ + f2 ( -*-TT+ IT-) 

Comparing with data from pp •*• TT°KK and pn ••• iTKK, i t is conculded tha t 
f2 i s not associated with f' . On the basis of the i r s imi la r masses and 
widths , i t would be na tu ra l to i n t e r p r e t f2 as the 2ir decay mode of Xo(1480). 
In t h i s case , the experimental r a t i o of the branching r a t i o s is 

BR(pn -»• irx0(1480) •*• TTir+O/BRfpn •»• TT~X0(1480) + ir~p°p0) ~ 5% (2) 

This agrees well with our p red ic t ion based on the mesonium s t r u c t u r e . To 
further unravel the s i t u a t i o n , we pred ic t the r a t i o for the _p+p~ and p~p~ 
production r e l a t i v e to p°p° in the quark fusion p ic tu re for pn •»• TTPP. 

Table 1 

The predicted ratios of different pp decay modes for 

the 0 + + XQ(1480) in pn annihilations 

BR( p+ p - iT) /BR( p° p° ir~) 

~ 1.0 

BR ( p~ p" u+) /BR ( p° p° TT") 

~ 0 .2 

Our predictions for the ratios of the branching ratios BR( p+p~ir~)/BR( pup0ir~) 
and BR( p~p~ir)/BR(pupOiT~) are presented in Table 1. We note that the ratio 
between p+p~and pupO is expected to be 2 if XQ(1480) is an I = 0 resonance. 
The fact that the predicted ratio is roughly half of that is the result of the 
presence of an I = 2 state in addittion to two 1 = 0 states, much like the 
suppression evidenced in YY + P+P~. It is also interesting to note that the 
predicted branching ratio for p~p~production is reasonably large. If 
detected, it would reveal the exotic isotensor structure of the mesonium 
explicity and thereby extablish the existence of the Q2Q2 mesons beyond doubt. 

To conclude, we show that the apparent difference in the invariant mass 
distributions between the pP p0 resonance Xg(1480) observed in pn annihilations 
and the p^pO enhancement in YY reactions can be reconciled in view of the spin-
parity analysis in YY reactions^ and pn annihilations**»19 namely, a 0 + + or 2 + + 

resonance X0(1480) at 1480 MeV and a 2
+ + resonance X2(1650) at a higher mass. 

Both are observable and observed in YY reactions, while only XQ(1480) is seen 
in pn annihilations at rest due to the fact that the 2 + + X2(1650) is sup-
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pressed by the centrifugal effect. If we identify i'2 observed in pn annihil
ations as the inr decay mode of X0(1480), its small branching ratio is 
understandable in terms of the corresponding small recoupling coefficients in 
the Q2Q2 color-spin wavefunctions. Combined with the JADE data16 on the 
suppression of YY "•" P+P~ in the same region, which requires the admixture of 
an isotensor structure, we believe that the Q2Q2 nature of Xg(1480) is on the 
verge of being established. Branching ratios for_the p+p~ and p~p~ decays are 
predicted to be large enough to be measurable in pn annihilations. 
Experimental detection of the p-p- decay of Xg(1480), which would unveil the 
exotic isotensor nature of the mesonium, is called for. 
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S. Cooper 
You mentioned that it would be useful to compare 77 —*3n to 77 —* pu. What 

would you expect in Sir for the relative 4-quark and A2 contributions? What fraction 
of the Zir would be pirl 
Liu 

I would expect that 3TT decays from the mixed 4q and A2 (radially' excited state of 
A2) to have the similar distribution to that of the pu from these states. They probably 
will have similar pit fraction as in the 37r decay of A2. 
D . Lichtenberg 

Rosner earlier questioned the stability of color-sextet diquarks. How would their 
lack of stability affect your model? 
Liu 

I thought that Rosner meant spatially separated sextet. With spatially overlapping 
mesons, there exists color-octect-octet component in the wavefunction in addition to 
the color singlet-singlet component due to antisymmetrization of the quarks. 
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THEr^-n; MIXING IN INCLUSIVE PRODUCTION 
AND GLUONIC COMPONENT CONTRIBUTION 

A.V.Batunin, A.K.Likhoded, V.A.Petrov 
Institute for High Energy Physics 

Serpukhov, Moscow region, 142284, USSR 
Abstract 

Since long ago the possibility of the gluonic component pre
sence in the h'-meson has been pointed out: nn'-decay G(1590)-
meson of the candidate for a glueball/1/; the analysis of the 
quark composition of the n'-meson from its radiative decays /2/; 
QCD-analysis /3/# Recently a new experimental indication on a 
possible gluonic contribution has been obtained in the reacti
on St~p -> /Mat 360 GeV/c /4/ an unusually large ratio &l/ <5i1 = 
=3»6+1.8 at Xp>0.3 in comparison with the expected one 0.5+ 
•0.7 in the frame of the usual T) -t̂ ' mixing. We offer the ex
tension of the standard phenomenological hadronization schemes 
in order to describe the glueball production. For this purpose 
we consider one of the versions /5/ of the dual parton model, 
where we interpret the glueball as a closed gluonic strings ob
tained as the result of the t-channel cutting off the Pomeron 
exchanges with a complicated topology: cylinders with the "hand
les". An. analogy with QCD is developed where the glueball -
like states are already present: C - even charmonium states 
(as a result of gg-OC), that give the information on the dist
ribution and fragmentation functions of dressed gluons /6/. 
In order to normalize the glueball contribution the anomalous 
large photon production effect at the SppS-collider is used, 
which is attributed to Y-decays of the glueball produced r̂ *-
mesons. Unfortunately bhis normalization does not remove comp
letely the discrepancy between theory expectations and preli
minary results /4/, thus it may be the case of a new phe
nomena. 
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Baryon Resonances without Quarks: a Chiral Soliton Perspective* 

MAREK KARLINER 

Stanford Linear Accelerator Center 

Stanford University, Stanford, California, 94805 

ABSTRACT 

In many processes involving low momentum transfer it is fruitful to regard 
the nucleon as a soliton or "monopole-like" configuration of the pion field. In 
particular, within this framework it is possible to obtain detailed predictions for 
pion-nucleon scattering amplitudes and for properties of baryon resonances. One 
can also derive model-independent linear relations between scattering amplitudes, 
such as nN and KN. A short survey of some recent results is given, including 
comparison with experimental data. This talk describes the application of chiral 
soliton ideas to the meson-baryon 5-matrix. Most of the original work reported 
here was done in collaboration with Michael Mattis at SLAC. |l,s,s| . 

How can the chiral soliton picture of the nucleon be put to a quantitative 
test? The flow chart in Fig. 1 illustrates two potentially productive approaches 
to the problem. Both will be described in some detail in the course of this talk. 
For now, I will just summarize the two alternatives. 

One possibility is to take the simplest realization of this picture, i.e. the 
simplest mesonic Lagrangian admitting soliton solutions with the right quan
tum numbers and then calculate the properties of baryons in that model. The 
simplest model satisfying such criteria is the Skyrme model. In that model the 
pion-nucleon scattering matrix can be computed explicitly and it is in good agree
ment with experiment. The Skyrme Lagrangian is of course only a very crude 
approximation to the true low-energy effective Lagrangian of QCD. In addition, 
the results obtained from the Skyrme model might therefore depend on the details 
of the action. Hence the second approach for testing the chiral soliton picture: 

* Work supported by the Department of Energy, contract DE — A C 0 3 - 7 6 S F 0 0 5 1 5 . 
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Fig. 1. Flow chart illustrating two possible ways of putting the chiral soliton 
ideas to a quantitative test: a model-dependent and a model-independent one. 

it turns out that one can derive model independent predictions, valid for all 
models in which the baryon corresponds to a soliton of a hedgehog form. In 
all such models the static soliton is not an eigenstate of the isospin I, nor of 
the angular momentum L. Instead it is invariant under the action of K = I + L. 
Therefore the meson-baryon S-matrix has well-defined transformation properties 
under K. This property of the S-matrix yields new and somewhat surprising 
relations between the various meson-baryon scattering matrix elements. Some of 
these model-independent relations are satisfied remarkably well in Nature. 
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J. Rosner 
Can you use the predicted energy of the resonance in the KN (D03) partial wave, 

in comparison with the signal of Arndt and Roper to calibrate the prediction for the 
resonart Fos wave? 
Karliner 

Our computation of the S-matrix is done in the chiral limit. Symmetry breaking 
effects, such as the nonzero strange quark mass will introduce deviation, which at 
this time we do not know how to estimate. It is very likely, however, that the mass 
difference between F0s and D03 should be only marginally effected by nis ^ 0 , so in 
principle one could use the physical value of D03 mass to estimate the F05. 
Z. Dziembowski 

Could you comment on your idea of range of applicability of the Skyrme picture? 
How and when (at what energy scale) you would expect quarks emerging out of the 
picture? 
Karliner 

I believe the right question is how the Skyrmion emerges from guarks. This is a 
low-energy effective Lagrangian with only minimal number of derivatives. One cannot 
expect this model to reproduce deep inelastic phenomena. On the other hand, we know 
that in 1+1 dimensions there is an exact bosonization procedure which shows an exact 
equivalence of QCD2 and Skyrme-like Lagrangian. This makes it extremely plausible 
that in principle all observables could be reproduced by a purely bosonic Lagrangian. . 
K . F . Liu 

With the present formulation, can you generate A as a 7rN resonance? 
K a r l i n e r 

From the work of Adkins, Nappi and Witten we know that the Skyrme model 
contains the A as an eigenstate of the collective coordinate Hamiltonian. We also 
know that mA-mN ~1/NC . Our treatment of the xN S-matrix is correct to leading 
order in 1/NC expansion. Consequently, A appears as a threshold resonance and is 
degenerate with the nucleon. In next order in 1/N expansion the A pole will move 
from the threshold to where it is seen in the ANW approach. It is amusing to note 
that there are some other states which appear at the threshold, in the S, P and D 
waves. When 1/N are included, these states will move, becoming either resonances or 
repulsive phase shifts. The only repulsive phase shifts in nature are seen in S,P and 
D-waves. 
P. Extermann 

Is it possible to compute resonance that cannot be observed in formation expriments 
like E*'s and ft's? 
Karliner 

Yes, definitely. This approach makes it possible to compute the S-matrix for TTN, 
KN, or KN going to any allowed two body final state. In fact this was done explicitly 
in our paper where you can find predictions containing Argand plots for all allowed 
processes. 
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Life Times and Production Characteristics of Hadronically Produced Ac, D and D4 

P. Weilhammer 

CERN, Geneva, Switzerland 

(The manuscript is not received.) 

J . L e m o n n e 
Both NA32 and NA27 see roughly the same number of A^ as Ac. This is either very 

interesting or very worrying. Can you comment upon this? 
W e i l h a m m e r 

It is interesting, not worrying. The experimental observation is clear 1/2 Ac and 
1/2 Ac. To explain such a production process is in my opinion a challenge to theorists, 
in particular since, this is in 7r~ production with a relatively high production cross 
section. Moreover we observe - NA32 that the cross section with incoming protons 
is probably smaller than with pions. in 11 x 10s interaction triggers with incoming 
protons NA32 sees zero Ac —* pKir events. 
K . S u g a n o 

Do you see D + signal next to the D s peak in the <f>ir decay mode? 
W e i l h a m m e r 

We see a small enhancements at the D + mass in the K+K~7r+ mass spectrum, in 
particular, with more stringent cuts. There are also a few events in the (pir+ mode. We 
have, however, not yet exploited all small branching fractions in this experiment but 
we will do so in the near future. I would like to mention in this context that we see 
a very interesting decay mode-Cabibbo forbidden-at the AccAc —*v4- So far,we have 
3 clearly identified clean events; in the full data sample we expect to have almost 10 
events, giving us the possibility to obtain a number for the branching ratio. 

- 1 5 1 -



Results on Charmed D and Da Decays from Mark HI* 

Alan J. Weinstein 
Santa Cruz Institute for Particle Physics 

University of California, Santa Cruz, CA 95064 USA 
Representing the Mark III Collaboration* 

Abstract 
We report on recent results on charmed meson decays, using the Mark III detector 

at the SPEAR storage ring. Dalitz plot analyses of four Kim decays of the charmed 
D° and D+ mesons are presented; Resonant substructure and interference between 
subreactions are studied, providing evidence for final state interactions in the decays 
D —* K*ir, and the absence of color suppression in the decays D —* K*ir,Kp.. The 
K~ir+n+ mode has a nonuniform nonresonant contribution, and first attempts to fit this 
are described. We then present evidence for the reaction e + e - —• DaD*a at y/s = 4.14 
GeV. The Dg is detected as a peak in the mass distribution recoiling from Df —• ^>%±. 
The D* mass and I?* — Da mass difference are precisely measured. The production cross 
section times branching ratio is also measured. 

Presented at the Second International Conference 
on Hadron Spectroscopy, HADRON '87 

KEK, Tsukuba, Japan 
16-18 April, 1987 
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1. Resonant Subs t ruc ture in the Decays D —> Kmr 

Dalitz plot analyses have been performed on Cabibbo-allowed three-body decay 
modes of the D meson. The data were taken by the Mark HI detector'1' at SPEAR, near 
the peak of the ifj" resonance (e+e~ —»• ^(3770) —• DD) with an integrated luminosity 
of 9.3 pb _ 1 . The following decay modes are studied:'2' P ° - • .K-TT+TT0, D° -*• K°ir+ir-, 
D+ -+ K°ir+T°, and D+ -+ K-ir+7r+. 

The D mesons are produced in pairs in the decay of the ^(3770) and carry the 
beam energy. This "beam constraint" is imposed when calculating the invariant mass of 
the Kmr system. Decay modes involving 7r°'s are subjected to fits in which constraints 
on the 77 invariant mass and Kirn energy are simultaneously applied. These constraints 
significantly improve the mass resolution of the Knir system, and provide rejection of 
background from wrong particle associations and non-charm hadfon production. The 
resulting resolution on the particle pair .invariant masses squared used in the Dalitz plot 
is~0.015(GeF/c2)2 . 

The data are shown as scatter plots in Figures 1 through 4 for the four modes 
listed above. The three projections for each Dalitz plot are also shown in the figures as 
data points. 

The fractions of pseudoscalar - vector (PV) and non-resonant three-body contri
butions to each decay mode are determined by fitting the events to a coherent sum of 
amplitudes, using a maximum-likelihood method. The non-resonant amplitude Azb is 
assumed to be constant over the Dalitz plot. A Breit-Wigner amplitude (BW) is used 
to parameterize the K* and p decays. These amplitudes include the vector decay matrix 
element and a mass-dependent width with a barrier penetration factor. The likelihood 
functions are expressed as double differentials in the Dalitz plot variables n*2rI,rai»''*2

K- . 
They take the following forms for the K~i?+ir°, K°i:+n~, K(-x+n°, and K~ir+ir+, Dalitz 
plots respectively: 

^ ° = \fiJ*lAsb + h&EWf* + hJ**BWK.- + Ue^BWR.Qf (1) 

(2) 
+\fseiHA3b + UJt'BWpo + f7e

i*7BWK.+ \2 

tfto = l / 8 ^ M 3 6 + he^BWp+ +f10e
i*10BWK.0\* (3) 

L-++ = | / l i e ' * » ^ 3 6 + /i2el'*iaB36 4- faei+»BW&.o + fue^BW^.o]2 (4) 

where /,- are the coefficients for each contribution to the Dalitz plot and the fa are the 
relative phases (one <}> in each expression is fixed at zero). 

The fit functions also include the variation in detection efficiency across the Dalitz 
plots (estimated using Monte Carlo events), as well as the magnitude and distribution 
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of background, events under the D signal (estimated from the Kirn mass sideband, and 
indicated in the figures). The background samples show little or no evidence of resonant 
substructure in any of the decay modes. 

The K~TT+X+ Dalitz plot contains a non-uniform nonresonant contribution pa
rameterized by a function U36. Since the final state contains identical charged pions, 
they are distinguished by plotting only m ^ - I o w versus mJ T , folding the Dalitz plot in 
half (Fig. 4). The non-resonant amplitude interferes with the K*° band, shifting the K* 
peak to low masses at on end of the band and to high masses at the other end (where 
the K* decay matrix element changes sign). The non-resonant contribution is not dis
tributed according to phase space (uniform across the Dalitz plot), but accumulates in 
the region of the plot where m ^ - l o w approaches m^y-h igh . An ad hoc non-resonant 
term is used to parameterize this distribution, and the best fit is obtained with a term of 
the form B^ = I m ^ — "^ io r j ' This form is Bose symmetric as required. No evidence 
is found for any known'3 ' or hypothesized Kit resonances (other than the if*(892)), 
exotic 7r+7r+ states, or non-resonant P-wave Kir or D-wave mr amplitudes. Due to 
the non-uniformity of 5 3 j , much of the apparent K*° signal is attr ibuted by the fit to 
interference. 

The branching fraction to a given final state i is defined as the ratio of the partial 
width to state i in the absence of other decay modes, divided by the total width. With 
this definition, the fractions of events from each component will not sum to one because 
the interference terms do not necessarily integrate to zero. 

The fit results are presented in Table l. '5 ' In each mode, the fit requires full 
interference between resonant amplitudes. The fit results, normalized to the number 
of data events, are then compared to the binned da ta and a x 2 is evaluated for each 
histogram. These x2 ' s are all close to one per degree of freedom. No systematic deviation 
between the binned data and fit results is observed in any region of the Dalitz plots. 

As indicated in Table 1, OJJO • B(D° —*• K*~ir+) can be measured in two final 
states; the results agree well. The decay D+ -+ K*0TT+ can also be measured in two 
final states; here, however, agreement is not as good. This serves to further illustrate the 
difficulty in understanding the !T~7r+7r+ decay mode. In the comparisons that follow, 
the results from the fit to the i f - 7r + 7r + mode will not be used. 

Recent extensions of the spectator models of D meson decay adequately account 
for the pattern of P P decay by either the modification of the Wilson coefficients of the 
perturbative QCD expansion for the hadronic matr ix elements or by the addition of 
new amplitudes (e.g., W-exchange' ). To distinguish between these two corrections to 
the naive spectator picture, their predictions for P V decays may be evaluated against 
the measurements presented here. Table 2 compares two popular models. 

Model 1 (ref. 6) is favored, suggesting that deviations from the spectator picture 
arise from non-perturbative contributions to the QCD coefficients. 

The importance of final s tate interactions is emphasized in both models. This is 
observed in the da ta in the form of phase shifts between isospin amplitudes. The isospin 
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amplitudes Ax, Aa and phase shifts Si, 6 a have been defined, for example, in reference 7. 
3 3 3 3 

From Table 1, the ratio of isospin amplitudes is determined to be: 

D-> Kp: |Ai /A 2 | = 3.12 ± 0.40, 5i-Sa=(0± 26)° 

D-*K*ir: \Ai/A^\ = 3.22 ±0.97, Si - 5a = (84 ± 13)° 

D->Kir: \Ai/A=\ = 3.67 ±0.27, Si - 6% = (77 ± 11)° 

where the last set is derived from reference 4. The existence of isospin amplitude phase 
shifts indicate sizeable final state interactions in the K*ir mode. 

2. Observation of e+e~ -> DfD^ 

We present evidence for the exclusive reaction'2 e+c~ —> DfD*^, where the Df 
is observed in the decay 

Dt -> 4>*+ (1) 

or in the cascade 

£>,--+7£>7, Dj-+<t>n-. (2) 

A precise measurement of the D*3 mass is also reported. 

The data comprises an integrated luminosity of 6.3 p b - 1 at y/s — 4.14 GeV. Kaons 
in hadronic events are selected by TOF, and a clear <j> —> K+K~ signal is seen. The <f> 
candidates are combined with each of the remaining tracks in the event, assumed to be 
pions. Shown in figure 5 is a scatter plot of the <j>ir invariant mass versus the recoil mass. 
A signal for D*D*^ production is seen in the region mtyw) = 1.97 GeV/c2, m(recoil) = 
2.10 GeV/c2. Another cluster near M{^) = 1.87GeV/c2 and M(recoil) = 2.01GeV/c2 

is evidence for production of D+D*~, with D+ —*• <f)ir.w No significant evidence for 
e+e~ —* DfDj, D+ —*• <f>ir is observed. 

The D3 signal is isolated by requiring the recoil mass to lie between 2.04 and 2.18 
GeV/c2. A fit to the resulting (fm mass spectrum yields 26.7 ± 5.2 (stat.) signal events 
above 5.6 background events, and a D„ mass of (1972.4 ± 3.7 ± 3.7) MeV/c2. 

The D*a mass is measured in the recoil mass spectrum after requiring m((j>ir) to lie 
in the Da region, 1.92 to 2.02 GeV/c2. To improve the mass resolution, a Da mass1"1 of 
1971.4 MeV/c2 is imposed as a constraint in the calculation of the recoil mass. :o The 
resulting recoil mass distribution [Fig. 6] shows a narrow peak at 2.11 GeV/c2 from 
reaction (1), on a broad structure between 2.07 and 2.15 GeV/c2 from reaction (2). A fit 
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to this distribution'11'"' yields 

M(D*) = (2109.3 ± 2.1 ± 3.1) MeV/c2, and 

M(Dl) - M(Da) = (137.9 ± 2.1 ± 4.3) MeV/c2. 

A maximum likelihood calculation using the constrained recoil mass yields 
T{D*S) < 22MeV/c2 at 90% CL. 

The production cross section times branching fraction is determined assuming 
B(D*S -* 7-D,) = 100%. Using the number of observed Df —• <j>n+ decays, and a 
Df —* 4>Tr+ detection efficiency of 0.071, the result is 

<r(e+e- -» DfD*~ + ex.) X B{Df -+ <J>TC+) = (30 ± 6 ± 11) pb. 

Using the same data set at y/s = 4.14 GeV, we obtain the following preliminary 
results: 

cr(e+e- -> D+D*' + c.c.) x B(D+ -+ K*°K+) = (31 ± 6 ± 11) pb, 

a(e+e- _> DfD*- + c.c.) x B(D+ -*• K°K+) = (32 ± 6 ± 10) pb. 

In the analysis of these channels, candidate events are fit to the hypothesis e+e~ —> D*D3, 
where the D*s is not reconstructed, and Da —> K*°K+ or K°K+. These final states could 
be produced via the internal W emission and the annihilation diagrams.,8' 

The measured D* — Da mass difference can be compared with other PV split
tings. For mesons containing at least one light quark, the mass-squared difference 
Ajv/a = M2(l~) — M2(0~) is approximately constant.|13' This effect has been given a 
theoretical justification using linear confining potential models inspired by QCD. Our 
measurement of the D*B-Da mass difference results in A^fa = (0.563 ± 0.020)(GeV/c2)2, 
which is consistent with this empirical rule. 

In summary, Dalitz plot analyses have been performed for the decays D° —* 
K-ir+ir°, D° -+ KH^n', D+ -+ if°7r+7r°, and D+ -»• K~ir+iT+, extracting the contri
butions from the two-body D —> K*ir and D —*• Kp decays and the nonresonant Kinr 
decays. The results agree well with theoretical predictions based on the non-observation 
of color suppression in the decays D —* Kir. The isospin amplitudes for D —*• Kp and 
K*w are determined, indicating sizeable final state interactions in the latter mode. Sec
ondly, the reaction e+e~ —• DfD^ has been observed at •y/s = 4.14 GeV. The D*a mass 
and D*t"— Da mass difference have been measured precisely. The mass-squared difference 
follows the same pattern as is seen in other PV meson pairs. Measurements have been 
made of the D*aDa production cross section times branching fraction of the Da to the 
<f>K+, K*°K+, and K°K+ final states. 

We gratefully acknowledge the efforts of the SPEAR staff. This work was sup
ported in part by the U.S. National Science Foundation and the U.S. Department of En
ergy under contracts DE-AC03-76SF00515, DE-AC02-76ER01195, DE-ACO3-81ER40050, 
DE-AM03-76SF00034, and by the National Science Foundation. 
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Decay 
Mode 

X-TT+TT0 

K~p+ 

K—ir+ 

K*°ir° 

non-res. 

i^ir+ir-

K°p° 

K—1T+ 

non-res. 

K°ir+7r° 

K°p+ 

K*°n+ 

non-res. 

JC-7r+7r+ 

K*°n+ 

non-res. 

Fit Fraction 
(%) 

8 1 ± 3 ± 6 

1 2 ± 2 ± 3 

1 3 ± 2 ± 3 

9 ± 2 ± 4 

1 2 ± 1 ± 7 

5 6 ± 4 ± 5 

33 ± 5 ± 10 

68 ± 8 ± 12 

1 9 ± 6 ± 6 

1 3 ± 7 ± 8 

1 3 ± 1 ± 7 

79 ± 7 ± 15 

Phase 
(degrees) 

0.0 

154 ± 11 

7 ± 7 

52 ± 9 

93 ± 3 0 

0.0 

— 

0.0 

43 ± 2 3 

250 ± 19 

105 ± 8 

0.0 

a-Bw 

(nb) 

0.76 ± 0.04 ± 0.08 

0.62 ±0.02 ±0.09 

0.28 ±0.04 ±0.08 

0.15 ±0.02 ±0.04 

0.07 ± 0.02 ± 0.03 

0.37 ±0.03 ±0.03 

O.04± 0.01 ±0.02 

0.31 ± 0.02 ± 0.05 

0.12 ± 0.02 ± 0.04 

0.42 ± 0.08 ± 0.08 

0.29 ± 0.03 ± 0.09 

0.24 ±0.07 ±0.10 

0.05 ± 0.03 ± 0.04 

0.39 ± 0.01 ± 0.03 

0.08 ± 0.01 ± 0.04 

0.31 ±0.03 ±0.10 

Branching Fr."1 

(%) 

13.3 ± 1.2 ± 1.3 

10.8 ± 0.4 ± 1.7 

4.9 ± 0.7 ± 1.5 

2.6 ±0 .3 ±0.7 

1.2 ± 0.2 ± 0.6 

6.4 ± 0.5 ± 1.0 

0.8 ± 0 . 1 ±0.5 

5.3 ± 0.4 ± 1.0 

2.1 ± 0.3 ± 0.7 

10.2 ± 2.5 ± 1.6 

6.9 ±0 .8 ±2.3 

5.9 ±1 .9 ±2.5 

1.3 ± 0.7 ± 0.9 

9.1 ± 1.3 ± 0.4 

1.8 ± 0.2 ± 1.0 

7.2 ± 0.6 ± 1.8 

Table 1 D -* Kirn Fit Results 

Ratio 
T{D°-*R'0n°) 
r(D"~*K—ir+) 
V{D°-*R°p°) 
T(D°-*K~p+) 

This Expt 

0.50 ±0.07 ±0.15 

0.07 ± 0.01 ± 0.04 

Model l1" 

0.43 

0.08 

Model 2 m 

0.124 - 0.271 

0.036 - 0.135 

Table 2 Decay Width Ratios Compared with Theory 
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data points. The results of the fit 
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histogram in each projection gives 
the contribution from background 
events, while the upper histogram 
gives the total contribution from sig
nal plus background. 
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S. Longacre 
Did you take into account the fact that you know the J p of the initial 

state in the Dalitz plot analysis? 
Weins t e in 

Yes, Breit-Wigner terms include full decay matrix elements which in
clude spins and polarizations. 
J. Lipkin 

The relation between this talk and Suzuki's talk yesterday should be 
emphasized. Interpetation of D decay data reported here depends upon 
final state interactions measured in the experiments reported by Suzuki's. 
Somehow these weak intraction physicists and strong interaction physicists 
do not talk to one another. 
Weins t e in 

I agree. The naive quark model predictions have all ignored final state 
interactions, which can have a significant effect on decay branching ratios. 
These effects should be studied further, both by experimentalists and the
orists. 

nfc/yo 
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HADROH PRODUCTION IH e + e ~ ANNIHILATION AT 29 GeV 
(Recent r e s u l t s from HRS) 

K. Sugano 
Argonne National Laboratory 

Argonne, IL 60439 

Abstract. 

Recent results from HRS on the production of scalar, tensor, and charm 

mesons and of strange and charm baryons in e+e~ annihilation are presented. 

The production of fQ(975), f2(1270), and K2(1430) is shown briefly. The 

decays of D (2010)+ and D (2007)° are studied in detail. The production of H~ 

and £(1385J* is mentioned. Finally, the preliminary analyses of A 

and ^ Q , + + productions are presented.' 

1. Introduction 

In e+e~ annihilation at 29 GeV, various kinds of particles are produced 

through the cascade of primary quarks; e+e~ goes into qq and subsequently 

these quarks become hadrons. Since the primary quarks are produced according 

to the square of their electric charges, we expect a copious production of 

light particles and charm particles. Besides this mechanism, there are 

radiations of hard gluons which are expected to hadronize into particles 

somewhat differently from quarks. Diquarks are also created during the 

hadronization process resulting in various baryons. There may be a chance 

that some exotic particles such as glueballs, hybrids, and four-quark states 

are produced. 

Because of the simplicity of e+e~ annihilation, there are two finely-

tuned models which explain the hadronization mechanisms; one is the cluster 

fragmentation model and the other the string fragmentation model. However, I 

will skip"the details due to a time limitation. 

From an experimental point of view, e+e~ collision has many advantages in 

studying the production of hadrons. Some of them are a clean environment, 

Work supported in part by the U.S. Department of Energy, Division of High 
Energy Physics, under Contract W-31-109-ENG-38. 
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almost 4T coverage, and a relatively general trigger. However, the 

disadvantages are low event rate due to a limited luminosity and relatively 

poor resolution for high momentum tracks. The data sample, upon which the 

physics results are based, corresponds to an integrated luminosity of 300 pb 

obtained during the five years of operation of the High Resolution 

Spectrometer (HRS) at the PEP e+e~ storage ring at a center of mass energy of 

29 GeV. 

The HRS detector is a solenoidal spectrometer that measures charged 

particles and electromagnetic energy over 90% of the solid angle as shown in 

Fig. 1. The details of the detector are given elsewhere. Substantial 

emphasis is placed on measurements of the charged particle momenta and all the 

detector elements operate in a magnetic field of 1.62 T. The tracking system 

consists of a vertex chamber, a central drift chamber, and an outer drift 

chamber. The central drift chamber has 15 cylindrical layers of drift 

cells. Eight of the layers have stereo wires (±60 mrad) in order to measure 

the z position. The beam pipe and the inner wall of the central drift chamber 

are made of beryllium so as to minimize the multiple Coulomb scattering; the 

total material between the interaction point and the central drift chamber is 

less than 0.02 radiation length. The measured momentum resolution at large 

angle with respect to the beam is a p/p ~ 2
 x 10 p (p in GeV/c). The barrel 

calorimeter system for electromagnetic showers consists of a 3X pb-

scintillator sandwich, a single-layer of wire proportional chambers (PWC) in 

which the wires are aligned along the e+e~ beam direction, and an 8XQ pb-

scintillator sandwich. The PWC plane is at a radius of 2.03 m from the 

interaction point. Each of the two scintillator sections is read out by two 

phototubes, one at each end of the approximately 3 m long modules. The energy 

resolution is (<*E/E)
2 = 0.162/E + 0.062 (E in GeV). The positions of the 

electromagnetic showers along the beam direction, z, are measured by current 

division in the PWC wires to an accuracy of ~ 2.5 cm. 

The apparatus was triggered when two more tracks were found by the 

trigger processor in the central drift chamber or when at least 4.8 GeV of 

energy was deposited in the barrel and endcap calorimeters. Subsequently, to 

select one-photon annihilation events and to reduce beam-gas and two-photon 

backgrounds, the events were required to have a minimum charged multiplicity 

of 5 and a scalar sum of charged track momenta greater than 10 GeV/c. 

2. D Decays 

We report a study of the decay widths of D*(2010)+ and D*(2007)°, the 

radiative decay branching ratio of D °, and the fragmentation function of 

D °. First the present upper limits of the D widths are T ^ < 2.0 MeV/c 
D + 
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and I" *Q < 5 MeV/c • These widths are very narrow compared to the other light 

mesons despite the fact that the D 's decay strongly. There are indications 

that the D is one of the narrowest particles among the strongly decaying 

particles.2 Therefore, it is worthwhile to improve the present upper limits 

in order to study the decay mechanisms. 

The D + was reconstructed in the decay mode D + * D°ir+ + K~T+""+. Our 

analyses also include the charge conjugate states. For the D° •*• K-"'1" decay 

mode, all the tracks coming from the vertex were tried in turn as both K and 

tf. The cuts of Zp > 0.5 and |cos 6 | < 0.7 were applied, where 

ZQ = 2ED/»'T and 6 is the D° decay angle in the helicity frame. (D° rest 

frame with the z axis along the D° direction of flight.) The cos 9 selection 

eliminates an angular region observed to be dominated by the background. The 

resulting invariant mass spectrum is shown in Fig. 2. A clear signal is 

observed at the D° mass. The D° signal was fitted with a polynomial form for 

the background and a Gaussian form for the signal. The fitted mass of (1861 

± 4)MeV/c2 is consistent with the currently accepted value. The standard 

deviation (o ) of (13 ± 2) MeV/c2 is consistent with the apparatus resolution 

as determined by a Monte Carlo simulation. 

The D signal was reconstructed utilizing the fact that the Q value of 

the reaction is 5.8 MeV and the D +-D° mass difference can therefore be 

determined extremely well. Figure 3 shows the distribution in the mass 

difference (A = M . . - M J for Z * > 0.4 with the D° selection 1810 

MeV/c2 < M . < T920 MeV/c, which is the mass region for the D° determined 

above. The peak in the distribution shows a clear signal for the D + 

production with small background. The distribution was fitted by polynomial 

background plus Gaussian signal. The resulting values are A = (145.34 ± 0.05) 

MeV/c2 for the peak value and aA = (0.50 ± 0.05) MeV/c
2 for the standard 

deviation, where the errors are statistical only. The value of o^ corresponds 

to the width T. = (1.17 ± 0.06) MeV/c2 as FWHM assuming a Gaussian form. The 

width remains the same within the statistical errors when the Z * cut is 

changed from 0.4 up to 0.7. The background becomes less as the cut gets 

higher. 

According to the Monte Carlo simulation of our detector, the apparatus 

resolution (standard deviation) of A is 0 M C = (0.33 ± 0.07 ± 0.07) MeV/c2, 

where the first error is statistical and the second systematic. This 

corresponds to to the width of T^C _ (0.78 ± 0.16 ± 0.16) MeV/c2. The 

observed width is consistent with the apparatus resolution within the errors, 

although the Monte Carlo value is 0.4 MeV/c2 smaller than the observed one. 

The observed width of the mass difference is dominated by the detector, 

resolution. Therefore, we put an upper limit of the directly measured D*+ 
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decay width as T *, < 1.26 MeV/c2 at 90% CL. 
D + 

This direct measurement can be compared to a calculation based on the 

measured branching ratio of the D + radiative decay. Since the radiative 

decay D + "*" D*Y is an Ml transition, the electromagnetic width is given by the 

following formula: 

e e 2 

r = * a (_L_ + _iJ k3 (1) 

M1 3 *• 2m 2m7 * ' ' 
c d 

where eq/2mc. is the magnetic moment of the quark q (charm quark and down 

quark) and k is a momentum of photon. Therefore, the total decay width is 

given by r A + = T /Br(D*
+ * D+Y). The estimated value of I"M1 for D*

+ * D+Y 

is about 1.1 keV/c , using the constituent quark masses (m_ =1.84 GeV/c2 and 

5
 c 

nu. = 0.34 GeV/c^)• The most recent measurement of the radiative decay mode is 

Br(D*+ "*• D+Y) = (17 ± 11 ) % . 3 This corresponds to the total width 

r = 7 t J2 keV/c2, or T < 22 keV/c2 at 90% CL, consistent with our result. 

Since there is some ambiguity in calculating the value of (1), our direct 

measurement is orthogonal to this approach. 

There are also calculations of the hadronic decay widths of D + D+tf0 

and D + * D0""1", based on the SU(4)-invariant interaction.^ Using these 

calculations and the measured branching ratios of these processes, the total 

width of D*+ is (27 ± 5) keV/c2. This value is higher than that calculated 

from the radiative decay mode. We need more accurate measurements of the 

radiative decay. 

We used a different method to obtain an upper limit on the D ° decay 

width. The D+if~ threshold is only 1.8 MeV above the mass of D*(2007)°. 

Therefore, if the width of D ° is large enough, the decay mode of D*° * D+v~ 

will occur with a significant rate from the higher mass tail of the 

resonance.6 Such examples are fQ(975) * KK and aQ(980) * KK. Since there are 

indications that the D ° has very narrow width, the branching ratio D ° •*• D+TT~ 

through this mechanism is expected to be small. Consequently, even a moderate 

upper limit on this decay mode can result in a significant improvement in 

constraining the width of D ° which is not yet well measured. 

+ — + + 

In reconstructing the D through the K IT ir decay mode, all the tracks 

coming from the vertex were tried in turn as both K and ff. The cuts of Zp > 

0.2 and |cos 9 | > 0.3 were applied. The resulting invariant mass spectrum 

with a more stringent cut of Z D > 0.6 is shown in Fig. 4. A clear signal is 

observed at the D + mass. The D + signal was fitted with a polynomial form for 

the background and a Gaussian form for the signal. The fitted mass (1863 ± 4) 
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MeV/C is consistent with the currently accepted value. The standard 

deviation (crm) of (17 ± 2) MeV/c
2 is consistent with with the apparatus 

resolution as determined by a Monte Carlo simulation. 

The D ° signal was searched in the mass difference distribution 

(A = M ^ ^ ^ ^ . - WK_ir^J for Z * > 0.2 with the D+ selection 1820 MeV/c2 

< M , . < 1900 MeV/c which is the mass region for the D+ determined above. 

This mass difference method gives better signal resolution and lower 

background than the direct reconstruction of K""f+T+f+ invariant mass. Figure 

5 shows the mass difference distribution for the D °. The background Wc..-

estimated by two methods. Firstly, the D+ candidates Tvcn the sirie foani' of 

the peak in Pig. 4 (1.6 GeV/c2 < M . . < 1.8 GeV/c2 ar.d ; ,92 ueV/-7 

< M . . < 2.12 GeV/c ) were combined with the other n™. Secondly, wrong 
V""TT*"7t 

sign combinations of K"n"ff+1r+ and lO1"1'*-'""'" were studied. Both of these 

techniques gave a consistent shape within the statistical errors. The 

background data, fitted to a polynomial and normalized to the data in the 

region of 143 MeV/c2 < A < 146 MeV/c2 in the mass difference distribution, is 

shown as the solid curve in Fig. 5. 

After subtracting the background, the resulting signal is 3 ± 15 events 

in the region of 137 MeV/c2 < A < 143 MeV/c2, which is consistent with no 

signal. The error comes mainly from the uncertainty in determining the 

background. This corresponds to an upper limit of the branching ratio as 

B (D ° "*" D+TT~) < 15% at 90% CL, assuming that the D ° and D + production cross 

sections are equal. The detector acceptance is calculated from a Monte Carlo 

simulation. This upper limit of branching ratio gives upper limit on the 

width of r i Q < 1.5 MeV/c
2 at 90% CL, assuming a p-wave Breit-Wigner form and 

a D ° mass of 2007.2 MeV/c2. This is a substantial improvement of the 

existing upper limit which is 5 MeV/c. Our limit can be further improved by 

a more accurate measurement of the D ° mass. 

We also studied the production cross sections and the radiative decay 

branching ratio of D °. The D ° was reconstructed in the decay 

mode D ° •*" D°Y + KT"^. A photon was defined as an isolated shower in the 

barrel calorimeter with no associated charged particles. The position of a 

shower was determined using information from the proportional wire tubes. 

Three categories of photon were used: a single isolated photon in a shower 

counter module; one photon sharing a shower counter module with a second 

photon (in this case the energy deposited in this module was divided equally 

between the two photons); and one photon and one charged particle sharing a 

shower counter module (in this case the average energy deposited by a minimum-

ionizing particle, which is 0.2 GeV, was subtracted from the total energy 

deposited in the module to determine the energy of the photon). Since the 
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angle between the D° direction and the photon in the lab frame, a, tends to be 

small, candidates corresponding to the D ° + D°Y decay were required to have 

cos a > 0.9 and further, the energy of the photon was required to be greater 

than 0.3 GeV. A photon was rejected if it was consistent with being from ir° 

decay, defined as Myy between 0.10 and 0.17 Gev/c2. All remaining candidates 

with Zĵir-y > 0.5 were accepted. 

The mass difference AM = M _ . - M _ . is shown in Fig. 6. The 

background is estimated from the side bands of D°. A Monte Carlo study shows 

that a photon originating from a TT° which was not removed by the selection 

cuts, when combined with a D°, results in a peak at around 75 MeV/c2; i- face, 

a hint of such a peak is observed in the data. After subtracting the 

background, the resulting signal for D ° "*" t>°Y is 49 ± 14 cver.ts. The errar 

includes the uncertainty in the background, in order to determine tht c ° 

fragmentation function, the above analysis was repeated for four z regions. 

The fragmentation function is compared in Fig. 7 with that for the D .+ ° and 

with the JADE D ° data.9 The curve is a fit of the Peterson fragmentation 

function to the D*+ data. The D ° results are consistent with that for D +. 

A similar analysis was performed for the decay mode D ° "*" D°T 0. since 

the detection efficiency for this mode is small in our detector, only a few 

candidates were found. After background subtraction, the signal is 16 ± 11 

events. Assuming that the only decay modes of the D ° are D°Y and D°TT°, the 

resulting branching ratio for D ° "*" D°Y is 0.47 ± 0.23, where the error 

includes the statistical error and uncertainties in acceptance calculations. 

This value is independent of the D° + ICf branching ratio, since it is common 

to both D°Y and D°f° decays. 

3. Scalar and Tensor Mesons 

I will quickly show the results related to a light quark spectroscopy 

because I am in a heavy quark session. According to the physical picture of 

strir.g fragmentation model, the spin of a particle comes from an orbital 

angular momentum: s = £ = | r x p | . If I use a typical size of a hadron (r = 

1 fm), a mean PT of a string (p = 300 MeV), and a well-known relation of 1 fm 

= yic/200 MeV/c, then I get s = (1 ~ 2) >ic. Therefore, the tensor mesons are 

expected but the scalar mesons in a high mass region are difficult to 

incorporate .in the string model. It has been suggested that the scalar mesons 

such as f0(975) and aQ(980) could be the bound states of KR, thus four-quark 

s tates (qqqq)• 

We report the production of f0(985), f2(1270), and K2O430).
11 The 

production cross sections are summarized in Table 1. The fragmentation 

function of the tensor mesons are in good agreement with the predictions of 
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the Webber cluster model as shown in Fig. 8. 

4. Strange Baryons 

We briefly report on the production of strange baryons ECIBSS)* a n d 

2". '2 Those particles were observed through their Air decay mode, where the A 

was identified by its weak pf~ decay. The details of the selection criteria 

are skipped here. Figure 9 shows a clear enhancement for 2(1385) in the Air 

invariant mass plot. The search for 5~ production was also performed by 

selecting its long-lived Air- decay mode. Table 2 summarizes our results as 

well as the data from other experiments'3 and the predictions of models. The 

results are in good agreement with the Lund string model, but they disagree 

with the Webber cluster model. 

5. Charm Baryons 

Finally, we show the preliminary analyses on the production of charm 

baryons Ac(2280) and Ec(2450). We attempted to reconstruct Ac through its 

pK_Tr+ decay mode. Since we do not use the particle identification, there is 

large combinatorial background as shown in Fig. 10. There is no clear 

signal. However, if we use the Ac •*• 5c°p decay mode, there is an enhancement 

in the invariant mass distribution at m = 2.17 GeV/c2 with T = 200 MeV/c2. 

According to a Monte Carlo simulation, the peak is not a reflection of D+ •*• 

R°ir+. The background tends to increase in the upper half of the mass plot. 

There is also a hint of signal in the decay mode A + A°ir+. 

Another interesting attempt is to look at the decay modes 
Ec * Acir" a n d S c + * Ac1t+* T h e Ec c o n s i s t s o f the lddc> quarks and the Z++ of 

the (uuc) quarks. Therefore, we expect different masses for these particles 

on the analogy of M - M . = 8 MeV/c . However, there are suggestions based 

on QCD potentials and other mechanisms that the masses are almost same for the 

E° and st+« The most accurate measurement on the St"1" - A+ mass difference is 
3 1/1 

(166 ± 1) MeV/c2. 4 The low Q-value for the reaction ^c •*- ACTT indicates that 

the mass difference method should work if the AQ comes mainly from the S Q 

production like the case for D and D . Figure 11 shows the mass difference 

A = M . . - M ,. There is no enhancement around 166 MeV/c2 so far. 
pK_ir w* PK_ir This, in turn, puts a preliminary upper limit on the production cross section 

of £ c to be 20% of that for Ac. 

6. Conclusions 

we have reported the HRS results on the production of various hadrons; 

scalar, tensor, and charm mesons (fQ(975), f2(1270), 1^(1430), D*(2007)°, and 

D (2010) + ), and strange and charm baryons (H", EdSSS)*, Acf and %c). Because 
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of its clear environment, e e~ annihilation is a nice place to look at various 

resonances (old and new ones). 

There are two models that have been tuned well and give us insight into 
the production mechanisms of hadrons. One is the cluster fragmentation model 
and the other is the string fragmentation model. However, the mechanism of 
baryon production has not been understood well, yet. Since these models are 
also important in the higher energy region, we need even finer tuning and 
better understanding. 

Finally, e+e~ annihilation is also a nice place to look for exotic 
resonances such as four-quark states (qqqq), glueballs (gg), and hybrid 
resonances (qqg), if the statistics allows. 
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I -£ <"4-<̂ > 
X 

0.15 

0.25 

0.35 

0.55 

f° 

140±67 

110±60 

32±12 

23±9 

S 

80±35 

50±3O 

31±25 

K'°(1420) 

230±180 

80±65 

60±45 

8±5 

Table 1. Differential cross sections s/0 dff/dz (z = E/Ebeam) for f°, S, and 
K (1430) mesons for various x intervals (x = P/Pbeam)• 

S±(l385)/event 

. £±(1385)^ 

5"/event , 

5"/A 

TPC 

0.06±O.O3 

0.32±0.16 

0.020±0.009 

0.101±0.046 

Experiment ' 

TASSO 

<0.09 

<0.3 

0.026±0.012 

0.087±0.042 

MARK 11 

0.017±0.006 

0.08±0.03 

This 

Experiment 

0.033±0.008 

0.15±0.04 

0.016±0.006 

0.073±0.028 

Model 

Lund 

0.032 

0.16 

0.017 

0.08 

Webber 

0.113 

0.35 

0.037 

0.115 

' When both given, the statistical and systematic errors are added in quadrature. 

Table 2. The E (1385) and S~ production rates measured by different 
collaborations in high energy e e~ annihilations, and the comparison 
with models. 
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J. Roner 
Can you comment on the HRS claim for a decay r —> T]TT+UT? 

Sugano 
Yes I can, although it's a side step from my talk. The decay mode can occur only 

through a second class current which is forbidden in the exact symmetry limit of the 
standard model. So fax, there axe two published results from Mark II and TPC on the 
decay of r involving 77. Mark II result prefers 777r+7r°i/T mode. It is important that we 
have more independent experimental results. 

The new twist of this story is that , large branching ratio of r —> 77 + anything 
(~5%) violates CVC which estimates the branching ratio to be about 1%. 

If 77 is not produced, then we are left with the old r 1-prong deficit problem. 
There are no consistent ways that explain the present situation, yet. 

H. Schulz 
Comment to the HRS publication on r —• TJTTU: The ARGUS detector at the DORIS 

storage ring looked for this r decay, did not find a signal, and gives an upper limit on 
the branching ratio BR(r -* 77TT)<1.5% at 90% C.L.. All T?'S observed by ARGUS in 4 
prong events are from 77-interactions, as shown by the P t distribution. Our value for 
the branching ratio is lower than the one which was quoted by HRS of 5.4%, so there 
is clear contradiction between the experiments. 
Sugano 

Thank you for the comment. 
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T's Decays and Properties of Xt>(2P) States 

Chiaki Yanagisawa 
SUNY at Stony Brook,Stony Brook, New York 11794„ U.S.A. 

( representing CUSB collaboration [1]) 

1. Introduction 

Since its discovery, the T system has been explored by several 
experiments. The CUSB detector has been contributing to understanding of 
this heavy quark system. Especially, after being upgraded with the BGO 
electromagnetic calorimeter, the present CUSB detector is one of the most 
powerful detectors to study the T system. In this talk, the latest results 
on the T system below the b-flavor threshold are presented with the emphasis 
on the results with the upgraded CUSB detector. In Fig.1, a simple sketch of 
the T system is shown. 

2. The CUSB Detector 

Fig.2 shows a perspective view of the present configuration of the 
CUSB detector (CUSB-II). The heart of the detector is the BGO cylinder, an 
electromagnetic calorimeter divided in two polar halves, 36 <\> sectors and 
five radial layers. The cylinder covers the polar angles between 45O-90° and 
90°-135°. Other components are 320 Nal crystals, 256 lead glass blocks and 
muon counters which essentially formed the first configuration of the CUSB 
detector (CUSB-I). There was a period when the intermediate configuration of 
the CUSB detector (CUSB-I.5) was used. In this period a BGO quadrant was 
added to the CUSB-I detector. The total thickness of the CUSB-II detector at 
8=90° corresponds to 27.8 radiation lengths and 2.5 nuclear interaction 
lengths. The details of the CUSB-I, the CUSB-I.5 and the CUSB-II detector 
can be found elsewhere [2-4], 

As an example of the good performance of the BGO cylinder, the Bhabha 
energy distributions with the CUSB-I and the CUSB-II detectors are shown in 
Fig.3. The dashed line presents the distribution with the CUSB-I detector 
whose energy resolution is 2.6 % at 5 GeV. The distribution in solid line 
shows the better resolution of the CUSB-II detector that is \% at the same 
energy, which is an improvement of more than a factor of two. This good 
resolution is achieved by monitoring continuously the gain changes of all 
crystals using ssZn source calibration. 

3. Measurement of the Branching Ratio for T's-̂ uu 

The branching ratios for T's->uu (Buu) are important parameters which 
provide useful information on the strong interaction (QCD) such as the total 
widths of T's, the 3trong coupling constant as of QCD and the QCD scale 
parameter Aĵ s-

The measurement of BUu for T(1S),T(2S) and T(3S)has been made using 
three different configurations of the CUSB detector, CUSB-I, CUSB-I.5 and 
CUSB-II. In this talk only the details of the' analysis with the .CUSB-II 
detector are described. All dimuon events were triggered by requiring a 
coincidence of two muon.counter, hits on opposite sides of the detector and at 
least 100 MeV energy deposited in the outer three layers of BGO and Nal. The 
energy deposit requirement.is always satisfied when two muons from the beam 
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interaction region hit muon counters because such muons leave at least 160 
MeV and 180 MeV in the outer three layers of BGO and Mai respectively. The 
simplicity of the event topology allows us to identify the particles as muons 
without any difficulty using the information of dE/dX measured five times in 
BGO, five times in Nal and once in lead glass because the detector is thick 
enough for hadrons to interact in the detector (at least 2.5 nuclear 
interaction lengths). In addition, we also used timing information from the 
muon counters and the position of the event origin to eliminate cosmic rays. 

The data was taken on T(1S), T(2S) and T(3S) and in corresponding 
continuum regions. The samples used in this analysis were based on the data 
taken on the T(3S) (11 pb~l) and on the T(4S) and on the continuum below 
T(US) (29 pb-l) with the CUSB-II detector, on the T(1S) (19 pb'1 ) and on the 
continuum below the T(1S) (5 pb-1) with the CUSB-I.5 detector, and on the 
T(2S) (26 pb-1) and on the continuum above and below the T(2S) (26 pb~1) with 
the CUSB-I.5 detector. The continuum data was used to subtract the continuum 
contribution at each resonace as well as to estimate the detection 
efficiencies of dimuon events. Table 1 summarizes the measured quantities 
used in the determination of Byy: the. numbers of dimuon events observed NyJ? 
of events from the resonances NjJ^3and of events from the continuum Ng5nt a n d 

the detection efficiencies e^gs 

From Table 1 we obtained the values for Byy of the resonances which 
are found in Table 2. The measured values of ByiJ and of the leptonic widths 
(ree(T(3S))=0.39+0.02keV,ree(T(2S))=0.56+0.03keV and ree(T(1S))=1.15+0.05keV) 
[5] with the assumption of e-u universality make it possible to calculate the 
total widths of the resonances which are summarized in Table 2. Knowing the 
branching ratios of all decay modes, one can calculate the ratio rggg/ryVi 
where Tggg is the three gluon decay width by the formula : 

rggg/rliU=Buy-1[1-{Byy (3+R)+BYgg+BTr7r+BE1 }] 
where R=3.63 [6] is the ratio of the hadronic cross section to the lowest 
order QED muon pair production cross section, Bygg is the branching ratio of 
the decay to a photon and two gluons [7], and Birir and BEI are the branching 
ratios of uir and of E1 transitions respectively which are included in the 
cases of T(2S) and T(3S) [8,9]. This ratio is found Table 2; it is a useful 
quantity because one can obtain 03 from the formula rggg/rMll« as( 1+c(q)as/ir) 
[10] where q is not defined by the theory. We obtained in Table 2 the values 
of as at q=0.18MT where according to Mackenzie and Lepage [10] the higher 
order correction up to as2 vanishes. From as, we also calculated the QCD 
scale parameter Aĵ cf. These values, as compared in Table 2, agree with the 
CUSB-I values obtained from the analysis of the decay to Yfg [7]. 

U. Electric Dipole(E1) Photon Transitions and the Fine Structure of Xb(2P) 
states 

XD(2P) states cannot be produced directly in e+e" annihilation 
because of their quantum numbers. However, they can be produced via E1 
transitions from T(3S). Therefore the basic strategy of the analysis is to 
look for monochromatic photons from the decay T(3S)-»-Y+Xb(2P). There are two 
methods for doing this., The first method is the analysis of exclusive events 
from the decay chain T(3S)+Y+Xb(2P), Xb(2P)+Y+T(nS) and T(nS)->l+l-, where all 
four particles in the final state, that is, two photons and a lepton 
(electron or,muon) pair,are identified. The second method is the analysis of 
inclusive events T(3S)+Y+X where X is any number of other particles and only 
the photon is identified. In the latter one looks for peaks in the photon 
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energy spectrum. Since particle multiplicity is high, inclusive events are 
busy and it is hard to pick up photons, although one has more statistics. On 
the other hand, since only four particles are involved in an exclusive event, 
the signal is very clean and one can achieve better photon energy resolution, 
but events of this type are rare. We use both of these two complementary 
methods. 

Exclusive events 
Since there are two photons in an exclusive event, one calls them the 

low energy photon (Yiow) and the high energy photon (Thigh) according to 
their relative energies. Fig.1! showc the scatter plot of the energy of 
Thigh vs that of Yiow based on the data taken with the CUSB-II detector on 
T(3S) (Ml pb_1 corresponding to 1.8x10s T(3S)'s produced). As can be seen, 
there are two clear clusters of events. The events in the lower cluster are 
from the decay chain(1) T(3S)*Xb(2P)+Yiow-»'T(2S)+ Yiow+Yhigh and the events in 
the higher cluster from the decay chain(2) T(3S)-»Xb(2P)+Yiow*T(1S) + 
Ylow+Yhlgh- The projections of Fig.4 onto the low energy axis in Figs.5,6 and 
7 show clear two peaks separated from each other. In Figs.6 and 7, those 
events are plotted with 375<EYhigh+ETiow<25° M e V t 0 enchance the events from 
the decay chain(l) and with 920<EYnigh

+E,<'iow<800 M e V t o enhance the events 
from the decay chain(2) respectively while in Fig.5 all the events in Figs.6 
and 7 are plotted together. The first peak corresponds to the transition 
T(3S)-»-Xb(23P2)Y and the second to the transition T(3S)->Xb(2

3P! )Y. Because of 
the large hadronic width of Xb(23P0) the transitions Xb(2

3P0)-»T(nS)Y are 
suppressed. Otherwise it would show up as the third line. Making a fit to 
two Gaussian distributions with the known resolution well described by 
<jg/E=1 .8$/1,/EY(GeV) and a fixed background level, one obtains as shown in 
Table 3 from Fig.5 and Table H from Figs.6 and 7 the peak positions and the 
areas under the peaks which are used to calculate the products of the two 
branching ratios B(T(3S)-»-YXb(2P) )B(Xb(2P)+YT(nS)) with known Buu's [11] 
(Table H). From the products of the branching ratios together with the 
measured branching ratios B(T(3S)-+YXb(2P)) from the inclusive photon 
spectrum, one can deduce the values for the branching ratios B(Xb(2P)-*YT(nS)) 
which are also found in Table 4. The hadronic widths of Xb(2P) states 
Thad cannot be measured experimentally. However, one can measure them 
indirectly by combining the measured branching ratios BE1(Xb(2P)-»YT(nS)) with 
theoretical predictions on TEI (Xb(2P)-*YT(nS))[l6], which are found to be 
reliable, as shown later in the next topic on the inclusive events, according 

to the formula: 
rhad(23Pj)=rEl(Xb(23Pj)^YT(nS)){1-BElCXb(23Pj)^YT(nS)]}/BElCXb(23Pj)^YT(nS)]. 
The values of rnad agree qualitatively with QCD calculations to the lowest 
order [12] as compared in Table 5. 

Inclusive events 
Fig.8 shows the photon energy spectrum of inclusive events plotted in 

constant 3? energy bins; this is based on the data taken at T(3S) with the 
CUSB-II detector (23 pb~1 corresponding to 10s T(3S)'s produced). On top of 
the smooth background, there is a clear structure which consists of several 
peaks. The first peak corresponds to the transition T(3S)-*Xb(23P2)Y, the 
second to the transition T(3S)*Xb(23P1)Y, and the third to the transition 
T(3S)*Xb(23P0)Y. The fourth peak is actually two merged peaks of the 
transitions Xb(23Pj,2)*T(2S)Y. There is also an indication of the fifth peak 
corresponding to the transitions Xb(23Pi,2)->T(1S)Y. The preliminary studies 
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on the acceptancexefficiency and on the resolution function were done by 
adding "EGS" photons of energies 100-200MeV to real hadronic events. It was 
found that the acceptancexefficiency is 10±2? and the rms energy spread is 
well described by aE/E=2.2%/''/Ey{QeM). As an example, the resolution 
function is shown in Fig.9 for 100 MeV photons. A fit was made to five 
resolution functions with a polynomial background. Fig.10 is the photon 
spectrum after the background subtraction. The fit result is summarized in 
Table 6. The present results well agree with the previous results with the 
CUSB-I detector [13]. There is also good agreement between the exepriment 
and the three latest potential model predictions on the E1 transition widths 
[11-16] as compared in Table 7. 

Fine structure 
The spin dependent part of the potential generally consists of three 

terms, a spin-spin (hyperfine), a spin-orbit (fine) and a tensor (fine) 
interaction as follows : VsD»2/(3m

2)AJVv(§i-§2) 
+1/(2m2R)[3V'v-V

,
3]t-§ . 

+1/(3m*)[V,v/R-V"v][3(§i-3)(22-S)-3l-§2], 
where m is the b-quark mass and Vv-and Vs are . the vector and scalar 
potentials respectively. Since our concern here is Xb(2P) states and the 
spin-spin interaction doesn't contribute, the first term can be omitted. 
Defining two parameters as the expectation values of two coefficients 
following Rosner [17]: a=1/(2m2)<1/R(3V,v-V

,
3)> and b=1/(12m2)<Vv/R-V's>, 

one can write the mass formulas for Xb(2P) states: M(3P2)=M+a-2b/5, 
M(3Pj)=M-a+2b, and M(3P0)=M-2a-1b where M is the spin averaged mass. From 
the experiment we obtained the values of a and b, which are again compared 
with the predictions of the three latest potential models in Table 8. 

There is another useful quantity which measures the contribution of 
the scalar potential and is defined as: r= [M(3P2)-M(

3P!)]/[M(3P,)-M(3P0)]= 
(2a-12b/5)/(a+6b). In the case of a pure Coulombic potential where Vs=0 and 
Vy^-I/R, r=0.8. As Vs increases, r gets smaller. From the values 
experimentally obtained for the parameters a and b, one gets 0.57±0.06 for r. 
A comparison is made in Table 9 with the theoretical predictions by 
Pantaleone et al. [18] with and without scalar potential. It seems that the 
model with scalar potential is preferred. 

5. Conclusions 

The CUSB-II detector with the bismuth germanate (BGO) cylinder works 
very well, especially the improved energy resolution of electrons at 5 GeV by 
more than a factor of two over the CUSB-I Nal detector. Although the data 
taking at T(3S) is still in progress, recent results look very promising. We 
obtained new accurate values for Byy, as and Â ef. We began to measure 
rhad(Xb(23Pj)) and to resolve the fine structure of Xb(2P) states which gives 
useful information on the spin dependent potentials. 
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Tables 
Tabel 

<pn 

T' 
T 

1. Quantities used 

tot 
Nuu 

8176 
6202 
5^50 

res 
Nuu 

7479+119 
5573+ 81 
361U115 

for BUu measurement 

cont res 

697+1^9 0.26 
630+113 0.27 
1839+137 0.22 

Table 2. Bu1j and other q u a n t i t i e s 

Buu<*> Ttot(keV) r ggg / r uu as 
AMS 

T" 1.53±.33±.21 . 25 ±5 28.6 

1.38+.26+.18 40.6+8 32.0 

2.7 +..28+.U 42.5+U.8 29-2 

+8.2 

'-5.6 

+8.9 
i 

-6.1 
+4.1 

!-3.1 

+ .015 
0.17 

-.012 
+ .015 

0.18 
-.012 

+.0008 
0.17 

-.007 

+56 
148 

-39 

+58 
165 

-40 

+26 
139 

-21 
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Table 3 . F i t pa r ame te r s of a l l e x c l u s i v e e v e n t s 

2 3 P j Events Peak(MeV) OE(MeV) 

J=>2 3H. 5+6.1 85 .1+0 .6 2 . 8 
J -1 48 .717 .2 100.1+0.5 3 .2 

Table 

2 3Pj 

J=2 
J-1 
J=»0 

2 3Pj 

J=2 
J-1 
J=0 

4. Fit parameters of 

Events, 

22.1+4.7 
14.5+3.8 

<2 

Events 

12.2±3.8 
29.4+5.7 
1.8±1.0 

Peak(MeV) 

85.2+0.7 
100.6+0.9 

Peak(MeV) 

85.8±1.1 
100.4+1.1 

exclusive events and branching ratios 

B ( 3 S + 2 3 P J Y ) B ( 2 3 P J + 1 S Y ) B(23Pj+1SY) 

2.0+0.4 % 16± 6 % 
1.110.3 % 7+ 3 % 

<0.2 $(90* CL) <3 % (90* CL) 

B(3S+23PjY)B(23Pj+2SY) B(2'Pj+2SY) 

1.9±0.7 % 15+ 8 % 
3-8+1.2 % 24±10 % 
0.3+0.2 % "4+ 3 % 

Table 5 . Hadronic w id ths of Xb's 

2 3 P j CUSB-II(keV) QCD(keV) 

J=2 122+ 78 -123 
J=1 50± 3 2 - 3 8 
J=0 3791370 -440 

Table 6 . F i t pa r ame te r s of i n c l u s i v e e v e n t s and b ranch ing r a t i o s 

T r a n s i t i o n EY(MeV) Ey(CUSB-I) Events Br(%) Br(CUSB-I) 

3S+23P2 86 .710 .7 84.212 1060H76 1 2 . 8 + 2 . U 2 . 6 1 2 . 7 l 4 . 1 
3S+23P, 99 .310 .8 101.4+3 972+158 11 .7+1 .9+2 .3 15 .6+4 .2 
3S+23P0 124 .212.3 122.1+5 441+162 5-312 .0+1.1 7 . 6 1 3 . 5 
2 3 P 2 , , + 2 S 227 .315 .0 386H41 4 . 7 1 1 . 7 1 0 . 9 
2 3 P 2 t l + 1 S 773 +27 152+ 81 1 .8+1 . 0 l 0 . 4 

Table 7 . E1 t r a n s i t i o n wid ths of Xb 's Tab le 8 . Pa rame te r s a and b 
3 Pj Experiment T h e o r i e s Exper iment MR[14] MB[15] GRR[l6] 

r E l ( k 6 V ) MR[H»] MBC153 GRRC-16] & g ^ ± Q 5 ^ ' u > 6 g . 2 

J=2 3 .3+0.8+0.7 2 .7 2 .6 2 . 9 b 2 . 4 + 0 . 3 2 .1 4 .2 1.8 
J=1 3 .0+0 .8+0 .6 ' 2 .8 2 .4 2 . 7 ' ' 
J°0 1.410.6+1.5 1.4 1.0 1.5 

Table 9. Xb' splitting and r 

(MeV) with without 
Experiment scalar potential [18] 

M(3P2)-M(
3P,) 14.0+0.6 14.9 16.2 

M(3P,)-M(3P0) 24.4+2.3 22.3 21.8 
r .57+.06 .67 .74 
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D . Lichtenberg 
You said you have a hint of a spin-0 line. Can you estimate its mass? 

Y a n a g i s a w a 
Unfortunately I don't have the fit result but you can guess from the plot I showed. 

T . K a m a e 
One technical question. You mentioned that you have improved the energy resolu

tion by a factor of 2 by BGO. Is this what you have expected? 
Y a n a g i s a w a 

It is close to what we expected. 

mc 
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This paper reports a measurement of the inclusive D/D 
production cross section resulting from an exposure of the high 
resolution hydrogen bubble chamber LEBC to a beam of 800 GeV 
N s = 38.8 GeV) protons at the Fermilab MPS (experiment E743). 
The bubble chamber is viewed by two conventional cameras with a 
flash activated by an interaction trigger. The resolved bubble 
diameter is 20um and the single point measurement accuracy ~ 
2um, hence allowing the detection of the decay vertices of 
short lived particles with a high efficiency. For each proton 
interaction analysed, the total multiplicity of charged 
particles was recorded and a care.Tul search was made for 
secondary processes in two independent scans. The topological 
analysis procedure used is based on a selection of candidates 
,f,or D~-decay into 3 charged particles (C3-topology) and of 
D°-decays into 4 charged particles (V4-topology). This 
preliminary analysis results from the scanning of ~ 40% of the 
available film representing ~ 200 000 proton interactions. It 
relies entirely on bubble chamber scanning and measurement 
information and makes no use of the data provided by the 
multiple particle spectrometer MPS. This analysis method has 
been described in detail in C13. The strange particle 
contamination was minimised (less then .4 events in the 
C3-sample) by selecting only decay vertices situated at a 
transverse distance of less than 2mm from the interacting beam 
direction. On figure 1, the distribution of the projected (view 
2) impact parameter of the decay tracks of V4 (C3) events with 
respect to the primary vertex is compared to the expected 
distribution for particles of mean life time equal to .43 ps 
(.92 ps). It is seen that both distributions are compatible 
with a dominant contribution of D-meson decays. This raw sample 
of C3 and V4- candidates has been subjected to a series of cuts 
tending to enhance the scanning efficiency for charm events, to 
antiselect against A and D decays and to remove background 
from secondary interactions. 

Table 1 illustrates the effect of the successive 
application of these cuts on the selected C3 and V4 events. In 
addition, the reduction by these same cuts of genuine D-meson 
samples decaying into C3 or V4-decay topologies was estimated 
by Monte-Carlo methods. D-mesons were generated with 
differential production cross sections of the form 

(1 - |xF|)
ne~apT with n * 5 and a * 1 (GeV/c)"2 and were 

subsequently allowed to decay into C3 or V4-topologies 
according to phase space predictions. Within the experimental 
uncertainties the sensitivity of,the computed event weights to 
the assumed production characteristics (x„ and p T 
distributions) and lifetimes was found to be m 10%, much 
smaller, than the ~ 25% uncertainty affecting the values of the 
C3 and V4 branching ratios. 
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Inclusive cross sections for D" and D°(D°) production 
were computed from the selected samples of 31 C3- and 6 
V4-decays according to the formula : 

Nobs(top)-WMC 
S.BR(top).Eg 

where 
N , (top) : stands for the number of selected C3 or V4 events; 

W M C : for the Monte Carlo computed selection weight of the 

retained events (WM(-,(C3) = 2.5 ± .3 and 

WMC(V4) = 4. ± .4); 

S = (7.0 ± .1) evts/ub : for the overall-sensitivity of the 

subsample used in this preliminary analysis? 

BR(top) : for the branching ratio C23 of the decay topology 

considered extracted from SPEAR data (BR(C3) = .43 ± .10 

and BR(V4) = .17 ± .04); 

e = .90 ± .05 is the average scanning efficiency for C3 and 

V4 events. 

The results are : 

a(D°/D°) = (22 * Jo>Mh; olD1) = (29 ± 10)ub 

and a(D/D) = (51 ^ ]%)\ib. 

The comparison of our results for CT(D/D) to that obtained 
at -Ts = 27.4 GeV by exactly the same method CI,3D allows the 
determination of a cross section ratio whose value is less 
sensitive to branching ratio uncertainties than the values of 
the absolute cross sections. 
One finds : 

(q(D/D) at 4"s" = 38.8 GeV) _ x 5 + 4 

(or(D/D) at >Ts" = 27.4 GeV) 
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This result is in good agreement with the predictions of a qq 
annihilation and gluon fusion model calculation C43 shown on 
fig. 2 which does not support the rapid increase of the cross 
section with energy suggested by some ISR results C53. 

p a y Av*AT^f*oe 

C13 : R. Ammar let al., Phys. Lett. 183B (1987) 110 
C2D : M. Aguilar-Benitez et al.r Phys. Lett. 135B (1984) 237 
L31 : M. Iori and M.E. Michalon, LEBC-EHS Collaboration, 

Contribution to the XXIII International Conference on 
High Energy Physics - Berkeley (1986) 

C4D : J.R. Cudell, F. Halzen and K. Hikasa; Phys. Lett. 175B 
(1986) 227 

C5IJ : W. Lockman et al., Phys. Lett. 85B (1979) 443 
M. Basile et al., Nuovo Cimento 67A (1981) 40 
J. Irion et al., Phys. Lett. 99B (1981) 495 
D. Drijard et al., Proceedings Int. Conf. High Energy 
Physics,. Brighton (1983) 308 
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TABLE I 

Topology 

Original number of candidates 

Decay length (< 2 ram) 

Angle cut (a) 

Maximum impact parameter 
cut in film plane (b) 

Minimum impact parameter 
< 20um in film plane 

Remaining samples after cuts 

C3 

64 

15 

7 

5 

6 

31 

V4 

18 

4 

I-I 

3 

4 

6 

Summary of the charm decay samples and of the number of events 
removed by successive cuts. 
a) The angle cut ensured good spectrometer acceptance and 
requires that no more than one of the decay tracks has either 
space angle > 150 mr. 
b) Events are removed from the C3 sample if the maximum 
projected impact parameter of the decay tracks with respect to 
the production vertex is < lOOum (antiselection of A and D 
decays) or > 2 mm. These numbers are respectively reduced to 
50um (visibility criterium) and 1 mm for V4 decays. 
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Fig. 2 : Total D/D cross-section normalised to the value at 

/s = 27.4 GeV versus cm. • energy. The hatched band shows the 

results of fusion model calculations. 

P. Weilhammer 
It seems strange that at 800 GeV the D° inclusive cross section is smaller (22 nb) 

than the D + inclusive cross section (29 nb) wheras both WM27 at 400 GeV and NA32 
at 200 GeV find that the au± ~ l / 2 <TD<>/D0-

Lemonne 
I agree with you that this effect, if real, is somewhat unexpected although the 

evolution of D° and D* cross sections with energy are not necessary the same. Moreover 
in view of the big errors, the E743 and NA27 data do not necessarily differ. 
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DILEPTON PRODUCTION IN 800 CEV P-NUCLEUS INTERACTION 

E-605 COLLABORATION * 
Kyoto University, Kyoto, 606 Japan 

KEK, Tsukuba, 305 Japan 
Fermilab, Batavia, IL60510 USA 

University of Washington, Seattle, WA98195 USA 
SUNY at Stony Brook, NY11794 USA 

Columbia University, Irvington, NY10533 USA 
CEN Saclay, F91190 Gif-sur-Yvette, France 

presented by Aki Maki / KEK 

Since the T state was first discovered in M V ~ final states of hadron 
reactions in 1977, various properties of bb bound states have been studied 
mainly by e+e~ experiments. However the bb bound states so far studied are 
limited to 1 — 3Si states and some other exceptional states ( \3Pj and 2?Pj for 
example ) because of the quantum number of the virtual photon produced in 
e*e~ annihilation. In spite of relatively complicated final states, hadron 
reactions are still superior to other reactions in their sizable yields of 
heavy QQ bound states with various spin and orbital quantum number due to 
the large gluon content of incident hadrons. 

The Fermilab experiment-605 has measured dilepton mass spectrum around 
the upsilon region in 800 GeV proton-nucleus interaction with the high 
resolution spectrometer. Three different kinds of data sets were collected, 
i.e. electron pair and muon pair with open geometry, and muon pair with closed 
geometry. 

1. SPECROMETER 

Fig.l shows the experimental layout.1* The specrometer consists of three 
analysing magnets, four stations of scintillation trigger counters with either 
MWPC, MWDC or proportional tube counters, and electromagnetic and hadron 
calorimeter: Electrons were identified by the energy deposits in the segmented 
calorimeter. Muons were identified by the tracks in the station 4 in addition 
to the energy deposit in various counters and the calorimeter. The incident 
proton beam was stopped inside the SMI 2 magnet with the beam dump of copper 
and lead. The tracks comming from the beam dump were separated from those 
comming from the target by measuring the momenta of tracks with the SM3 magnet 
and by tracing back the tracks into the SMI2 magnet. All over the inside 
surfaces of the SM12 magnet, many lead bricks were carefully placed in order 
to reduce photons scattering into the downstream detectors. Further reduction 
of the background photons were achieved by building a 48-in thick lead wall 
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at the exit of the SM12 magnet. This improved the luminosity by a factor of 
50 or more at the cost of slight decrease of the mass resolution and of giving 
up the electron pair. This is called the closed geometry experiment and a thin 
copper target was used in this case while a berilium target was used in the open 
geometry experiment. Only the dileptons of mass 8 GeV and above are accepted. 
The mass resolution ranges from 0.1 to 0.5 % in the resonance region depending 
upon the data set and the dilepton mass. The integrated luminosities are 
1.2xl040 and 280xl040 ( cm2/nucleon )"' for the open and the closed geometry 
respectively. 

2. RESULTS 

Fig.2-a and Fig.2-b are the mass spectra in the open geometry for muon 
and electron pairs respectively. Although the analysis of the closed geometry 
data has not been completed; the preliminary results on the dimuon mass 
spectrum in the closed geometry is given in Fig.3. All three mass spectra show 
a clear T'' peak. This is the first time that the T*' signal was clearly 
separated from other states in hadron reactions. If the upsilon states are 
produced only by the radiative decay of the zPj states which are first produced 
by the gluon fusion process^ this observation is an indirect evidence that 
Xb" states are below the BB threshold. A dimuon mass distribution in the 
higher mass region is obtained in the closed geometry and is shown in Fig.4. 
There is no significant signal seen to a few percent level of the continium 
in the all mass region covered by this experiment (8 to 16 GeV) excluding the 
three upsilon region. 

Although this experiment has clearly separated the three states, in order 
to compare with other experiments, the cross section times branching ratio to 
decay into dilepton was estimated for three upsilon states combined. The 
results are 

B"% y„o (T+T * +T' *) = 2.18±0.35 pb/nucleon for e V 

- 1.84±0.1 pb/nucleon for \x*n~ (preliminary) 

and are shown, as a function of vf-M/vS", in Fig.5 together with the results 
from other experiments2)3)9) and the theoretical calculations*5 based on the 
gluon-gluon fusion model by assuming the gluon distribution in hadron to be 
G(x)=0.5(n+l)x"'(l-x)n. The solid and broken lines are respectively for n=6 
and n=5. Our results favour the broken line, although not very strongly. 

Since the three upsilon states are definetely separated from each other, 
branching ratio times production cross section given above can be broken down 
into individual ones. The n*n~ cross section (1.84*0.1 pb) consists of 
1.32±0.08 pb T, 0.36±0.04 pb T* and 0.16±0.02 pb T*'. The ratios between 
the yields of the T, T' and T'' are given in Table 1 and are consistent with 
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those at «/s=Z7.4 GeV.5) 

Table 1. Ratios of V and T " to T production 

BxoOT ;T) 
Bxa(Tf';T) 
a(T';T) d) 

o(T*' ;T) d) 

e V a) 

0.32 ±0.11 
0.10 ±0.07 
0.50 ±0.21 
0.08 ±0.07 

MV b) 

0.27 ±0.03 
0.12 ±0.02 
0.44 ±0.16 
0.10 ±0.05 

QCDC) 

<0.30 
<0.15 

a) open geometry 
b) closed geometry (preliminary) 
c) Baier and Ruckl ref.6) 
d) leptonic branching ratios Bu are from ref .7) 

Since the upsilon states can not be directly produced in hadron reactions 
but they come from %b states through radiative decays, the higher upsilon 
states are suppressed as compared with the lowest state. QCD calculation6' 
predicts that the T' and T" production cross sections are respectively less 
than 30 % and 15 % of the T production cross section. However, as seen in 
the Table 1, the experimental data seem to give higher values in these ratios. 
There we used an average of the three leptonic branching ratios, i.e., e"e~, 
H*H~ and r*T~, given in ref.7. If we use the new values of the leptonic 
branching ratios given at this conference,8' the production cross section 
ratios will become even higher. (0.6 and 0.53 for T'/T, and 0.16 and 0.2 for 
T'VT) The biggest error comes from the ambiguity in the leptonic branching 
ratios which were measured in e*e~ experiments.75 

In Fig.6 the cross section ratio of the resonance production (including 
three upsilon states together) tq the• continium production are'given. The 
solid circle is our dielecron data and the open circle is our dimuon data. 
While they are consistent each other, they seem to be substancially below the 
general tendency of other data points which are from other Fermilab and CERN 
ISR experiments. We do not understand the real reason why the new data seem 
to deviate from earlier works at this point of analysis. However one thing 
we should remember is the fact that the new and old data are much different 
in quality because of their large difference in mass resolution. The new data 
points may be consistent with those from the CFS experiment2' which has the best 
mass resolution among the old experiments, although worse than ours by about 
a factor of ten. 

The upsilon resonance production is supposed to be different from the 
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continium in their production mechanisms. Therefore it is interesting to 
compare physical observables from these two different processes. Previous 
experiments observed different behavior of the average transverse momentum 
against the CM energy of the reaction. The linearly rising behavior of the 
average transverse momentum was confirmed for the continium production by this 
experiment too while it stays fairly constant in the case of the resonance 
production. Our dielectron data are given in Fig.7 together with other 
Fermilab and CERN ISR experiments. 

3. CONCLUSION 

The dilepton production was measured in proton-nuleus interactions at 
Js-38.8GeV with very good mass resolution (0.1 - 0.5 %). 

The three upsilon states (T, T' and T'') were clearly separated for the 
first time in _the hadron interactions. This gives first evidence that Xb'' 
is below the BB threshold. 

No narrow state was obserbed between 8 and 16 GeV in the dilepton mass 
except the three upsilon states. 

The ratio of T to T production cross section is consistent with 400 GeV 
data, but higher than the gluon fusion prediction. This may also the case 
for the ratio of T'' to T. 

The ratio of the combined cross section of the three upsilon states to 
the production cross section of the continiuum seems to contradict other 
experiments. 

+ ) Members of B605 Collaboration 
T.Yoshida, Y.Hemmi, K.Imai, K.Miyake, Y.Sakai, N.Tamura (Kyoto); 
A.Maki (KEK); C.N.Brown, W.E.Cooper, - D.A.Finley, A.M.Jonckeere, 
H.Jostlein, D.M.Kaplan, L.M.Lederman, G.Moreno, S.R.Smith (Fermilab); 
R.Gray, K.B.Luk, R.E.Plaag, J.P.Rutherfoord, P.B.Straub; K.K.Young 
(Washington); M.R.Adams, H.D.Glass, D.E.Jaffe, R.L/McCarthy (Stony 
Brook); J.A.Crittenden. Y.B.Hsiung (Columbia); J.R.Hubbard, Ph.Mangeot 
(Saclay) 

REFERENCES 
1) J.A.Crittenden et al., Phys. Rev. D34 (1986) 2584 
2) J.K.Yoh et al., Phys. Rev. Lett. 4J_ (1978) 684 

D.M.Kaplan et al.,Phys. Rev. Lett. 40 (1978) 435 
3) A.L.S.Angelis et al., Phys. Lett. 87B (1979)398 

C.Kourkoumelis et al., Phys. Lett. 91_B(1980) 481 
J.Badier et al., Phys. Lett. 86B (1979) 98 

4) V.Barger and W.K.Keung, Z. Phys. C6 (1980) 169 
V.Barger and W.K.Keung, Phys. Lett. 91B(1980)253 

—195-



5) K.Ueno et al., Phys. Rev. Lett. 42 (1979) 486 
6) R.Baier and R.Ruckl. Z. Phys. Ci9 (1983) 251 
7) Particle Data Group, Phys. Lett. 170B (1986) 1 
8) CUSB group at this conference. 
9) S.Childress and J.P.Rutherfoord, Phys. Rev. Lett. 54 (1985) 2273 
10)A.L.S.Angelis et.al., Phys. Lett. 147B (1984) 472 
11)D.M.Kaplan, Ph.D. Thesis, State University of New York at Stony Brook, 1979 

• =crCZ, 

Prtworllani 

\r 

Ploo VlfU 
- r -

19 

fe-
Hi l r r i 

4a 

q 
V5 .CT7{-« 

iM 
i!*i!'SW*' TE 

. i . «3 

Elfvolion Vi«u « . « MaMiCMfl 

Fig.l The EB05 
Spectrometer. A 40 
cm thick lead wall 
was built at the 
exit of the SM12 
magnet in the case 
of closed geometry. 

en 

m 
> 
LU 

O 
CM 

CO 
t— 

z 
LU 
> 
LU 

Fig.2 The dimuon (a) and dielectron (b) mass spectrum in the open 
geometry experiment. 

-196— 



Fig.3 The dimuon mass spectrum in 
the resonance region taken in 
the closed geometry 
experiment. 
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Fig.4 The dimuon mass spectrum 
in the mass region 
between 8 to 16 GeV. 
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T. Shibata 
Is there any indication of nuclear effect as you use Be and Cu targets? 

M a k i 
We have not looked into that effect in dilepton production. 

ntc/yo 
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Role of Diquarks in Soft Hadronic Reactions 

T. HIROSE 

Department of Physics, Tokyo Metropolitan University 

2-1-1 Fukazawa Setagaya-ku Tokyo 158, JAPAN 

1. INTRODUCTION 

Role of diquarks in hadron-hadrcv collisions has been systematically investi

gated on the basis of a quark-diquark fragmentation model. *) Here, we present 

further results to support the existence of a diquark cluster in a proton by compar

ing model predictions with longitudinal and transverse momentum distributions 

of a single hadron, i.e. h* (charged hadrons), 7r°,K°,P,P,A,I,K*± , A+^E** 

in p-p collisions at 360 GeV/c. 

As illustrated in Fig.l, reaction mechanisms of soft hadronic reactions are 

described as two step processes that one of quarks (or diquarks) ui" is knocked 

out from a proton "a" and then hadronizes into a hadron V . Here we have 

to know the momentum distributions of the quark (diquark) in the proton and 

their hadronization mechanisms. We have thus examined experimental results 

for hadron productions in e+e"" annihilations by means of two popular mod

els, i.e. the Field-Feynman model (denoted as FF)2) and the LUND string 

model (LUND).3) On the,assumption of the jet universality both for soft and 

hard hadronic processes, we apply these hadronization models to the quark (di-
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quark) hadronization in hadron-hadron collisions. Consequently we can extract 

most effectively information on the quark configurations in the proton using the 

parametrization of the dual parton model.4) 

2. QUARK-DIQUARK FRAGMENTATION MODEL 

Inclusive distributions of the hadron "c" in the forward hemisphere of the 

proton "a" can be w, ^ as 

do v- ,̂ f1 dx' , ,. _ ,x. I da — rl -*"' 
— x 
a 

where the function G&-+i(x') denotes the momentum distribution of the quark 

"t" having the momentum fraction x' inside the hadron "a" and the function 

£>,_+c (2), the fragmentation function of the quark "t" to the hadron V . 

We construct the function C?a_,,-(i) based on the following two view points: 

(1) quarks in a nucleon form a diquark cluster, so that the nucleon consists of 

a quark and a diquark (denote as QD) and (2) three quarks are independent 

(denoted as IQ). According to the dual parton model,4) the quark distribution 

function can be parametrized as 

X>(aq + 1, CKqq + 1) 

GlQ(z) =-57 h> S7*a ,(l - 202°" ,+1 

1WV ; 5 ( a q 4 - l , 2 a q + 2) v ' 

where B{x,y) stands for the beta function, and the parameters —aq and — aqq 

represent the intercept of Regge trajectories for mesons and baryonia, respec

tively. Here we adopt aq = —1/2 and aqq = 1. However we also confirmed no 

significant difference of single particle spectra for aqq = 0.5,2. According to the 

SU(6) scheme, the quark-diquark configuration of the proton may be given as 
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Iproton) = ±\u, (ud)A) + - L 0 = | u , (u d) s) - ^ / | | d , (uu))) 

where (ud)A and (ud)s indicate the antisymmetric and symmetric (ud) diquark 

states. 

For the hadronization part represented with the function Z?{-»c(z)j we fixed 

whole parameters involved in the FF and LUND models by using the data of 

e+e~ —»• hadrons measured by the TASSO group at i/s = 14,22,34 GeV. In order 

to predict the single particle distributions in the p-p collisions, we combined these 

models with the functions GQD(X) or GIQ(X). 

3. LONGITUDINAL AND TRANSVERSE M O M E N T U M DISTRI

BUTIONS AND MODEL PREDICTIONS 

Since we do not observe any significant difference between single particle 

distributions predicted by the FF and LUND models, we mainly present here 

the results obtained from the FF model coupled to the distribution function 

either for the quark-diquark or for the three independent quark configurations. 

It should be noted that there remains only one adjustable parameter representing 

the overall normalization, which we determine from the inclusive cross section 

for the negatively charged hadron, i.e. p + p —• h~ + anything. 

Figure 2 shows typical results of the Feynman Xp distribution together with 

the model predictions. We find that the model with the quark-diquark configura

tion is in remarkable agreement with the data both for.", the magnitude and shape 

of the Xj? distributions whereas the naive approach of the three-independent 

quark configuration fails completely to reproduce the baryon spectra. 

Transverse momentum arises not only from the quark (diquark) fragmen

tation but also from the primordial transverse-motion of the quark (diquark) 

- 2 0 2 — 



inside the proton.6 ' We therefore incorporate the primordial transverse mo

mentum according to the function, i.e. exp(—P£/2 < k? >2) where < fcy > 

stands for an average transverse momentum. As seen in Fig.3, the model with 

< k? > = 0.4GeV/c can reproduce fairly well the Pp distribution. Figure 4 

demonstrates again that the model with the diquark is quite consistent with the 

P T distributions. 

It is well known as a sea-gull effect that the average values of the transverse 

momentum have correlation with the longitudinal momentum. We try to check 

how well the sea-gull effect is accounted by the quark-diquark system coupled to 

the FF or LUND model with < A;T > = 0.4GeV/c. As seen in Fig.4, both models 

with the diquark can reproduce the data pretty well whereas the model without 

the diquark leads to serious defect for the baryon productions, i.e. h + (?r + p) and 

A. 

4 . SUMMARY 

Our quark-diquark fragmentation model can quantitatively describe single 

particle distributions of p-p collisions. Since we have fixed all parameters of 

the hadronization model, i.e. FF or LUND using the data e+e~ -+ hadrons, our 

model has no free parameters except the overall normalization. Through the 

model analysis, we clarified important knowledge on reaction mechanisms of soft 

hadronic processes as follows : 

(1) The diquark treated in this analysis is regarded as a single object not split

ting through interactions. 

(2) the diquark in a proton plays an essential role particularly for the repro

duction of longitudinal momentum distributions of baryons at large X?. 

(3) The quark or diquark in a nucleon has to retain the primordial average 

transverse momentum, 0.4 GeV/c being almost equal to the transverse mo

mentum arising from the quark (diquark) fragmentation process. This sug-
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gests that both transverse momenta have a common origin due to quark 

confinement. 
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J. Lipkin 
There axe suggestions that SU(6) symmetry is broken in the part of the wave 

function where one quark has a large momentum relative to the other two quarks. This 
is motivated by reasonace events of electromagnetic form factors, near x = l , where the 
ratio of neutron to proton form factors suggest such symmetry breaking. Have your 
checked for SU(6) symmetry breaking in you wave function? 
Hirose 

As far as looking at the single particle spectra, we can reproduce whole data quite 
well by using the wave function of protons for which the exact SU(6) symmetry is 
assumed. The production cross section of A + + predicted from the SU(6) symmetry is 
in good agreement with the data, within the present level of statistical error. In order 
to check the small amount of the SU(6) breaking. We should accumurate much data 
to which various kind of diquarks contributes. 
P . Wei lhammer 

How sensitive is this diquark model to the value of the strong coupling constant 
and in particular to the fact that it is close constant? 
Hi rose 

In the energy range which we have studied, AQCD seems to be constant. 
H . S i ebe r t 

There are many more data on which you can test your calculations, for example 
from the hyperon beam, one has hyperon production by protons and by E~. This 
would be most interesting. 
Hi rose 

Absolutely yes. In the p-p collisions, we can check only the diquark systems con
sisting of u- and d-quarks. If we use hyperon beams we will check the role of diquarks 
containing the s-quark. 
M . Asa i 

How is the results of LUND model for the single particle production? 
Hi rose 

. We also tried to calculate the single particle distributions using the LUND Model. 
However, the difference between the Field Feynman and LUND Models is not significant 
if you take into account the statistics of data. 
K . Sugano 

Have you ever tried the cluster fragmentation model which is quite successful in 
e+e~ annihilation? 
A. Likhoded 

I suppose that you have to set the .same spectra for p —»• 7r+ and p —*• it~ in exact 
SU(6). 
Hi rose 

No. Because we have three diquarks which contain a u-quark i.e.(ud)o, (ud)i , (uu)i, 
where the suffix stands for the spin whereas only two diquarks contain a d-quark. We 
actually obtained the higher production cross section for ir+ than for ic~. 
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The topics we wish to address in this review are: (a) Why spin singlet P-
states (iPj)? (b) Why hadronic transitions1? (c) Brief remarks about QCD 
multipole expansion1**. (d) Predictions concerning T"-*r(l1P1 )mx [rate and 

mass distribution], *"-»•( liPjjTT rate [note *"-W(l1P1 )TTIT is kinematically 

forbidden], the rate *"-»J/*n° where there has been significant Russian work3 

by the ITEP group, and finally our estimate based on the Kuang-Yan model1 of 
the quantity rWliPj^PP) X BR(<P(1 iP^-tJ/fnrT) X BR(J/¥»-*e e~) which can be 
compared with the recent ISR data* published in 1986. 

Spin Singlet P-States - lp^J =1 1. None has been seen unambiguously in 
the heavy quark QQ system despite some recent tantalizing experimental hints. 
Its existence has to be established. There is substantial theoretical 
interest6 in this system since in the Charmonium theory, the location of these 
iPj states is a test of our understanding of the spin-dependence of the 
interaction between a heavy quark and a heavy antiquark. For instance the 
spin-orbit interaction 

£.§* = 0 (S = 0, for a spin-singlet) 

while the Fermi hyperfine interaction giving rise to a spin-spin term vanishes 

because it can be cast in form 

and the wave function <J>(0)=0 for P-states. Therefore no spin dependent force 
acts on these *P states. Hence to a very good approximation, the mass M(1P.) 
is predicted to be close to that of the center of gravity (c.o.g.) of the spin 
triplet states 3P. t Q. This is a prediction which needs to be checked, since 
it contains essential information about the nature of spin-dependent force. 

Why Hadronic Transitions and 1P. States? The ^P. states cannot be directly 
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produced by e -e collision (wrong parity); they cannot be reached by single 
photon transitions from higher spin triplet S-states—it requires two photons 
to change parity and spin. Hence the simplest way to produce *Pj states is by 
hadronic transitions as stressed by Eichten-Gottfried and Yan*. Kuang and Yan1 

first proposed a detailed model calculation of 

T(3S) -*T(l1P1)Tm BR a 1* 

El | ^ n Y BR a 50* . 

The recent CLEO data8 offered tantalizing hint of the possible existence of a 
T P P ^ via the transition T O S J - U T V T U I P J ) based on 335*135 events (s2.5o-
effect) at 9.8948±0.0015 GeV/c*• This corresponds to a branching ratio of 
order (0.37±0.15)*. in order of magnitude agreement with the earlier Kuang-Yan 
(KY) theoretical prediction!. 

QCD Multipole Expansion. In QCD a hadronic transition proceeds as follows 

(QQJj -• (QQ)f + gluons 
| v. light hadrons 

where very often the gluons emitted are soft. Typically the small size of QQ 
is stated by the condition ka < 1 where k is the gluon energy and a is the 
"size" of the QQ system. The situation is quite similar to electromagnetic 
multipole transition in atoms, except the gluons exchanged carry color, hence 
in order to convert to light hadrons TT, n, etc. a minimum of two gluons is 
needed. We write the matrix element for the above transition in factorized 
form as 

Matrix element = (QQ) x (gluons) (1) 

where the potential model is used to calculate the heavy quark piece (QQ), 
while PCAC, anomaly, and the parton model is used to compute the (gluons) 
piece. The Hamiltonian involved H =QA - "cf.1? - "m.H.. .is also very much like 
that in quantum electrodynamics. 

The KY (1981) work* used decay widths data input for t'-kJ/YrTTT (r=108±7 
KeV) and <e*-*J/'/»n (r=5.8±0.4 KeV) in their analysis. Since H>'-*J/<mx is 
electric E1-El transition while </>"-*J/<J>ri involves the magnetic Ei-M2 

transition, approximation is needed to make progress. KY* proposed that all 
hadronic transitions can be approximated by two-gluon emission in the spirit 
of the parton model. Hence <P'-*J/Vim is approximated by •*^J/*glga> leading to 
oi = g|/4TT a 0.5, while •"-KJ/*TI0 is approximated by +'-»J/*(g1g8)0- leading 
to a value for « M = SS/4TT a 5. The difference in value between ot- and OL̂  

reflects their different modes of hadronization. In fact we believe that 

for m transitions g|/4n* = g£/4TT a 0.5 while for transitions to the 

single IT0, n° the uncertainty lies in the range 1 < gS/g| < 10. 

Comments.' There have been a number of questions raised concerning the 
validity of the KY approximations particularly by M.B. Voloshin7. We address 
them briefly here. (1) If m_=0, the gluon approximation is good for the TTTT 
transition—they have the same energy dependence for r. .. (2) m ^ 0 is not 
a big effect and can be estimated by the ratio defined By 
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r • /dMm di~(mn ' 0)/^mt WZ (mn " °> 
Ttrr TTTT 

we find for <i>'-*J/<i>mx (r=0.53) ,'*(llP1)-*J/>enTT (r=0.26), T'-^TTTTT (r=0.5), T"-*rnTT 
(r=0.77), T"-»T(llP1)TTrr (r=0.22) where the masses for ^UiPj) and T U ^ ) are 
taken to be at the c.o.g. of their respective triplet P-states. In the worst 
case of T"-*r(liP1)Tm* the effect is 0.22/0.53-0.42 when compared with the 
benchmark transition •*-*J/*nrT. Remember it is the relative values of r that 
is important. (3) The number of color and polarization degrees of freedom is 
an overall factor which can be absorbed in a redefinition of a . (4) 
Approximation of ri by g xg 2 is not ideal. The difference in phase space for 
<t>'-*J/^r\ and T*-#m is [p (+')/p (T*)]3 = 6 using the physical masses; and it is 
[AM(+")/AM(T* )] 7 = 1.42 using the two-gluon approximation. However these 

discrepancies remain within our acknowledged uncertainty in 0LJl<cL/a_<10). 

(5) It is difficult to compare KY directly with the Voloshin-Zakharov-Novikov-
Shifman7j8 (VZNS) approach for T(3S)-*r( l1P1)Trrr rate since VZNS did not propose 
a model for the heavy quark QQ piece of the factorized matrix element given in 
Eq. (1). Because of space limitations for these Proceedings, other technical 
details of the comparison between KY model and the VZNS approach will be 
published elsewhere. 

Predictions. (I) The KY modeli predicts for the EJ-MJ transition T(3S) -* 
T(l1P1)TTrT a branching ratio -0.1-1.0*. We have computed the TOT mass 
distribution and this is shown in Fig. 1. Note the dipion M is peaked at 

TTTT 
low masses. (II) For the isospin violating decay TtSSHTt^PjjTT , the u 
matrix element can be related to the axial anomaly9 [using PCAC] by 

<rr°|g3?a.r|o> = fflL 
m i 

m, + m 
d u 'A 

nr"-¥r(i1P1)n°) 

r(T"-*r(i PJJTTIT) 

0.05 

20 

(W KY 

VZNS 

(2) 

where the g* on the l.h.s. of Eq. (2) is replaced by ggg„ in the KY-model, f 
s 130 MeV is the pion decay constant, and we shall use for (m ,-m )/(m.+m ) tne 
value*° o.3. This leads to u U 

(3) 

Here the KY approach leads to predictions very different from VZNS, since 
Voloshin7 suggested that TfSSj-flrUiPjVn* could be substantialn. Despite the 
relative paucity of event rates for the T-system when compared with the f-
system, and the problems associated with IT detection, it is clearly important 
to check experimentally which of the two transitions given by Eq. (3) actually 
dominates. Other predictions using PCAC and anomaly yield absolute rates. 
For instance r(<?'-•*(l^jTT0) = 0.12(0^/0^) KeV, r W l i P j )-*J/*TT°) = 0.3(^/0^) 

KeV, leading to B R ^ ' - ^ H P ^ T T 0 ) = 5 X 10~4(«M/«E) and BR(*(liP1)-*J/<rtr°) = 7 x 

lO-^Ojj/ag). The Crystal Ball Data12 currently setsBRt+'-WlliP, )TT°) < 

0.46* (95* C. L.). (Ill) We next relate y'->3/<m° and *"-+J/<Pn° in the 
framework of the Voloshin-Zakharov (VZ) approximation8, together with PCAC and 
anomaly. First we note that the E,-M2 transition *"-»J/*Tt has matrix element 
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~ <TT |g2E D B |0>. In the VZ approximation, we write <TT°|E^D BJ*|0> = 

< T T ° | 3 X ( E J B £ ) | 0 > - <n°|DJlE*Bj|0> * i p t < l t O | E ^ ( 0 > = i ( l / 3 ) p k <TX°\^^\0>. The 

VZ approximation comes from dropping the term <rr |D E B. |0> in t h i s chain 
a 

because by Gauss' law 0 E i s equal to the color densi ty of the quarks, and i t 

therefore contains add i t iona l power of g | which could be smal l . Analogously, 

we can wri te *"-»J/*n°~i(qk/3) X <n?|'Eva.'B'^|0>. Using anomaly r e l a t i on Eq. (2) 

above, we have 

<n°\s%*.F\o> - 55? f JLJ51 f n V < n ° l ^ . ^ | o > = £L f . 
r J2 Lmd+ muJ nTT E 76 W 5

 (4) 

where flavor SU(3) symmetry is used to set f ~ f . Eq. (4) then gives3*8 

nwrt\ A_A \2 ( q V ) (5) 
m,+m ,, L d u J 

The r.h.s. of Eq. (5) has values 52 and 29 for (m -m )/(m,+m ) = 0.3 and 0.4 
respectively. The experimental value13 is 27±9. A similar ratio for the bb 
system leads to r(T"-*Tn)/T(T'-*nr )~6« a prediction scaled up from the charm 
system and independent of the VZ approximation as well as the anomaly relation 
(4). Note that the ratio relation (5) is independent of the heavy quark 
matrix element piece of Eq. (1). 

3 r 0 -.2 
2 m ,-m 

TT_ _d u 2 

J2 Vmu *** 

Another test of the anomaly relation (4) is to consider rate ratio 

3 
r(»*-KJ/-KT°) r(»'-*J/»TT0) = 35 _1 ̂ M PTT 
r*(*"-»J/*nrr) ~ r(**-*J/*gg) 18 ft2 ctg ( A M )7 m2 

£* C 

For a p = 0.54 and m = 1.84 GeV, r(*'-»J/*TT0)/r(*"-HJ/tnTT) = 0.3 X 10~3(a„/a_) 
b _- C M B 

and 0.5 x 10 (a /a ) for (ra.-m )/(m.+m ) = 0 . 3 and 0.4 respectively. The 
experimental value13 for this ratio is - l x 10 . The discrepancy between 
prediction and data could be due to <*-^& A 1, hard pion correction to anomaly 
Eq. (4), and/or the use of Voloshin-Zakharov (VZ) approximation. 

Relation of »'-»•»(HP^TT0 to »*-»J/»TT0. Using the VZ approximation alone 

we find *'-**( liP^TT0 - <Tt° |'2a.3a|0> and «r-*J/W - Pk<Tr°|E
4a."3a|0>, hence they 

are proportional to the same gluon matrix element. Therefore, the 

rate ratios r(+"-*¥(l1Pl)TT
(}/r(**-»J/'m0) and r(*(l1P1)-*J/<m

P)/r(*'-»J/W>) are 
both independent of gluon matrix elements in particular independent of C L V C ^ . 

Numerically we find r(*"-*+(l 1Pl)TT°)/r(*'-*J/*TT°) = 3.7 and 

r(*(l1P1)-»J/'m
0)/r(*"-iJ/*TT0) = 9-3- Using next the experimental rate13 for 

r(+"-»J/*TT ), we have 
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r(*'-»'Ml1P1)TT
0) s 0.8 KeV, BR(*"-**(l1P1)Tr

0) s 0.37* (6a) 

r(*(l1P1)-*J/'/^T
0) s 2 KeV, BR(^(1 1P 1)-KJ/W

)) « 0.5* (6b) 

The branching ratio prediction (6a) is exceedingly close to the upper limit 
established by the Crystal Ball Groupiz that BR(«/»*-»*(1»P1)TT0) < 0.46*. thus 
raising the question as to how good the VZ approximation really is? 

Finally we wish to consider (IV) pp-»Hlip ). The ISR experiment4 gave 
preliminary indications of a "^(liPj) state with mass 3525.4±0.8 MeV/c2 and 
with 

r(+(l 1P 1 ) -*pp) X BR(*(11P1)-»J/+ + TTTT. J/<N*e+e~) 

.150 eV (7) 
0.135 ( +0. 

- 0 . 060 eV 

For comparison with ISR data of Eq. (7)_we need to be able to estimate (i) the 
rate r(*(liPl)-*J/*mr), (ii) rffUiP^-nip), and (iii) the total width for 
•(HPj). Under (i) the rate n+UtPj )-*J/<mT) ~ r(*(liP1 J-tJ/Yg^j) in the two 
gluon approximation and is estimated to be 4.12 KeV for ct„ = a£ and 8.24 KeV 
for aM = 2a„. For (ii) on r(*(l1PJ )-*pp), we assume that this annihilation 
rate is proportional to the gluon annihilation rate, and hence can be 
estimated using the experimentally known rate for TJ -»pp. We normalize to 
ri -*pp since like +(l1P1)-*pp, the decay violates helicity conservation

6 and 
hopefully these (chiral) effects cancel upon taking the ratio of their rates. 
Thus 

r(+(l 1P 1 ) -»pp) r (* ( l 1 P 1 ) -*3g ) 
• « • 

r(nc-»pp) r(Tic-»2g) ( 8 ) 

2 

= ^ s ! : ! 7 X ^ * n [ 4 m 2 / ( 4 m
2 - «J l H / f a f o g t O ) | 8 / M < V

a . 

Taking a (M IP. ) = 0 .22 (corresponding to a (M ) = 0 . 1 7 ) , and taking r(ri-»pp) 
S S I o 

from dataia, we have r(l1P,-»pp) = 0.014ir(n-»pp) = 0.186 KeV. 

* c 

Under (iii) the total width is given by 

rtot(*(l
1P1)) = r(*(l

1P1)-*J/«miT) + r(*(l
1P1)-*TicTnr) + r(*(l

1P1)-+light hadrons) 
+ r(*(llP1)-»m ) + r(<e(l

lP1)-*Ygg-*Y + light hadrons) 
O) 

We have already estimated the first term on r.h.s. of (9). The second term 
r(+(l1Pl)-*n niT) is an E1-E2 transition which we believe to be of the same 
order as the E1-M1 rate r(*(l

1P1 W/WTTIT) . Hence r(*(llP1)-*n m ) is also about 
a few KeV and we write the two terms collectively as r(<MHP°)-»J/'fTm) + 
r(*(l1Pl)-*ncnrr) = 10 KeV (o^^) and 20 KeV (0^=20^). 
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The r(*(liP1)-»light hadrons) piece is estimated in terms of gluon 
annihilation rate as r(*(l1P1)-»light hadrons) = r(*(l

1P1)-»3g). Lepage and 
Mackenzie*"* pointed out that QCD corrections to 'the ratio r(T-+Vgg)/r(T-»ggg) is 
small. Hopefully tree level formulas to calculate ratios are reasonable. 
Analogous to Eq. (8) we calculate the ratio r(»(l1P1)-*3g)/r(J/V^3g) in the 
tree-approximation*6, but then set T(J/V-*Qg) to the value given by 
experimental data. This gives 

r(*(l1P1)->light hadrons) = r ^ l
1 ? )-*3g) = 53.7 KeV. 

The Ej transition nfUiP^-vmn ) can be computed in the potential model. 
It gives, at least at a naive leveS r(*(1 *Pl)-*m ) - 660 KeV. However, the 
naive calculations of Ej rates for the *-family seems to give rates about 50* 
to 100* too large for the observed transitions16. So we take as an estimate 

r{+(lV)-»Tm ) ~ 330 KeV (10) 
l c 

There is finally the contribution due to ̂ (l1? )-*Y+gg-*Y + light hadrons. 
This is again not expected to be an important contribution to r ^.Wl 1?!)), 
and we estimate its order of magnitude by1B 

r(*(l1P1)-»Y+gg) = ^r(*(l
1P1)-^3g) = 5.91 KeV. 

s 

To summarize: 

r t Q t ( ' P ( l 1 P 1 ) ) ={ + 5 3 . 7 + 330 + 5 . 9 = \ (11) 

1 0 ( 0 ^ = ^ ) / 4 0 0 KeVfa^otg) 

+ 53.7 + 330 + 5.9 = I 
.20(0^=20^) U l O KeVfa^ctj,) 

It is interesting to note that if *(llP1) is found, our prediction is that 
the Ej transition </>(l1P1 )-*vn will have branching ratios -80*. thus it will 
dominate decay over all other channels. 

Putting all the pieces together, we obtain finally for comparison with ISR 
data* 

rOMl 1? )-»pp) X BR(*(11P )-*J/<KTTT) X BR(J/fMe'e ) =i "* " (12) 
'".26 eV (0^=2^) 

iv ,-C 13 eV (a^ctg) 
Despite the theoretical uncertainties in making this estimate, we did obtain 
(delightfully) the correct order of magnitude when compared with data (Eq. 
(7)). 

Conclusions 

In this brief report, we have studied and estimated various rates for_both 
*(11P1) and T(1 1PJ) produced in hadronic transitions and for f(l1P1) in pp 
annihilation. Within the framework of QCD multipole expansion, despite the 
theoretical uncertainty due to the lack of sufficient information concerning 
magnetic transitions which are partly responsible for the pro-, t r*ion of 1P1 

states, we are able to estimate these rates to within one ora, jf magnitude. 
It is therefore important to keep in mind that many of the rates presented in 
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this paper are order of magnitude estimates. We have commented briefly on 
Voloshin's critique of the earlier KY work, it is our opinion that since VZNS 
did not propose a model for the heavy quark matrix element, it is difficult to 
compare the VZNS approach with KY when discussing the absolute rate for 
T(3S)-*r(liPl)inT. However by invoking anomaly relation and PCAC, a meaningful 
comparison of the two approaches can be made by comparing the ratio 

r(T"HT(i1P1)TT
0)/r(T"-+T(i1P1)TTrr) 

which is very large in VZNS and relatively small in KY model; this ratio is 
much less sensitive to the heavy quark piece of the matrix element for 
transition. We have computed the TtrT spectrum in TfSSj-^T^PjjTtTT which showed 
the unique feature that the dipion mass is peaked at low masses. For the 
single IT, n emission case, we have found the interesting relationship that 

r(T'-rm°) _ r(f-»J/W)) 
r(T--mr°) r(i>'->J/w0) 

this relationship is independent of most approximations and the anomaly 
condition. An interesting approximation proposed by Voloshin and Zakharov8j3 
has been explored further to relate many isospin violating TT transitions 

involving HPj to the known rate of *"-*J/tTT . The rates for V"-#(11P1 ITT and 

<p(l 1p1)-*J/ttT are large. In fact, the predicted rate for Y'-W'mPj )TT is so 
large that it is barely consistent with the existing data*2. Clearly a top 
experimental priority at Mark III and BEPC is to settle this issue through a 
thorough search for *"-»JP(1:P1)TT • Finally in estimating the total width for 
• (1 Pt) we found that the Ej transition •(11P1)-»YTI is overwhelmingly dominant 
over all other channels. 
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J . R o s n e r 
Your result on 7(3S)—• TTK 1 P i , in which the irn mass spectrum is peaked at the 

low end, comes from the fact that the TCI: system should be J p = 0 + , and the 1" —>0+l+ 

transition must proceed with final 1=1 between the dipion and the xPi state. This 
peaking, peculiar to this transition, may allow one to strengthen the 1 Pi signal by 
selecting dipions with particulaly low mass. 
T u a n 

Thank you for pointing out this useful experimental signature which we have not 
recognized hitherto. 
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ABSTRACT 
With the basic concepts of the quark model formulated 

in the light-cone Fock approach we present a relativistic model 
of the nucleon and pion valence-quark structure. This model, 
together with the concept of scale dependent effective quark mass 
provides a unified description of basic low- and high- momentum 
transfer properties. 

1. INTRODUCTION-WHAT IS A REALISTIC PICTURE OF HADRON STRUCTURE ? 
In current quark phenomenology there is a picture of hadron 

having a decomposition into Fock space states which in general 
consists not only valence configuration q"q" or qqq, but also a 
sea of quark-antiquark pairs and gluons. QCD as the underlying 
quark-gluon field theory, when cut off at some scale' (A, , produces 
an effective field theory of quarks with parameters, e.g., quark 
mass, quark form factors, etc., which depend on the scale u-. 
The usual constituent quark model (CQM) corresponds to the 
effective field theory which is cut off at a scale of the order 
of 1 GeV with the effective quark mass (the constituent mass) of 
the order of 330 MeV. At this scale the Fock expansion can be 
approximately saturated by the valence quark configuration 

With these elements of the current belief in mind in this 
paper we argue that the following concepts are essential for a 
realistic picture of hadron valence-quark structure: 

(a) Effective quark mass .-Valence configuration q"q" and qqq 
consists of quarks with effective masses which depend on scale j-C. 

(b) Universal hadronic scale.-There is a universal scale of 
QCD 2,1 fm relevant to all light-hadron properties. 

(c) Spin-parity assignments.-The pion and nucleon valence 
configurations have standard quark model spin-parity assignments. 

It is becoming widely accepted that the world of light-quark 
hadrons is intrinsically relativistic, even in the CQM (low-Q ) 

-222-



1-2 picture. As it has been convincingly argued the universal 
hadronic scale invalidates the nonrelativistic approximation used 
in the usual^CQM. On the other hand, results from both lattice 
calculations and QCD sum rules demonstrate that the light 
quarks are highly relativistic in the valence state wave 
functions, as seen at large momentum scales. All these mean that 
for any realistic picture of hadron structure one must remove the 
nonrelativistic approximation usually used in the quark model 
approach. 

II.RELATIVISTIC NUCLEON AND PION5WAVE- FUNCTION MODEL 
We use Dirac's light-cone formalism, which provides a 

consistent relativistic framework in momentum space in terms of 
Fock-state basis defined at equal-x =t+z, rather then the 
conventional equal-t wave functions. With the valence-quark-
dominance assumption, hadron wave functions are taken to be 
simple relativistic generalizations of the nonrelativistic 
constituent quark model. In view of the relativistic motion of 
the light quarks, the,momentum distributions are taken as a 
relativistic Gaussian i T?2- .^ 2- „ 

{ A exP{ -H ^ ^ / 8 | 3 2 } (la) 

1 l' -*-i » _..„r _K*-i Vt ; +vn, i c . *• A,exp{ -V 4 icii^t /6oi2) (lb) 

for pion and nucleon, respectively. 
To determine the relativistic spin wave functions we need 

some approximation to deal with the problem of the angular 
momentum in the light-cone dynamics. To this end, we construct 
the spin wave functions in terms of the conventional Clebsch-
Gordan prescription for free quarks, but with the total energy of 
the free quarks taken to be the hadron mass, i.e., £Z P£"" —PP£• 
For free spin 1/2 constituents the one-particle instant (equal-
time) and light-cone (equal-x7) states are related by the so-
called Melosh transformation. With this relation, we get the 
following model ~ the Lorentz invariant light-cone wave function 

HV*i'*Xi» *i> = ^<xi»TLi> XH(x1,T?Li,A:L)/( n
x i > 1 / 2 . (2) 

where _^ 
^'r(xi,k11, Aj^) = "uX/t(% + Pr^)tfj- v>a_ for pion, (3a) 

Ti^i^J-i' ^ P = V1'1'̂  + V̂ '̂  for n u c l e o n» <3b> 

1,2, and 3 are collective momentum-helicity indices -
(x., "k*j,, \ . ) , i = 1,2,3. u^ and v x are the light-cone 
spinors of Ref.10. 

Note in (3) the coupling between the relative momenta and the 
quark helicities. Furthermore, the wave functions (2) depend on 
two parameters, viz., the effective quark mass m and the momentum 
state scale factors cK and fi ,respectively, which are to be of 
the order of the universal hadronic scale. 

with 
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III.LOW-Q2 MEASURES OF HADRONIg WAVE FUNCTIONS: SOFT FORM FACTORS 
Now we start at very low-Q << 1 GeV and fit the static 

properties of the nucleon and pion using wave functions of the 
form (2) where the quarks are given their constituent masses m = 
330 MeV. Our results are given in Tables 1 and 2. We are not 
surprised that with the universal scale <=*; ~ p>c=.320 MeV all 
static properties but the charge radius of the neutron are 
described to an accuracy of 10 %. It is interesting to note that 
relativistic kinematics in the three-quark nucleon state yield a 
contribution to <r >Vl- of the correct sign but a factor of two too 
small size. However, it is known that <r >1/z- is a sensitive 
measure of the interquark interactions and receives sizable 
contributions from spin forces in the dynamics or from pion 
cloud 

Table 1 Nucleon magnetic moments (in nucleon magnetons), 
charge radii (in fm), and g./gv; Experiment: 

j y 2.793, ^ = -1.913, <r ^ = 0.84 (Ref.18), 
<r >£- = -0.34 (Ref.18) , gA/gy = 1.23. 

200 240 280 320 360 400 

f*T 2.91 2.89 2.85 2.80 2.76 2.70 
H"*"- -1.87 -1.83 -1.79 -1.73 -1.68 -1.63 

<r,^L 1.14 1.00 0.90 0.83 0.78 0.73 
<r >•£ -0.11 -0.13 -0.14 -0.15 -0.16 -0.17 
gA/gy 1.47 . 1.38 1.30 1.20 1.10 0.99 

Table 2 Pion charge radius (in fm) and f^ (in MeV) 
Experiment: <r >£ = 0.66 (Ref.19), fT = 93. 

< r >7r
t 

200 

0 . 8 2 
91 

240 

0 . 7 4 
98 

280 

0 . 6 9 
99 

320 

0 . 6 4 
93 

360 

0 . 6 0 
82 

400 

0 . 5 7 
64 

0ur?next objective is to consider the proton and pion form 
factors in the same CQM approximation (m = m = 330 MeV). 
We emphasize the point made earlier that the light-cone wave 
functions have the form2(2) which is„valid in an arbitrary frame. 
Then the Drell-Yan form at Q -"q^ 

F(Q2) =Z^([dxJ[d2k_L]v^(xi,t^i+(§t;ot-xi)^,>1)^(x1,tLi,>:l) (4) 

gives an exact expression for the valence constituent quark 
contribution. It leads to a parameter-free prediction, if the 
momentum scale factors are chosen to fit the static properties, 
i.e.,**-* p>~320 MeV. We find that the resulting the so-called 
soft contributions^ to F-n- and Gp reproduce the data extremely 
well up to scale Q Q ^ 3 GeV and 2 GeV , for the nucleon and pion 
case, respectively {.see Figs.1-2). Note that the similar 
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observation for pion was made in Ref.22. We conclude that by the 
characteristic (quark) scale }-*- ^- Q /N ?cl GeV (N - the number 
of constituents) the CQM picture of hadron starts to be invalid. 

Now, we' emphasize the point made earlier that the CQM 
corresponds to QCD cut-off at some low-energy scale £i 1 GeV. 
Probing the hadron at higher Q we activate more Fock-space 
components. This brings about a redefinition of the effective 
field theory parameters. We will show below that there is an 
experimental evidence that in the valence sector all effects due 
to it can be absorbed into the dependence of valence quark 
parameters on the scale Q . 

IV.HIGH-Q MEASURES^F HADRONIC WAVE FUNCTIONS: HARD FORM FACTORS 
It was observed that a hadron form factor at large Q is a 

sensitive measure of the valence quark distribution. It is given 
by the QCD factorization formula 

F(Q2) = J [dx dy ] «i>*<y.Q) TH(x,y,Q) <j)(x,Q) 

where T„ is the scattering amplitude calculated with hard gluon 
exchanges and 

4D(x,Qx) =5[d
2kx] H^al^i'^Li'V ©<*ii < O ' (5) 

is the probability amplitude for the valence quarks with 
fractions x to combine into the hadron with relative momentum up 
to the scale Q = Q min{(l-x )}. By definition, <J>(x,Q ) is 
determined by long-distance structure of hadron. By use or the 
factorization theorem, Chernyak and Zhitnitsky have demonstrated 
that perturbative QCD predictions account for the sign and 
normalization of the nucleon and pion electric form factors at 
Q >>Q n if the corresponding valence quark distribution 
amplitudes 0 (x.,Q) are broad in fractions x. and highly 
asymmetric. Imposing constraints from QCD sum rules, Chernyak and 
Zhitnitsky have constructed the nucleon and pion distribution 
amplitudes with the strong asymmetry, i.e. a larger part of the 
hadron momentum is carried by one quark. Chernyak - Zhitnitsky 
model distribution amplitudes give oerturbative predictions for 
Ffl- at Q %J 5 GeV and for Gp at Q ^ 2 0 GeV consistent in sign 
and magnitude with experiment (See Figs. 3-4) 

Our model (2) shows that the asymmetry originates from the 
non-static relativistic spin wave functions and gives (after 
[dkj. ] integration in (5)) the following valence quark 
distributions. g 

For the pion A 9 7 9 

4>^"§) = 9ir[7s + * "v +< *» - 2X1 - y > / 4 i > ( 6 ) 

where 'nf = m/2f> , In^ = m ^ ^ p , ^ = xi ~ x2 a n d fyf* 
exp{ - 2H"toj /x.}. A particularly striking feature of the 9i 
relativistic quark model prediction is the existence of zero in 
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1. Introduct ion 

Many papers (about 30) related to my talk have been submitted to this Conference 
and eleven oral talks about the experiments with hadronic reactions have been given 
in the session of the light quark spectroscopy during the Conference. The given title 
should cover the experiments- which have- studied mesons, baryons and exotics such 
as glueballs (gg), hybrids (qqg) and multiquark states ((qqqq) etc.), and furthermore 
include those performed by using many kinds of incident beams, 7r, K, p, 7, p and S~. 
The field to be covered is so wide and the experiments to be reviewed are so many 
that I have been forced to select the experiments. Therefore, I shall be able to survey 
only a part of many experiments. I will place emphasis on the investigation of a meson 
sector, particularly of glueballs and other exotic states. 

' We. have already had prime candidates of glueballs and other exotics. They are 
t/77(1460), 0//2(172O), etc.. However, most of them have very often the same spin-
parity as the ordinary mesons which are composed of quark-antiquark pair (qq). This 
makes it complicated to identify the exotic candidates as truely exotic. We need 
complete information of each (qq) nonet. A state which cannot be assigned as a 
member of the relevant nonet is considered as a hopeful exotic candidate. Furthermore, 
the state has to satisfy some conditions which it should have. In the case of glueballs,. 
they should have the following general characteristics; i) they are copiously produced 
in OZI-forbidden reactions such as J/\& radiative decays, ii) on the other hand, they 
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are little produced in OZI-allowed hadronic reactions, iii) they are not produced in 
7 7 collisions, iv) they have properties of flavour independence in their decays, that is 
to say, they couple to u, d and s quarks equivalently, iv) they are flavor singlets, and 
so on. The property of ii) is not so simple. Whether glueballs could be produced in 
hadronic reactions or not has been investigated. [1] On the other hand, they often mix 
with the ordinary quarkonia which have the same quantum number. Therefore, they 
will be able to be produced and decay via their quark component in hadronic reactions. 

Another direction is to search for states with clear exotic signatures, for example, 
exotic quantum numbers. Mesons with the isospin of 3/2 or 2 and those with Jpc = 
1 - + can be never formed by quarkonium (qq). Therefore, if the states with the exotic 
quantum numbers are discovered, they are certainly exotics. This direction to search 
for exotics has just started, as are reported in this Coference. 

Exotics can be well studied and identified by combining information not only from 
hadronic reactions but also from e+e~ production and 77 collisions. The latter is also 
reviewed at this Conference. [2] 

I will regard as 'new' not only data submitted to this Conference but also those 
reported elsewhere within about a year. However, -all of the latter will not necessarily 
be picked up in this talk, as mentioned above. 

Since last year, the new nomenclature [3] has begun to be used. However, it is 
not familiar enough to us yet and is even inconvenient sometimes, for example, in case 
that their masses and/or spin-parities have not been determined yet. Therefore, when 
necessary, I will use new names attached by their old ones. 

2. E / f i (1420) a n d 4/77(1460) Reg ion (J" c = 0"+(2S) , 1++ a n d 1+-) 

In this region we have had a most promising glueball candidate, 4/77(1460), which 
was found in J/1!' radiative decays[4]. On the other hand, the 'E' has been reported near 
1420 MeV in hadronic reactions[5,6,7,8]. They have troubled us as the long-standing 
E/4 puzzles for the past several years; what is its spin-parity, 0 - + or 1+ +?, what are 
its decay modes, 5/ao(980)7r and/or KK*?, are the E and 1 the same state?, is the 1 
really a glueball?, etc.. They have been investigated till now in two types of hadronJc 
reactions, a forward production and a central production. Two typical diagrams for 
these reactions are shown Fig.l a) and b), respectively. These two are considered to 
have different production mechanisms[9]. In general, exchanges of mesons are dominant 
in the forward production diagram of Fig.l a), while collisions of a Pomeron - Pomeron 
or a Pomeron - meson are thought to be dominant in the central production diagram 
of Fig.l b). Therefore it is considered that the latter is a better glue-rich channel to 
look for glueballs. 

Forward production 
The KEK-E135 collaboration has presented data of n~p —• r77r+7r~n reaction at 

8.96 GeV/c[10], as shown in Fig.2. The results of the partial wave analysis (PWA) 
of the (T77r+7r~) system have been reported to be consistent with the previous results-

from the same reaction at 8.08 GeV/c[8]. The 1=0 pseudoscalar state has been found 
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in 5/ao(980)7r intermediate state at the mass of 1390 ± 10 MeV with the width of 42 
± 16 MeV. On the other hand 1=0 J p c = l + + is not significant in a.0ir. 

TheBNL-E771 collaboration has submitted da ta of ir~p -* K°K+7r~n at 8 GeV/c[l l] . 
The (K%K+ir~) system has been investigated in three different -t' regions (0.0 ~ 
0.2,0.2 ~ 0.45 and 0.45 ~ 1.0 (GeV/c)2) . The results are shown in Fig.3. The 
JPG = 0 - + ao7r and K"K states have been found near 1420 MeV and the latter is 
claimed to be dominant. The 0~*+ ao7r and 0~+ K"K can be said to be a single reso
nance coupling to both channels from the consideration of their phase motions relative 
to the 1 + + KK* wave, though their peak positions are a little different each other. The 
center values for both the phase motions are about 1400 MeV, which is consistent with 
Ref.10. It should be noticed that the 0~+ wave is dominant in high -t ' region of more 
than 0.2 (GeV/c)2 . They also show the peak of 1++ K 'K at 1512 ± 10 MeV with the 
width of 40 ± 20 MeV. The l + ~ wave also peaks in the 1400 MeV region, though they 
have not concluded that it is resonating. 

The LASS collaboration has presented data of K~p -* K^^ir^A at 11 GeV/c[12,13]. 
The PWA of (KfK^ir*) system has been performed. The results are shown in Fig.4. 
They have confirmed J P G = 1 + + K*K state at 1530 MeV with the width of ~ 80 MeV, 
and presented first data of l + ~ K 'K at ~ 1400 MeV near threshold in the K~p reaction. 
Both states are consistent with the BNL data[ l l ] in the 7r~p reaction. The E/f1(1420) 
has not been seen in their analysis. 

It will be able to be said that the 1 + + E is not seen in the forward hadro-production. 

Central production 
The WA76 collaboration at CERN has studied the reaction of P(TT+)P —• p(7r+) 

KfK^TrFp at 85 GeV/c[14]. The PWA of (Jf°ff±ir*) system has shown J P G = 1 + + 

K*K at 1420 MeV and a small 0~+ contribution of K'K and ao7r. The results are 
shown in Fig.5. They have investigated the possibility of l + ~ or 1 _ + , but it seems to 
be unlikely. 

3. D / f x ( 1 2 8 5 ) and 7/(1275) Reg ion ( 0 ~ + ( 2 S ) , 1++ and 1+-) 

In this region D/fj(l285) has been known as an established state for a long time 
and it has been reported by two groups that another state, r/(1275), exists at almost 
the same mass[8,15]. The existence of the 7(1275) has been considered as important 
to solve the above E / t puzzle. 

The KEK-E135 collaboration has presented da ta of ir~p —• r)T+Tr~n at 8.96 GeV/c, 
as is described above[10]. The results are shown already in Fig.2. The PWA of (777r+w~) 
system has shown 1=0 1 + + and 0~+ (a0ff) near 1280 MeV. These results are consistent 
with the previous ones[8]. 

Data of 7r-p -> K°K-7r+n at 8 GeV/c have been submitted by the BNL-E771 
group, as is described above[ll | . The results are shown in Fig.3. They confirmed 
J F G = 1++ and 0-+ (K*K + aoTr) near 1280 MeV in the large -t' region of more than 
0.2 (GeV/c)2 . These results are consistent with those of KEK[10]. 

The 7/(1275) has been confirmed. 
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The reaction of n~p —* <jryn has been studied at Serpukhov[l6]. This reaction is 
a good analyzer of (ss) content for D/fi(1285) and E/f1(l420). They have found 20 
events of D —> 07 and had the ratio of E /D < 0.6. This shows that E and D do not 
belong to the same 1 + + nonet, because the E, an ss dominant state, has been expected 
to have a larger decay branching in the <jry channel. 

The KEK-E64/121 collaboration has presented data of n'p —• 7r+7r~7r°n at 8.06 
GeV/c[17]. The PWA of (7r+7T~7r°) system has been performed in four -t ' regions 
(0 ~ 0.1,0.1 ~ 0.25,0.25 ~ 0.45 and 0.45 ~ 0.95 (GeV/c)2). The results are shown in 
Pig.6. They confirmed the 1=0 1+" (pir°) state, 11/^(1190) near 1170 MeV. They also 
have obtained the parameters of A1/ai(1270). Its mass is about 1120 MeV, which is 
lower than the PDG value[18]. Recent data of r —• a.iUT decays in e+e~ collisions also 
show a lower mass value for the ai[19]. The mass of ai is still controversial. Evidence 
for 7r(1300) has not been obtained, which is consistent with the result of Ref.20. It 
seems to be strange that 7r(1300) has not been found in charge-exchange reactions, 
while it has been seen in some diffractive reactions [21]. 

4. 0/f2(17OO) Reg ion ( 2 + + ) 

We have now a good glueball candidate, #/f2(1720), which has been discovered in 
J / ^ radiative decays[22]. Whether the f2(1720) can be found in hadronic reactions or 
not is a good test for the interpretation of it as a glueball. 

The LASS group has presented data of K~p —> K+K~A. and K°K°A reactions at 
11 GeV/c[12,23]. Systems of (K+K') and (K°K°) h a v e b e e n investigated. The result 
of (K°K°) system is shown in Fig.7. No evidence for 0/f2(l72O) state has been found. 

The BNL-CCNY collaboration has studied data of (K°K°) system from the ir~p —> 
K°K°n reaction at 22 GeV/c[24,25]. They have not found evidence for the 0/f2(172O). 

These two results seem to strengthen that the 9 can be interpreted as a glueball or 
a state with a large glue component. 

Th GAMS collaboration has presented data of 7r~p —> 47T°n reaction at 38 and 100 
GeV/c[16,26]. They have claimed that the new state of (47r°) system has been found 
with its mass of 1810 ± 15 MeV, width of 170 db 30 MeV and cr.Br of-8 ± 2 nb, as 
shown in Fig.8. This state was previously reported in 7c~p —• rjtjn reaction[27]. On 
the other hand it was not found in n~p —* 7r°7r°n reaction, they have performed the 
spin-parity analysis of it and found it favors 2 + + . 

The 1=0 tensor states in 7T7r, KK and TJTJ channels have been investigated with 
the coupled channel analysis.[24,25] They have claimed that the five poles, f2(1270), 
f2(1525), 5(1690), f2(1810) and a broad high mass background, are necessary. 

5. £ / X ( 2 2 0 0 ) Reg ion (2++ or 4++) 

We have had two unusual states, f and g^s, which have been considered as glueball 
candidates[28,29]. The £ has been found in J/ \f radiative decays[28]. Three gjs have 
been found in the PWA of ($<!>) system in ir~p —> <f)<jm reaction at BNL[29], 

The LASS group has presented data of K~p -*• K+K~k and K°K°A reactions at 
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11 GeV/c, as shown in Fig.7[12,23]. The mass distribution of (K+K~) system has 
shown some structure near 2200 MeV and its angular distribution has given Jpc of 2 + + 

or 4 + + , not 0 + + . 2 + + is favored. Data of (K°K°) system have shown also a structure 
at 2200 MeV in mass and its J ^ is equal or larger than 2 + . 

The GAMS collaboration presented data of w~p —* nrj'n at 38 and 100 GeV/c 
previously.[30] They showed some structure in nrf at 2220 ± 10 MeV with the width 
of less than 60 MeV and its spin of 2 or more than 2, as shown on Fig.9. 

These results from two groups seem to show the £/X(2200) are unlikely a pure 
glueball, if the states from hadronic reactions are the same state as £. 

The BNL-CCNY group previously reported three tensor glueball candidates, g'rs, in 
the double OZI-forbidden reaction of ir~p —+ <fxf>n[29]. They have submitted final data 
to this Conference and confirmed the previous results[24,3l]. Their result is shown in 
Fig.10. Masses and widths are 2021 and 202 MeV for gT , 2297 and 149 MeV for g'r 
and 2339 and 319 MeV for gj., respectively. Their percentages going into the 2 + + S2, 
D2 and D 0 are 45, 20 and 35 %, respectively. 

6. Scalar Family ( 0 + + ) 

We have had some extra states in this nonet for the last several years. 
The GAMS collaboration has confirmed the G/fo(1590) in (7777) and (nn') sys"tem[16]. 

They have further presented data of (47r°) system in 7r~p reaction at 100 GeV/c and 
their analysis shows that a peak in (4w°) is identified as f<j(1590), a glueball candi
d a t e ^ ] . It has the mass of 1570 ± 30 MeV and width of 145 ± 40 MeV. 

The GAMS group has also presented new data of (7777) system in the same reaction, 
as shown in Fig.ll.[16]. They claim to have found a new isoscalar f0(1755) with the 
mass of 1755 ± 8 MeV and the narrow width of less than 50 MeV. 

Data of pp —* ppinr(KK) reaction were reported elsewhere from the AFS group at 
CERN-ISR and 1=0 narrow scalar states near 1 GeV have been discussed about.[32] It 
has been reported that at least three states, Si/fo(991),S2/fo(988) and e/fo(900), exist 
there. They have claimed that the Si(991) is a glueball candidate. 

7. Unusual States: U / X ( 3 1 0 0 ) , C//>(1470) e tc . 

The Hyperon Beam collaboration at CERN-SPS previously presented data of Xl~.Be 
—* Apnir + anything reaction at 135 GeV/c and showed the systems of (Ap"7r+7r+), 
(Ap7r+7r+7r~) and (Ap7r+7r~) had narrow peaks at 3.1 GeV with the width of 24 MeV, 
which was called U(3100).[33,34] The results are shown in Fig.12. 

The BIS-2 group at JENR subsequently confirrned this state in the reaction nA —* 
A p n - -f anything and added (Ap7r+)[35]. 

The U + must be exotic, if it decays via a strong interaction. [36] It may be a mul-
tiquark state with the minimum valence quark content (sudd). The interpretation 
of this state as diquonia, systems of a qq and a qq pair, has been discussed at this 
Conference[36,37]. 

The Lepton-F collaboration at IHEP has presented data of 7r~p —>• <f>T°n reaction 
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at 32.5 GeV/c[16,38]. The results are shown in Fig.13. They have studied the spin-
parity of (<j>x°) system at 1470 MeV and showed it favors l=l,Jpa=l . This state 
decays through OZI-forbidden diagram and has not been seen in n~p —> un°n reaction. 
Therefore they claim it could not be an ordinary qq meson. The details are discussed 
at this Conference. [37] 

8. Search for 1 - + exotics 

Search for the state with J p c = 1 - + is very important because this state can not 
be formed from an ordinary qq. 

The GAMS collaboration has presented data of ir~p —* T]ir°n at 100 GeV/c[26]. 
They have tried the PWA of the (T/7T0) system and found a P-wave contribution near 
1400 MeV, as shown in Fig.14. This state is considered to have 1=1, J p c = l ~ + . This 
state was also indicated a few years ago[39]. 

The E272 collaboration at Fermilab has presented data of pir and r)ir hybrid pro
duction via the Primakoff effect by 7r+ beam of 200 GeV/c. They have tried to look 
for a 1 - + hybrid, p, in the p7r+ and T]TT+ systems but not found evidence for such a 
state below 1500 MeV[40]. 

According to the prediction by N.Isgur et al.[41], the Q, photon collaboration has 
studied the reaction of 7p -• bf(l235)ir*n at 25 ~ 50 GeV[42,43]. The (bfTT*) system 
has been studied. 

9. pN Annihilations at Rest 

Data of pn —> 3TT+2K~ was presented by the BNL- AGS group, as shown in fig.15. 
Subsequently the recent analysis has shown that 1=0 £/X(1480) is dominant in the 
(p°p°) system of 27r+27r-.[44] 

Searches for narrow states have been performed with low energy pp beam at KEK 
and LEAR. The KEK-E68 collaboration has presented data of pp —> 7 + X reaction[45]. 
They have studied the inclusive 7 ray spectra for each charge multiplicity separately. 
The result is shown in Fig.16. The 4cr upper limit for the yield of pp —> 7 S is 1.2 - 0.2 
x 10 - 3 for the sum over the charge multiplicity. 

The LEAR-PS182 and PS183 have also studied baryonia search in the reaction of 
pp -f "fX^X^X* and K^X*. PS172 and PS173 have tried to search for the 'S' 
state in the reactions of pp —* pp and nn, and PS170, PD172 and PS185 have performed 
the £ search in pp —> K+K~, ir+ir~ and K°K°. They have not found eviedence for 
narrow states from these data[46]. 

10. Unestablished Mesons and Search for Missing States 

Many results have been presented to this Conference. I have been forced to select 
only a part of .them. 

Radial and orbital excitations of 1 
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The SI photon group has analyzed data of 7p —* p'(160Q)n reaction[42,47]. They 
have investigated the four decay modes of p', Tr+Tr~,pirir, A-K and TJTTTT in comparison 
to the data from e+e~ —• p'. They have claimed that the /9'(1600) could be divided to 
two p' states, p\ with mass of 1465 ± 25 and width of 235 ± 25 MeV and p2 with mass 
of 1700 ± 25 and width of 220 ± 25 MeV. px and p2 are considered to correspond to 
235i andl 3I?i , respectively. 

Higher spin states including strangeness 
The LASS group has presented data of K~p —* K~7r+n, K+K~k and K~rjp reac

tions at 11 GeV/c[12,48] They have performed the partial wave analysis and found the 
excited states of K*, .ff5*(2380), JC*(1410), ^ ( 1 7 9 0 ) and 1^(1950) in ( # - * + ) system. 
They have also found evidence for <£3(1860) in (K+K~) system. The (K~rj) final state 
shows selective coupling to ^ ( 1 4 3 0 ) and 1^3(1780) as shown in Fig. 17, which can be 
explained by the model of singlet-octet mixing of 77 and 77'. 

1 1 . B a r y o n R e s o n a n c e s 

The Hyperon Beam group has presented data of diffractive dissociation and inclu
sive reactions by 116 GeV/c H~ beam[49]. They have studied mainly the AK~, Ti°K~ 
and S~7r+7r— systems. Three new H*' have been observed: one at 1783 MeV in T,°K~ 
and E7T7r, a second at 2180 MeV in AK~, AK° and Eirir and a third at 1963 MeV in 
AK° of the inclusive reaction. Two £2" states have also found in the "EL-K^-K" at 2250 
and 2390 MeV. 

The LASS collaboration has studied the (E~TT+K~) system in the K~p reaction[12,50] 
The mass spectrum of (E*°(1530)ii!r"') has given a good candidate for S=-3 fi*~ at the 
mass of 2253 MeV. 

12. Summary 

• 77(1400) has been confirmed in 777r+7r~ and K°K~7r+ channels in 7r-p reactions. 
D'/f!(1530) has been confirmed in KKV channel in K~p and ir~p reactions. Jpc 

of 'E ' has been confirmed as 1 + + and not l + ~ in centrally produced reactions. 
Therefore we have now at least three 1 + + states in 1300 ~ 1500 MeV region of 
hadronic reactions. One of them, probably E, may be something new. The last 
missing member of the l + ~ nonet, H'/hi(1380) has been found. 

• 77(1275) has been confirmed in r]Tr+Tr~ and K°K~7r+ in 7r~p reactions. aj(1270) 
mass may be lower, ~ 1100 MeV than the PDG value. H/hi(1190) has been 
confirmed in 7r~p reactions. A clear signal of of 7r(1300) is not seen in the 7r~p 
charge exchange reaction. 

• 0/f2(172O) has not been seen in x~p and K~p hadronic reactions. Therefore an 
interpretation of 9 as a glueball has been strengthened. X(1810) is reported and. 
it has 3pa = 2 + + and width of ~ 170 MeV, and decays to 7777 and 47r°. 
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• f/X(2220) has been confirmed as 3P = 2 + or 4 + in hadronic reactions. 2 + is 
favored. It decays to K+K", K^K? and r\r\'. 

• G/fo(1590) has been confirmed in 7777, 7777' and 4ir°. A new narrow 1=0 scalar 
state, fo(1750), has been reported. It has the width of less than 50 MeV and 
decays to 7777. Three 1=0 scalar states near 1 GeV have been reported. 

• The interpretation of U/X(3100) has been discussed about. Zpc of C/X(1470) 
in (j>Tr° is determined as 1 . 

• X(1400) has been reported in ?77r0 channel in 7r~p reaction. It has a clearly exotic 
quantum number of 1=1, JPC = 1 - + . 

• £/X(1480) found in pa annihilations at rest has been studied. It has been found 
that its spin-parity is 0 + + or 2 + + and dominant in p°p° system. Narrow states 
have been looked for in low-energy pp beam with nagative results within the 
experimental sensitivity of about 10~3. 

• />'(1600) seems to be be able to divided into two vector states, 21S1 and 3 D : . 

• Two Jl" and three H* resonances have been found. 

Now we have the following table of the low-lying meson nonets. 

jrc 

o-+ 
1— . 

1+-

0++ 
1++ 

2++ 

0-+(2S) 
1"(2S) 

sLj 

'So 
3 S i 
x P i 

3Po 
3 P i 

3P 2 

21S0 

23S1 

1=1 

TV 

P 
B/b!(1235) 

5/ao(980) 
A1/a1(1270) 

A2/a2(1320) 

TT(1300) 

p(1465) 

1=1/2 

K 
K* 

Q/K!(1400) 
mix with 1++Ki 

K/K5(1350) 

Q / K I ( 1 2 8 0 ) 

mix with 1+ -Ki 
K5(1430) 

K(1460) 
K*(1410) 

1=0 

n 
u> 

H/h!(1190) 

e/f0(1300) 
D/f:(1285) 

f/f2(1275) 

77(1275) 

1=0 

rf 
4> 

H'/hi (1380) 

S*/f0(975) 
DVfi(1530) 

f'/f2(1525) 

77(1400) 
^(1680) 

As shown above, we have now had seven almost complete nonets of L=0(1S), L = l 
and L~-0(2S) in the last several years, though we have still many ambiguities. We 
know now that one of L=2 nonets, 3 , is also almost complete. Then we can now say 
firmer statements about the exotics. 

Some of ambiguities we have now are as follows. We have too many 1=0 scalar 
states. The present assignment may have to be changed. It cannot be excluded that 
5/f0(980) and S*/fb(975) could be 4 quark states. Other three L = l nonets, 1++, l+~ 
and 2 + + , lie in the mass region of 1150 ~ 1550 MeV. 

1=0 tensor states are also too many. However it seems that the present assignment 
will not be changed. 
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aj(1270) may have a lower mass value, which will affect the mixing scheme of this 
nonet . TT(1300) has been observed only in diffractive x~p reactions and not in charge 
exchange reactions. 

Extra states 
We have some extra states which cannot be accomodated in appropriate nonets at 

present. Some of them may be exotics, although they have the possibilities of radial 
excitations or orbital excitations. Their interpretations should be investigated by using 
comprehensive information of hadronic reactions, e+e~ productions and 7 7 collisions. 

They are as follows. 
0 - + ( lS ) & 1"~(1S); no extra state 
0++; too many states, S1/fo(991),e/fo(900) (or e/fo(1300)),g4/fo(1240), 

</X(1480)(or J"c=2++),G//o(1590), /0(1750) 
1++; E/fi(1420) (or D'/f^lSSO)) 
2++; 0/f2(172O), f2(18l0), 3g/

rs/f2(2010, 2300, 2340) 
1+-; just full 
0~+(2S); i/r;(1460) 
1~(2S); C/p(U7Q) 

1~+ (states never formed by (qq)); X(1400) in Tjff0 
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(a) Mass spectrum of 47T° events with COSBOB < 0.4, favoring Jp = 2++ 
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S. Longacre 
How big was a Deck background in the Bowler Model fit? In the limit of no direct 

coupling to ai , one gets a zero at the ai mass. 
Tsuru 

We tried to push up ax mass by taking a Deck effect into account. However ax mass 
could not be raised up so much. Our ai mass value is lower than the PDG value. 
S. Longacre 

In 7r+ir~ there is a D-wave bump at 1800 MeV. This 2 + + state occurs same mass 
as the pp and 47r° bump. 
J. Kinson 

In experiment WA76 the 1 - + wave was tried in the E region, but was found to be 
consistent with zero. 
F . Binon 

Concerning the X(1810), we gave the upper limit ^ x a s i o p ^ ] 0 1 < 3 b u t n e v e r s a i d 

that X(1810) does't couple at all to the irir channel. 
S. Protopopescu 

A J p c state 1~+ with 1=1 is J P G = 1 in K K T . That wave should be tried in central 
production. 
S. Protopotescu 

Partial wave analysis of 7r"p—* KKirn shows Sir peak of ~ 1400 MeV consistent 
with what was observed in rjirir in 0 radioactive decays and hadronic production. 
T s u r u 

The analysis of ir~p —*• ir+TT~rjn also shows a Sir peak at ~ 1400 MeV. Therefore 
these three states may be the same. It is expected that the spin-parity of the 1)1x1: peak 
near 1390 MeV in J/\& radiative decays will be determined. 
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Abstract 

This is an experimental review of light quark spectroscopy from e+e~ pro
duction and 77 collision results presented at the 2nd International Conference on 
Hadron Spectroscopy at KEK, Japan. The recent results in 77 production have 
evidence for the Jpc = 1 + + , E/h[1420) and D/fi{1285), mesons from the TPC 
and Mark II collaborations and upper limits for pseudoscalar resonances from the 
Crystal Ball collaboration. The results in Jjif} reactions include Df / i (1285) me
son production in radiative decays and a complete measurement of the hadronic 
decays into pseudoscalar-vector pairs from the DM2 collaboration and evidence 
for <f>(f> production in radiative decays and a study of the 1 line shape from the 
Mark III collaboration. A short review of simple theoretical ideas is presented. 
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1. In t roduct ion 

The study of light quark spectroscopy in e+e~ production and 77 collisions 
has produced many new and surprising results in the last few years.'1' In radiative 
Jftl) decays new states, the iota (t(1440)) and theta (5(1720)), are prime glueball 
candidates. Recent studies of hadronic J/i> decays provide tests of the quark 
content of these new states as well as conventional qq mesons. In 77 collisions the 
resonance production of mesons has unambiguously proved that there is a spin 
one JC7//I(1420) meson. In conjunction with searches for gluonium candidates 
seen in radiative J/rj} decays, the upper limits set in 77 collisions provide very 
strong evidence that these candidates contain little quark content, supporting 
the gluonium hypothesis. 

In this paper, the recent results from the TPC, Crystal Ball and Mark II 
groups in 77 collisions and the J/TJJ results from the DM2 and Mark III groups 
presented at this conference are reviewed. This section begins with a short sum
mary of the theoretical guidelines to provide a general interpretation of the ex
perimental results. 

1.1 7 7 PRODUCTION OF RESONANCES 

The study of resonance production in 77 collisions provides a method to 
measure the quark content and, more recently, a means to determine the spin-
parity of resonances. In 77 production the partial width, T^, couples to the 4th 
power of tb'- quark charges, T77 a ( e2 )2 . This predicts a large difference in 
the production rate of strange and non-strange states, 

I uu + dd ) : I 55 ) S 25 : 1 
y/2 2 

and enables a determination of the mixing angle between the octet and singlet 
parts of the isoscalar members of a given nonet such as the r),r}' and / , / ' . An 
important general feature of states produced in 77 production is the coupling to 
gluonium states should be small since they contain no charge. 

Resonances produced in 77 production can be spin-parity analyzed depending 
on their production rate in experiments with small angle triggers (SAT) that 
detect the scattered e* track near the e+e~ beam axis. In the case where neither 
the e~ nor the e+ is observed in the SAT's, both photons are quasi-real (Q2 = 0) 
and, as is well known from Yang's theorem, they produce resonances that must 
have even spin. If a resonance is produced where one of the leptons is detected in 
the SAT, then one of the photons is now virtual, 7* (Q2 ^ 0), and the resonance 
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can have even or odd spin. Consequently, observing a resonance in the data 
sample with a SAT tag and not in the untagged data sample proves that the spin 
will be odd. This can be further checked by measuring the Q2 dependence of the 
cross section which for odd spin will go to zero as Q2 goes to zero. In this case, 
the partial width is measured at Q2 = 0 and the useful width for comparison to 
theory and experiment ,as Q2 -+ 0, is gj- Tni-.

w 

1.2 R A D I A T I V E J / 0 D E C A Y S 

In radiative J / 0 decays the major focus has been the search for gluonium 
states (gg) and hybrid states [qqg). The gluonium resonances are expected in 
the lowest order Feynman diagram, 

c »• 

c 
Fig. 1. Radiative J/if} Decays 

and should be charge conjugation even, G-parity even and an SU(3) singlet which 
causes it to decay equally into strange and non-strange qq states. The bag models, 
a rough guide for the mass spectrum, predict scalar, pseudoscalar and tensor 
glueball states in the 1-2 GeV/c2 mass region. The main candidates are the 
pseudoscalar t(1440), which is now called the 7/(1440), and the tensor 5(1720), 
now called the /2(1720). These two states have large radiative branching ratios 
and they are not seen in 7 7 production. 

Conventional mesons, the rj, rj'\ f and / ' , are also observed in radiative J / 0 
decays. Their relative radiative rates are in approximate agreement with a pure 
SU(3) singlet coupling and the mixing angle as determined from the two photon 
partial widths. The spin one states, isovector states and odd G-parity states 
are suppressed as expected for resonances produced from 2 gluons. In addition 
there are no conventional scalar states, S* or 5, nor new scalar states observed 
in J / 0 radiative decays. 

A qualitative comparison between states seen or not seen in radiative J / 0 

decays and 77 collisions can be made from, Sx = r(^^^]/ps[x^y) » ^ e 

ratio of the radiative branching ratio to the 7 7 partial width normalized by phase 
space.'4 ' In the later sections, this ratio called stickiness will be found to be very 
large for gluonium candidates relative to conventional mesons. 

T J T 

" • v i r v ! 
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1.3 H A D R O N I C J/$ D E C A Y S 

The study of hadronic two body Jjif) decays has been used to understand 
quark flavor correlations of qq resonances and gluonium candidates with mesons 
of known qq content such as the <j> and u. In hadronic decays the dominant 
diagram precedes via three gluons, 

<= • o r i n n n o \ ^__ 

c « n r o Y o T ^ *— 
Fig. 2. Hadronic Jjifi Decays 

and the two body diagram should have the form 

q« 

q2 

qi 

Fig. 3. Hadronic two body J/ip Decays 

which couples the quark flavors between pairs of mesons. The general idea is that 
if a resonance is produced with a ^ it should have a large ss content and conversely 
if a resonance is produced with an u it should have a large uu + dd content. The 
main amplitude, shown in Fig. 3, will produce pairs of mesons that are SU(3) 
smglets. There are corrections from the isospin violating electromagnetic diagram 
and the double OZI violating diagram, 

Fig. 4. Double OZI violating Jfi}) Decays 

If the double OZI diagram (DOZI) is negligible the flavor coupling is not mixed. 
Simple models have been developed to explain the branching ratios in the J/4> 
decays into two bodies for the vector-pseudoscalar case and reasonable results 
have been obtained, A model'"' including the DOZI contributions obtains the 
77 — 77' mixing angle that agrees with the two photon width and the 77' appears 
not to contain non-qq content. 

>=(c 
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2. R e v i e w of E/fx(1420), J D / / 1 ( 1 2 8 5 ) , t /?7(1440) R e s u l t s 

2 . 1 S / / i ( i420) R E S O N A N C E 

Recent results from 7-7 resonance production have made important advances 
in our understanding of the E/fi(U20) meson. Both TPC l T | and MARK II1" 
observe a resonance in the single tag data and not in the untagged data in the 
KsK^ir* mode. This provides unambiguous evidence for a spin one Ej/I(1420) 
meson. The Mark II result for 77* —> KKir is shown in figure 5. The mass, 
width and 77 partial width are; 

MODE 

KKTT 

KKTT 

MASS(MeV) 

1425lJ° 

1423 ± 4 

T(MeV) 

3213° 

narrow 

gflVCKeV) 

3.5 ± 1.0 ± 0.7 

2.7 ±1.2 ± .5 

GROUP 

TPC 

MKn 

The two photon width as defined and calculated by the TPC group will be factor 
two larger than the Mark II value. Hence the TPC value is 7 ± 2 ± 1.4 KeV 
when compared to the Mark II value. The Q2 dependence of the production 
cross section in both experiments supports spin 1 and not spin 0. The Dalitz 
plots are consistent with the quasi-two-body decay, X(1420) —* K*K. This state 
is tentatively identified as the i?(1420) or /i(1420). This result is surprising if 
the J E / / I ( 1 4 2 0 ) is the .ss isoscalar partner of the D//i(1285) because one would 
expect a small rate if they are ideally mixed, although the rate could be fit 
with a small mixing angle. However, the Mark IH group has evidence for the 
E/ f\{lA20) being produced with an u and not a <f> in the J/ip decays.Il0' These 
results suggest the J3//i(1420) couples to uu + dd and not to ss even though it 
decays to KKir. An additional piece of the puzzle is from the LASS group.1" In 
the reaction K~p —• KKir + A, ss states should be produced. However, they see 
evidence for the £ ' (1530) | i a | and not the E/fx(U20). If the -D'(1530) is the ss 
isoscalar partner of the D/fi(1285) then one should observe J / 0 —• ^£)'(1530) 
and the E/fi(l420) meson is left out of the 1 + + nonet and could be something 
special. A theoretical model by Chanowitz has suggested that this is evidence 
for a (uu + dd)g hybrid or meikton state. 

— 256— 



2.2 z>//i(1 2 8 5) MESON 

The MARK II Collaboration1 ' reports on an observation of the Dffi (1285), 
in the single tag sample and not in the untagged sample in the Tj7r+w~ mode, 
and TPC | T | has preliminary evidence in the 7r+7r~7r+7r~ channel. The Mark II 
data is shown in Fig. 6. The results are; 

MODE 

47T 

rj7r+Tr~ 

MASS(MeV) 

~ 1285 

1286 ± 9 

*£r7r(KeV) 

4 ± 1 ± 3 

8.2 ±2.2 ±1.5 

GROUP 

TPC 

MKH 

As in the previous section, the TPC two photon width should be multiplied by 
a factor two to compare with the Mark II value. In the MARK II data the 
dominant quasi-two-body decay is 6w. Also there is no evidence for a state near 
the E/fi(1420) region. 

With these measurements of the 77 partial widths the mixing angle can be 
determined assuming that the D/fi{1285) and the E/fi(l420) are the isoscalar 
members of the 1 + + nonet. Using the MARK II numbers where we define a state 
in the ideally mixed combinations, cos 8 \ ss) — sin 9 | uUjsd ) , we obtain 9 = 

—14Ji|0. As expected the observation of the I2//i(l420) can be accommodated 
with a small admixture of non-strange quarks. 

The DM2 group1"' has evidence for the I?/ / i ( l285) in radiative decays and 
produced hadronically with a <j>. They see the .modes D —*.7r+7r"~jr."h7r"~ and 
777r+7r~. The rate observed in the two modes with a <j> is consistent with the 
relative rate expected for the Df f\ (1285) into r)7nr and Air. The radiative rate 
via the 47T mode is BR(J/i}> -> 7.D//i(l285)) = (2 .6±0.6±0.6) - 1 0 - 4 . Although 
DM2 sees a peak in the radiative T]7TIT spectrum, a branching ratio is not quoted. 
The Mark III group has also studied the radiative rjirir channel and observes a 
peak at 1285 MeV via 8 —* rjir. This is seen in two modes (r? —* 77,37r) and both 
branching ratios are about a factor two larger than the DM2 result from the 47r 
mode. 

If all of these measurements are correct it could mean that the peak at 1285 
MeV is not entirely due to the D//i(1285) but could be evidence for the pseu-
doscalar J7(l275).liel '" ' The Crystal Ball group searched for pseudoscalar states 
produced in 7 7 collisions decaying into ^TrA-.'18' They have set upper limits for 
the 77(1275), T 7 7 • B{rjirn) < 0.3 KeV. Naive gluonium models would predict 
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a suppression for spin 1 Tadiative states since if they are produced from two 
massless gluons they should be forbidden by Yang's theorem. 

2 .3 4/77(1440) R E S O N A N C E 

The i/77(l440) has the largest radiative J ftp branching ratio except for the 
77c The results from MARK m ' " ' and DM2130' are; 

MODE 

KKx 

KKTT 

MASS(MeV) 

1457 ± 2 

1460 ± 3 ± 8 

T(MeV) 

104 ± 5 

100 ±12 ± 1 5 

BR{1Q-3) 

5.1 ±1.2 

4.1 ±0.6 

GROUP 

MARK III 

DM2 

In 7 7 production the 4/77 (1440) has not been seen, the upper limit is given as 
r t/n(H40)-' ,7 • 5(i/77(l440) -> KKir) < 1.6 KeV at 95% C.L.1"1 These two 
aspects provide strong evidence for the 4/77(1440) to be identified as a gluonium 

state. When stickiness ( Sx = Wx-^r>VmaJL an<* ' s n o r m a ^ z e c i t o * n e V value ) 
is compared between the 4/77(1440), the 77' and the 77, there is a dramatic increase 
for the 4/77(1440), 

5 , : Sr,< : St/„(1440) = 1 : 4 : > 65 

The spin-parity, over the whole region, has been investigated using the Jacob-
Berman analysis which is independent of the quasi-two-body decay of the KKTT. 

The spin-parity assignment from both MARK III and DM2 is Jpa = 0 _ + . 

The overall shape of the 4/77(1440) is very broad. It does not appear to fit 
a single Breit-Wigner that decays into a single channel. '"' The 4/77(1440) line 
shape has been fit with several models and the probability of the x 2 fits are; 

MODEL 

Single B.W. 

multichannel B.W. fit 

2 B.W.'s (non-interfering) 

2 B.W.'s (interfering) 

PROB (x2) 

1.4 x 10 - 1 3 

47% 

13% 

58% 
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The two Breit-Wigner cases had a lower mass near 1420 MeV and the upper 
mass near 1500 MeV. The multichannel Breit Wigner case used a coupled channel 
model including K*K and Sir. Clearly the single Breit-Wigner case is excluded. 

These results, although not definitive until a full isobar analysis is performed, 
are somewhat at variance with other results.1"1 If the i/77(1440) really composed 
of two resonances at 1420 and 1500 and they are both Jpc = 0 - + , then this 
is evidence for yet another pseudoscalar resonance. The lower one could be 
identified with the pseudoscalar resonances seen by the M P S ' " ' and the KEK ( IT | 

groups. The upper resonance has no known pseudoscalar in that region. If the 
multichannel Breit-Wigner case is correct, the Sir mode should appear in the rjTnr 
channel, which we turn to next. 

In the Tfinr channel, it is important to identify the 6 decay channel. Since the 
first spin-parity analysis of the t /n( l440) by the Crystal Ball Group |a*' claimed 
a large Sit —+ KK.7T branching ratio, experiments have searched for this mode 
in Sir —> T)Tt+ir~. Crystal Ball has recently set upper limits in 77 collisions for 
the i/77(1440) decaying into r?7T7r of T 7 7 • Bfairir) < 0.3 KeV. In the results from 
MARK III'3*1 and DM2' i s i there is clear evidence for Jfi> —• ̂ Sir but there are 
two peaks, one near the D/fi(l285) and another below the i ? / / i ( l420) . The 
higher mass candidate has the following results; 

MODE 

777r+7T-,77 —> 7 7 

777T+7r~,?7 —* 7 7 

7?7r+7r~" ,77 —• SIT 

MASS (MeV) 

1391.5 . 

1382 ± .6 

1400 ± 7 

T(MeV) 

52 ± 9 

69 ± 2 3 

62 ± 1 6 

Bi2(10-4) 

4 . 1 ± 3 ± 1 

5.2 ± 1.8 ± .5 

5.2 ± 1.2 ± 0.5 

GROUP 

DM2 

MARK III 

MARK III 

All of these results yield a mass that is somewhat low (~ 30 MeV) to be identified 
as the i? / / i ( l420) or the L/TJ(1440). The KEK120' 7771-*- resonance seen in 7r~p —• 
r7?r7riV" has a mass and width of 1390 ± 10 MeV and 45 ± 16 MeV. If the state 
seen in J/rjj radiative decays is identified as Jpa = 0 _ + , possibly these may be 
the same states and not the t/r?(1440) nor the J£/ / i ( l420) . 

Another important channel is the mode J / ^ —»• 77P°. If the t/77(1440) has 
quark content, the state would be expected to have a radiative decay. The search 
for such a decay has revealed fairly consistent results for a slightly lower mass 
object. The results from the MARK HI ,1101 DM2I2T| and Crystal Ball Groups'381 

are; 
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MODE 

IP0 

IP0 

IP0 

MASS(MeV) 

1420 ± 15 ± 20 

1401 ± 18 

1390 ± 25 

T(MeV) 

133 ± 55 ± 30 

174 ± 44 

185+g° 

BR(10~4) 

1.1 ±2.4 ±2.5 

0.9 ± 0.2 ± .14 

1.9 ± .5 ± .4 

GROUP 

MARK m 

DM2 

CB 

The signal is 1.2 a low relative to the E/fi(1420) and 4/77 (1440). Because of 
low statistics, the fits assumed a single Breit-Wigner for the entire mass region. 
The distributions could not exclude two resonances such as the D/ f\ (1285) or 
7(1275) at 1285 MeV and the J5//X(1420) or 4/7/(1440) near 1420 MeV. 

3. Review of 9/$2(1720) Resonance Resu l t s 

The 0//2(172O) is a resonance observed in radiative J/ip decays into 7777, 
K+K~, KsKs and 7r+7r~ modes. The observed rates in J/tp radiative decay, 
from the DM21"1 , MARK III1"1 and Crystal Ball1"1 groups are; 

MODE 

K+K-

K+K-

r\r\ 

MASS(MeV) 

1707 ± 10 

1720 ± 7 

1655 ± 33 ± 5 

T(MeV) 

166 ± 33 

132 ± 15 

219JS 

BR(10~4) 

4.6 ±0.7 ±0.7 

4.8 ±0.6 ±0.9 

2.6 ± .8 ± . 7 

GROUP 

DM2 

Marklll 

CB 

In -77 production the TPC |30 ' and TASSO'31' groups searched for this state and 
set the upper limits of; 

MODE 

K+K-

K+K-

T77(KeV) 

<.28 

<.10 

GROUP 

TASSO 

TPC 

Comparing the stickiness ratio (assuming S wave, Sx = r(x^n'i)/m 7 a n ^ ' s 

normalized to the / value ) a significant increase is observed for the 0//2(l72O) 
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relative to the / ' and the / . 

Sf : Sf, : ^ / / a ( I 7 2 0 ) = 1 : 7 : > 14 

The 0//2(l72O) is not produced in K~p —»• KKA. production where conven
tional 55 resonances are produced. A very striking result from the LASS group 
is the clear evidence for f / f'2{1525) production but the complete lack of any 
5//2(l720).1"' This is evidence that the 0//2(172O) is not an sS state even though 
it decays into KK. The 0//2(l72O) is seen in several decay modes with a rate 
approximately, 

KK : rjrj : TTIT = 3 : 1 : 0.8 

If the 0//2(l72O) were a pure SU(3) singlet we expect a rate (with phase space 
correction), 

KK : 7777 : 7T7T = 3 : 0.5 : 6 

The spin-parity of the 0//2(172Q) has been determined to be Jpc = 2 + + and 
its helicity amplitudes appear in roughly equal amounts. The helicity of the 
f'/f2(1525) is very different having little helicity 2. A search for hadronic pro
duction of the #//2(l720) has provided evidence for a clear peak in the KK mass 
spectrum recoiling against an w from both the DM21"1 and MARK in1"1 groups. 
The evidence for the 0//2(172O) produced with a <j> appears as a shoulder above 
the /'//^(1525). 

All the evidence that the B/fo (1720) is a gluonium state appears more con
vincing. It is not produced in ss channels, it is very suppressed in 77 production 
and it appears to have approximate flavor symmetry.|341 It decays to KK, 7777 
and 7T7T and it appears to be produced with an u> and a <p. 

4. Vector-Vector Resonances 

The J/t/> radiative decays into 2 vectors (p,w,<f>) have been extensively mea
sured. The MARK II group'"' originally observed a p°p° resonance near ~1700 
MeV. Later the MARK III group observed p°p°,p+p~ and uu resonances pro
duced near threshold and measured that the decay was predominantly Jpc = 
0~+. The DM2|aT| group has subsequently confirmed the 0 - + resonance in p°p°. 

This study was extended to J/ij> —*• ~j<jj<j> and 1<I>4>. In the w<£ channel, which 
is an OZI violating decay, the MARK III'33' group observed a small signal. The 
DM21"1 group has observed a # signal near 2.2 GeV/c2 and the MARK III'"1 

group has confirmed these results with the (fxf> signal in two modes, one with both 
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<£'s decaying to K+K and the other with one <j> decaying into K+K~ and the 
other into KsK^. The rates are summarized below; 

MODE 

P°P° 

p+p-

wu 

<f>u> 

4>4> (K+K~) 

4>4> (K+K~) 

44 {KSK£) 

MASS(GeV) 

<2.0 

<2.0 

<2.0 

1.7 - 3.1 

<2.9 

2.1-2.4 

2.1-2.4 

BR[10-4) 

47 ± 3 ± 9 

~ 

GROUP 

MARK III 

MARK III 

12.2 ± .7 d-3.1 j M \ R K I I I 

1.4 ± 2.5 i .28 1 MAE K III 
! 

n..: x .? -t .6 ~] w 12 

3.4 ± .8 | MARK III 

3.0 ± .6 MARK III 

The angular distributions of 4>4> mode have been studied. In the region near 2.2 
GeV the 4>4> signal appears to be Jpc = 0~+. This suggests that this signal 
is not connected with the 4>4> tensors seen in n~p production. A possible 
interpretation is that this signal is a multichannel Breit-Wigner of an enormous 
0 - + resonance of the t/r?(1440) which decays into K+K~TT, pp, u u and 4>4>-l3°] 

5. Pseudoscalar-Vector Hadronic Decays 

The DM2 group has presented a complete measurement of J[%p —*• vector + 
pseudoscalars. Their measurements agree with those from the Mark III group. <0' 
The original Mark III paper included a discussion of a simple model that esti
mated the quark content of the r}' and concluded that the total content was 
missing 35%. This has been reevaluated in a paper1"1 submitted to this confer
ence, which includes a DOZI term, and now the rj' appears to be fully made up 
of quarks. Consequently the relative rates of the vector + pseudoscalar decays 
appear to be quantitatively understood. The total rate, however, has been a 
puzzle. When compared to the ip' decay rates for vector + pseudoscalars the 
J ftp rates are much too large. The relative rates should be proportional to the 
leptonic rates, 

JB{4>' —*• hadrons) 
B(J/ip —* hadrons) 

BW e+e 
B{J/ip -+ e+e-) 

Uo. 135 ± 0.023 

but the pit and K*K rates are a factor 20 too large for the J/tp. Several pre
dictions claim that this could be evidence for a vector glueball state that mixes 
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with the Jftl) causing an anomalous rate in certain modes. 

6. Summary 

The experimental results from e+e— production and 77 collisions are provid
ing new insights into light quark spectroscopy. When the results from J/i), 77 
and hadronic experiments are combined, the t/77(l440) and 0//2(l72O) appear to 
be very strong gluonium candidates and now the i?//i(1420) is suggested to be a 
hybrid candidate. These states appear to be produced in gluonic and non-strange 
channels whereas they decay into 55 channels. 

In the radiative decays, the 1/77(1440} -and 6}fa(1720) I.-ave lar."? radiative 
branching ratios and no observable 77 width. Th? L/TJ{1440) appears not to be 
a single Breit-Wigner decaying into KKTT. The 0//2(l72O) is not seen in K~p 
experiments providing evidence that it is not an ss state. 

The i?//x(l420) is very puzzling. This meson appears in 77 production and 
its spin is unambiguously 1. The 77 result would indicate a nonzero non-strange 
quark content. This result is consistent with evidence that the E/fi(1420) is 
produced with an OJ and not a $ if the non-strange content is dominant. Recent 
LASS results indicate that the JD'(1530) is the real 55 isoscalar partner of the 
D//i(1285). All this evidence leaves the i? /A (1420) as an extra unexplained 
axial vector. 

In other topics, the relative rates of J/V> two-body vector+pseudoscalar de
cays can be explained in simple models including DOZI contributions. The ab
solute rates, however, do not agree with the rates when compared to the $ 
decays. The radiative decays into <fxf> have been measured and confirmed. There 
is an enhancement near 2.2 GeV/c2 and the preliminary evidence is that it is 
pseudoscalar, consistent with the other vector-vector resonances produced near 
threshold. 

1 
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S. T u a n 
Why do you find Z/ip —>VS puzzling? After all l/ip —* pS <.044 and Z/ip —> 

<f>S* ~0.026 are quite consistent with one another, since Z/ip —> pS limit is really not 
very stringent. 
Toki 

All I am suggesting is that since the rates of J/V> —* pit, ^TT are ~ 1 % and the 
rate for J/^> —*• <f>fi is ~ .05 % and J/^> —• <̂ s* is comparable ~ .05% we might expect 
2[ip —* pS is ~ 1 % and not what we see which is less than .04%. 
R . L o n g a c r e 

When you looked at from threshold to 2.4 GeV in the tp —• f<f><f>, 2 + + and 0~+ had 
equal likelihood. 
Toki 

The published DM2 result states that the events in the region near 2.2 GeV are 
dominantly 0 - + . 
J . L ipk in 

Is there an upper limit on the amount of admixture of extra states in the rf from 
the rf —* 77? Is there spin-parity information on the r]inr state below the iota? 
Toki 

The 77 results for the rj and T?' completely account for the qq content. The results 
for Zjip —* vector -f- pseudoscalar has been interpreted in a paper by A. Seiden et.al. 
( # 9 3 ) - and they can account for all the expected qq content and very little non-qq or 
gluonium content in the 77'. The TJTTTT state below the iota has not been analyzed yet. 
S. U . C h u n g 

If 7?' has no giueball content (DOZI analysis of Seiden, et al.), then I do not under
stand its large branching ratio in Z/tp —• 777', as large as Zfip —>• */E/i (1460). 
Toki 

The large radiative TJ' decay can be predicted in some i^ixing models and is not 
only possible through a large gluonium content. 
S . .U. C h u n g 

Since the 7/(1420) is not produced in K7 interactions(LASS), we will have to con
clude that 7/(1420) is mostly uu+dd . But then there are two non-strange T/S in the 
1.2-1.5 GeV region:r/(1275) and 7/(1420). Your comments? 
Toki 

I agree with you that this is very puzzling and may point to some new physics. 
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R. Longacre 
Are the u0 —• wK+K+ and the ud —• W7r+7r~ branching ratios the same as -fd —* 

7K+K~ and -yd —• jir+w~?. Are these branching ratios consistent with being one 
resonance? 
Toki 

Although the mode u8, 6 —•* 7T7r is not yet measured, I do not believe its absence is 
in compatible with the observed t}> —»• u}0,9 —»K+K~ and xp —* 7$, 8 —*• ir+ir~ rates. 
J. Lipkin 

The mixing angle for D-E shown in your transparency implies that the D is mainly 
ss. 

D=cos0 |ss >+sin0 | -^(uu+dd)> 
If 5=14.5°, this is dominantly ss. Is this correct? 

Toki 
You are correct, the correct mixing angle is E=cos0 |ss >-sin# | 4^(uu+dd)>. My 

transparency has an error in the definition. The mixing angle implies a large ss content 
in the E meson. 
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Abstract 

Progress in the last two years toward identification of gluonic states is reviewed. 
Discovery of additional pseudoscalars tends to confirm the glueball interpretation 
of t(1460). A variety of evidence indicates Dew physics in the J = 1 channel in the 
E mass region. 

1. Introduction 

This has been a very interesting, even exciting conference. Much progress has been 
made since the previous meeting two years ago. Many new states have been added to the 
list of the "ordinary" qq spectrum, increasing our understanding of gluonic candidates 
such as 1.(1460). Striking new data has been presented that points clearly to new physics 
in the J = 1 channel, possibly due to gluonic states. 

An important result is the emergence of the pseudoscalar 77(1400), seen at KEK1,2 

and BNL3,4. Prom the mass and width it cannot be identical with t(1460). The excited 
pseudoscalar nonet can now be filled by 77(1280) and 77(1400), leaving t(l460) as the "odd 
man out". Together with its "sticky" production and decay dynamics, iota is essentially 
confirmed as the first clear glueball. However, there is still much to do. We need to 
understand the differences in the KEK and BNL data and why the iota in radiative J/tp 
decay is not fit by a simple Breit-Wigner8 '8. To understand the J, Jpc = 0,0~+ channel in 
this region will take higher statistics studies of 77(1280), 77(1400), and t(1460), in radiative 
J/tp decay, two photon scattering, and hadronic reactions. In particular, the BNL data 
might hold still more surprises.4 

It was clear two years ago that 6(1730) cannot be an ordinary qq meson.7 LASS 
Kp scattering data adds further confirmation, with the absence of a 9 signal beside a 
prominent / ' signal.8 9 is certainly a resonance, since it is clearly seen in three decay 
channels by three experimental groups, but only in radiative J/t/; decay. It might be a 
glueball or a qqg state. The LASS data suggests that B(6 —> KK) « 1 which would 
imply a large value for B(ip —• 70), making a glueball interpretation more likely. 

A comment about the names for qqg states: meikton, hermaphrodite, and hybrid. 
Though hybrid is preferred by the Editorial Bored of Nuclear Physics B, I prefer meikton 
because it is firmly rooted in the classical Greek tradition of particle names, such as elec
tron and proton. Pronounced make-tonT it means a "mixed thing" in ancient Greek. But 

"This work was supported by the Director, Office of Energy Research, Office of High Energy and 
Nuclear Physics, Division of High Energy Physics of the U.S. Department of Energy under Contract 
DE-AC03-76SF00098. 
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for this meeting a more appropriate name is $ fi £ , 3? J g (with apologies for 
terrible calligraphy). Pronounced ko-hai-shu, it means "cross bred species", abbreviated 
in this talk as jfc or ko. (In Texas where people ride horses this is sometimes written 
as ft •) 

Now back to physics: there are fascinating signs of new physics in the J = 1 
channel, once again in the E/t region! While high statistics experiments disagree4,9 on 
the existence of the Jpc = 1 + + E(1420), the TPC1 0 '1 1 and Mark II12-6 groups report an 
unambiguous KKir resonance at ~ 1420 in tagged two photon scattering, 77* —* KKir. 
It is not seen in untagged events, 77 —> KKir, which can only be understood if the object 
X(1420) has J = 1, therefore Jc = 1 + . The large size of the reported signal and the 
possible connection with the "E" signal seen by the Mark III13 in •«/>—+ u> KKn suggest 
that X(1420) might be14 an exotic Jpc = 1~+ state, perhaps (uu + dd)g. Compelling 
evidence for new physics is added by the LASS confirmation8 of the JPC = 1 + +

 JD'(1530) 

in Kp scattering. With Z>'(1530), X(1420), and £>(1280) there are at least three Jc = 1+ 
states where the nonrelativistic qq spectrum can only accommodate the two isoscalars 
of the 1 + + nonet. The hypothesis that X(1420) is a 1 - + exotic is consistent with the 
preliminary evidence15 presented here of a p-wave 7]ir resonance in the 1400 MeV region. 
If -X"(1420) is an isoscalar 5J , an TJIT p-wave resonance could be its isovector partner. 

C(1480), reported by the Lepton-F collaboration,16 is a JPC = 1 resonance in 
the <jrK channel, far is an interesting decay mode since it is OIZ forbidden for any qq 
meson and could be18 a "signature" decay mode of $J states. The hint of a fa decay 
of £(2230) could have a similar interpretation.18 (Lipkin will discuss the possibility that 
qqqq states could also have such apparently OIZ violating decays.) 

The topics introduced above are discussed at greater length in the sections that 
follow. In the remainder of this section I comment on some objects that there is not time 
to discuss more fully: G//o(l590), Si//o(991), and the three gr/ f% states. A common 
theme is that none is observed in radiative J/ifj decay, with stringent upper limits in 
each case. Since perturbation theory19 suggests that the 0 + + and 2 + + digluon channels in 
ip —> fgg are as important as the 0 - + channel in which the large iota signal is observed, 
it would be surprising if any of these objects were glueballs. 

G(1590) is distinguished principally by its pattern of decays, in the ratios20 

7777': 1777: KK : TTTT ^ 1 : 3 : ( < 1) : (< 0.3). (1.1) 

Assuming SU(3) symmetry this pattern cannot be explained by any qq assignment. The 
large couplings of ij and 77' to the two gluon channel that is suggested by radiative rf> decay 
data (which incidentally can be understood without assuming large glueball admixtures 
in 77 or 77' 21) implies a mechanism22 by which G —•• 7777 or 7777' could dominate if G were a 
glueball. But the failure to observe a clear G —»• 7777 signal in the 6 region, Bty —»• 7G) < 
10 - 3 , weighs against the glueball interpretation.20 A more recent hypothesis23 is that G 
could be an octet component of a 0 + + jfe nonet, which would be naturally suppressed in 
radiative tp decay and would still have large 7777' and rjrj decays. 

A partial wave analysis24 of the 0++7T7r and KK channels near 1 GeV provides evi-
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dence for three isoscalar resonances. I am not competent to judge the model-independence 
of the conclusions or whether uncertainties in the data might effect the qualitative conclu
sions. One of these resonances, Si(991), has approximately flavor independent couplings 
to 7T7T and KK, and is therefore suggested as a possible glueball. This motivation is 
counter to an observation25 made shortly after the discovery of iota in radiative J/t/r de
cay that J = 0 glueballs may decay preferentially to K mesons, because in perturbation 
theory 

M(gg -* qq)j=o oc m , (1.2) 

so that 33 dominates. The physics of eq. (1.2) is familiar to everyone: it is why 
r(7r —• fiv) » T(T -* ev). (The amplitude gg —• 9999 occurs in the same order 
but is suppressed at low mass by phase space.) Furthermore, the rate for ip —* 77m in. 
this mass region is extremely small. The upper limit13 B(if/ —» 75* —*• firir) < 0.7 • 10 - 4 

also applies to 5X and is two orders of magnitude less than B(i(/ —*• 71). Nor does Sx have 
a larger double pomeron coupling than the other two states; though the conjecture that 
double pomeron exchange might favor glueball production is one of the motivations of 
such a search. I wonder whether the three states could instead be explained in terms of 
"cryptoexotic" qqqq states expected26 in this region and p-wave qq states? 

According to the OIZ rule a resonance in irir —• gx —• </xj> could not be a qq meson 
but might be a glueball or an sag $£ . I repeat the apology that I am not competent 
to have an opinion on the sophisticated partial wave analysis needed to see the three g? 
states.27 Both Mark III and DM2 data imply stringent upper limits8 on ifi —• ygr- For 
the entire 2.1-2.4 GeV region, the rate according to the Mark III is 

£ ( ^ - > 7 ^ ) = 3 . 1 0 - 4 . (1.3) 

There is a peak at 2200 but -with Jp = 0~ according to DM2. Furthermore, there is no 
ip —» ^<f><f> signal at the mass corresponding to yr(2010), the most prominent state in the 
7T7T —• $$ analysis. 

The contents of the remaining sections are as follows: 

• Section 2: a brief sketch of the status of the "ordinary5' qq spectrum. 

• Section 3: iota. 

• Section 4: theta. 

• Section 5: comments on production and decays of gluonic states, with discussions 
ofC(1480) and £(2230). 

• Section 6: new physics in the J — 1 channel. 

• Section 7: conclusion. 
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2. "Ordinary" M e s o n s 

The spectrum and dynamical properties of the "ordinary" mesons is interesting 
physics, that must be understood in detail to find and identify gluonic states. The success 
of the simple qq classification is itself a puzzle, since the light mesons are not nonrelativistic 
systems. We are lucky that spectroscopic properties are dominated by the valence quarks. 
E 9999> 999999' ' ' wave function components were important spectroscopically, then there 
would not be simple SU(3)Ba.vor representations and it would have been much harder to 
discover quarks and QCD. The spectroscopic dominance of the valence quarks is one 
reason to hope that a simple-minded view of gluonic states in terms of valence gluons 
may be qualitatively correct. 

Table 2.1 is a nonauthoritative, noncomprehensive, personal view of the status of 
the spectrum. As the key shows, the four sides of a box denote the I — 1, I = 1/2, 
and two 1 = 0 members of a nonet. Solid lines are established, dashed lines require 
confirmation and crooked lines have ambiguous assignment (e.g., excited Jp = 1 _ could 
be radially or orbitally excited). One year ago my chart only had three complete nonets — 
7r, p, a.2 - astonishingly meager for thirty years of hard work, the lesson being that mesons 
spectroscopy is very difficult. It is encouraging that one year later we can add two and 
perhaps four more nonets. The &i and pz nonets have been completed, and the a\ and IT' 
(radial) nonets seem to have a least enough (if not too many!) states. 

Progress in the radially excited IT' nonet concerns the two isoscalars. In irp —»• Tjmrn 
a KEK experiment finds two 0~ resonances in the for channel.1'2 Observation of 77(1280) 
confirms a previous observation at Argonne.28 The mass and width are 1279± 5 and 32 
± 10, where the width is not corrected for the 20 MeV mass resolution. The second state 
was originally reported at 1420 ± 5 with T = 31 ± 7 (uncorrected for 25 MeV revolution), 
and a more recent data sample gives a mass of 1390 ± 10. I will refer to this state as 
77(1400). It is certainly not identical with iota, M = 1461 ± 5 ± 5 and T = 101 ± 10 ± 10.13 

A BNL experiment in 7rp —» KKirn also finds evidence for pseudoscalars in the 
mass region.3,4 The Q-+for intensity has a peak at 1280 that seems compatible with 77(1280) 
seen at KEK in for —+ rjinr. In 0 - +for at 1400 MeV there is an enhancement that might be 
consistent with 77(1400) in for —• rpnr but is marginal statistically (depending on how the 
background is drawn). The dominant 0 - + structure is in K'K. It peaks at ~ 1420 MeV 
with r ~ 60 MeV, apparently too broad to be simply identified with ?7(1400) at KEK. 

Since KEK and BNL are perhaps not confirming one another at 1400 MeV, pes
simists could argue that we still have not found the states that fill the nonet. They might 
be right. But both experiments see structure in the 0 - + channel at 1400-1420 MeV that 
cannot be identical to iota, so that there seem to be at least enough pseudoscalars to fill 
the nonet. Puthermore, the Mark III group observes an TJITTT enhancement in tp —+ 'yrjinr 
at 1390 MeV that could be 77(1400) .13 If analysis shows this state to have Jpc = 0~+ , it 
would confirm the existence of 77(1400). 
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Table 1. A non-authoritative summary of the meson spectrum. 
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If there are too many pseudoscalars in the region for one nonet and a glueball, it 
will not be hard to make use of the extra states. If the speculations about 1 - + $£ in 
section 6 and C(1480) in section 5 are verified, then the bag model17,29,30 would predict a 
pseudoscalar $ nonet in this mass region. In the bag model the Jpc = 0 - + nonet is 
predicted to be the lightest of the four ground state nonets, 1 and (0 ,1 ,2)~ + . 

Neither KEK nor BNL have yet provided estimates of the production cross sections 
for their pseudoscalar signals. Since both experiments have the same Ev = 8 GeV beam 
energy, the ratio of cross sections for a given state is the ratio of the partial widths. This 
would be very helpful for understanding the nonet structure and possible mixing. 

LASS has presented data8 from Kp —*• KRTCK that might complete both the 1Pi 
and 3 Pi nonets, Jpc = l + ~ and 1 + + respectively. The l+KKir channel is dominated by 
a peak at ~ 1500 MeV with an asymmetry in K*K and K'K understood as interference 
of the 1+-H'(1400) and the 1++.D'(1530). The H', with T < 150 MeV, is seen for 
the first time in this experiment and completes the &i nonet. (I am mixing old and new 
nomenclature so the reader will be as confused as I am!) The mixing of this nonet remains 
to be understood. It is correlated with the 1 + + nonet because the mass eigenstates Q\ 
and Qz are presumably mixtures of the SU(3) states Qx and QB- Previous analyses by 
LASS31 and ACCMOR3 2 suggested 45° mixing, implying 

mQx — mQa = ~( m Qi + mQn) = 1340Me V. (2.1) 

The confirmation of the 1+ +P'(1530) by LASS adds weight to its assignment as 
the ss member of the ax nonet since it is produced in K scattering where 5(1420) is 
conspicuously absent. This would leave the puzzle of understanding the 1++E, seen most 
convincingly in a ~ 1000 event signal in central production by WA76 at the SPS.9 It also 
leaves the problem of understanding the Jc = 1 + signal in 77* —»• KKTC at the E mass, 
discussed in section 6. As for the excited pseudoscalars, we seem to have at least enough 
states for the nonet. Maybe I have been thinking about the E for too long and should 
take up superstrings, but I am still too confused to be confident the a.\ nonet is finally 
understood. 

The filled nonet of highest spin is the leading L = 2 32?3 p3 nonet with JFC = 3 . 
To the previously known p3(1690), 0^(1670), and ^ ( 1 7 8 0 ) , LASS8 now adds the <fe(1857). 
This makes a textbook ideal nonet with the relations 

rrip = mu (2-2) 

mp + mj, = 2TTIK« (2.3) 

beautifully fulfilled. 
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3 . i(1460), 77(1420) a n d all t h a t . . . 

The glueball interpretation of t(l460) is summarized by ( l ) too many 1 = 0 pseu-
doscalars and (2) sticky production and decay properties. Point (1) was discussed in 
section 2: there are now at least enough I = 0 pseudoscalars to fill the radially ex
cited 0 - + nonet without the t(l460). The 77(1280) has been seen by three experiments in 
?rp —»77(l280)n, in two decaying to 777^ and in one to KKir. The 77(1400) with T ~ 30 
MeV is seen in Trp —+ 777nrn in the for channel, perhaps in xp —+ KKirn (also in Sic), 
and corresponds nicely in mass and width to a signal in tp —* yrjirir that still requires 
spin-parity analysis. In addition there is a strong 0~ signal seen in 7rp —• K'Kn, though 
with possibly larger mass, ~ 1420 MeV, and width, ~ 60 MeV. 

The second point is the striking stickiness of iota as seen in if) —• 71 and (not) 
t- —*• 77- The rate 

B(i> -* 7 ' ) > (5 - 7) • 10"3 (3.1) 

is the largest of any meson and is a large fraction (~ 5 —10%) of all ip —• jX. The KKir 
mode accounts for ~ 5 • 1 0 - 3 and pp and OJOJ might account33 for another ~ 2 • 10 - 3 . Since 
there could be other decay modes {rj'irir might be large), eq. (3.1) is a lower bound. Iota 
is not seen in the 77 channel, with the strongest limit from the TPC, 3 4 

r ( t _» 7 7 ) B ( t -> KKir) < 1.6 keV (95%CL) (3.2) 

Since if) —* ~(X proceeds perturbatively35 by ip —+• igg, the partial width T(tfi —*• 74) 
measures the gg coupling as t —> 77 measures the 77 coupling. This oversimplifies since 
tfi —• 71 has contributions from off-shell gluons. Nonetheless, the stickiness38 is roughly 
a measure of the ratio of color to electric charges, defined to remove the effect of phase 
space: 

I t y - jX) LIPSjX -> 77) „ „ . 
x T(X -* 77) LIPS(ip -+ -yX) K ' 

where LIPS = Lorentz Invariant Phase Space. Sx is a nice variable theoretically because 
wave function properties tend to cancel and experimentally because unknown branching 
ratios (such as B(i —*• KKir)) cancel. From (3.1) and (3.2) we find 

St : 5,,, : S„ = (> 65) : 4 : 1 (3.4) 

where 5 n = 1 by convention. 

As discussed in section 1, the prominence of 1 —+ KKir is not evidence against a 
glueball interpretation since iota has spin zero so that2 5 eq. (1.2) applies, i.e., gg —*• ss 
dominance for J = 0. This suggests another possibility: could iota be a radially excited 
ss state? It would then have a naturally small 77 coupling and would be produced more 
copiously in radiative J/tj) decay then its uu + dd partner because of eq. (1.2). This model 
fails however to explain the relative rates for tp -+ 7 + v/v'/i" Furthermore such a model 
could not explain the proliferation of pseudoscalars. However, it might account for the 
lower component of iota in the two resonance fit described by Wisniewski.5 
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To really understand the pseudoscalars in this region and how they may be mixed, 
there is much more to do. The structures in the hadronic experiments need more study, 
including the Kp data which is apparently very different from 7rp. The 77 channel must 
be studied with more sensitivity; surprisingly neither TJ(1280) nor 77(1400) have yet been 
observed despite a search by the Crystal Ball in the T/7T7r channel at the 0.3 keV level.37 

Higher statistics J/T/J studies are needed to see 77(1280) and TJ(1400) in radiative and 
hadronic J/ip decay and to understand why iota is not fit by a simple Breit-Wigner. 
These studies will also clarify whether there are even too many pseudoscalars for one 
nonet and a glueball. As discussed in section 2, a second pseudoscalar nonet is expected 
in this mass region if the wild speculations of sections 5 and 6 are correct. 

4. 0//2(172O) 

Since 6 has been observed by three different groups in three decay modes, with spin 
J = 2 determined in two of the modes, there is no question it is a genuine resonance. All 
this evidence comes from radiative J/ip decay. There is no firm evidence of 8 production 
from any other source. There are bumps at the right mass in hadronic J/ip decay with 
no spin determinations; they are discussed in section 5. 

8 has been observed decaying to rjrj^KK and mr, with J = 2 determined in-the 
first two. The KK channel is most prominent and gives13 

M, T = 1720 ± 10 ± 10,130 ± 20 (4.1) 

consistent with the more difficult measurement in the 7777 channel 

M , r = 1 6 7 0 ± 5 0 , 1 6 0 ± 8 0 . (4.2) 

Adding all three channels, 
B(i> -*• 70)£1.6 • 10~3 (4.3) 

The right side of (4.3) is comparable to B(if> —• 7 / ) and an order of magnitude bigger 

than B(V> -> 7/0-
The upper limit on f i -+ 7 7 has become rather tight, with the best limit from the 

TPC 3 8 

T(0 -+ rt)B(9 -+ KK) < 0.2 keV (95% CL) (4.4) 

The right hand side is an order of magnitude smaller than T(f —*• 77) = 2 | kev and a 
factor two bigger than T ( / ' —* 77) = 0.1 keV. Assuming the s-wave amplitudes dominate 
over the d-wave we can compute the stickiness ratio 

Sg : Sf< : Sf = (> 20) : 3 : 1 (4.5) 

This is impressive though less striking than eq. (3.4) for iota. 

A possible.8 signal is seen by WA7639 in central production, 7r+p —• ir+(K+K~)p, 
with M = 1742 ± 10 and T, = 127 ± 30. However, the signal is rather small and the 
evidence for J = 2 is not definitive. No 8 enhancement is evident in the Y% moment. 
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Though LASS sees / ' clearly in K~p —* KsKsA, no 9 signal is observed-8 This 
suggests 9 is a very different object than / ' but it also suggests a problem.'*0'41 Since 
9 —> KK is the most prominent of the observed decay modes and since 9 is broad, the 
absence of 9 in Kp scattering requires either that single K exchange is suppressed or 
that there are still many missing decay modes so that B(6 —> KK) « 1. Concerning 
the latter possibility, Longacre's global fit40 to mr —* •Kir/Tpi/KK and ip —* "yinr/TjT)/KK 
results in B{9 - • KK) = .38±;°J and B(9 —• TTTT) < .04. This does not incorporate 
the latest LASS data which will cause B(9 —* KK) to decrease further.42 Given the 
uncertainties the possibility of many missing modes cannot be ruled out. If there wore 
large missing modes, T(ij> —*• f9) would be of the order of T(T/> —*• ft) and a glueball 
interpretation would be more compelling. 

It seems clear that 9 is not a qq state. If it were it would be a radial excitation 
of / and / ' . The low mass would suggest predominant uu + dd content, but then the 
prominence of the KK mode and the tight 77 limit, eq. (4.4), are difficult to understand. 
If on the other hand we assume 9 is predominantly ss, there are many problems: 

• m$ — rrifi is too small. 

• T(ip —*• -y9)/T(tj) —¥ 7 / ' ) is too large. 

• <x(Kp -> 9A)/<r(Kp - • / 'A) is too small. 

• There should be a lighter uu •+• dd partner. 

In fact the BNL mr —• KK analysis40 suggests a broad 2 + + uv, + dd excitation at 1858 
MeV. We would then expect the la partner at ~ 2100 MeV. 

With what is known now we should consider both glueball and ^yt hypotheses as 
possibilities. The lack of SU(3) symmetry in the small 7T7T : KK = 1 : 4 ratio does not 
rule out the glueball hypothesis. As argued elsewhere43 in more detail, this could be due 
to kinematics. For instance, in a model with 9 —* uu + dd + 33 that is SU(3) symmetric 
at the quark level, the greater phase space of the multibody channels available to the 
u-u + dd component would cause a smaller fraction of uu + dd to hadronize to -ntc than is 
to KK. This is essentially equivalent to Liu's discussion44 of a form factor effect. 

5. Comments on Product ion and Decay: t(1460), 0(1700), C(1480), and £(2230). 

Consider the naive perturbative estimates for radiative J/tf> decay t o glueballs 
G = \gg > , ko-hai-shu J£ = \qqg > , and ordinary mesons M = \qq >. In lowest order 
i\t —• 7 X proceeds by if> —* ygg, and counting powers of as we find 

r ( V > - 7 G ) ~ 0 ( a a | ) (5.1) 

r ( f - f 7 i ) ~ 0 ( a a | ) (5.2) 

T(if>-*yM) ~<D(aa%) (5.3) 

implying a hierarchy of production rates 

r t y -»7<3) > r(V> - + 1 %) > r ( 0 -> iM) (5.4) 
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Equation (5.4) explains why iota was immediately regarded25 as a possible glueball: con
fused with the obscure Y*~*E, it appeared in iff —* •yaE" with the largest branching ratio of 
any radiative J/iff decay. Since there is no reason to expect a 0 - + glueball to be produced 
in iff —* 7 G much more copiously than a 2"H" glueball, 5(1700) would be a more convincing 
glueball candidate if it were observed with a larger branching ratio B(if/ —• 7$) (as the 
LASS data indirectly suggests). In the presently observed modes i t occurs at a rate that 
is only 1/4 of that observed so far for iota. 

Next consider hadronic J/iff decays, if) —* M-f (G or 3£ or M') where M is a meson 
of known flavor content, e.g., u> or <f>. Such decays have been studied systematically by 
the Mark IIIs-18-13 and DM2.46-48 Direct hadronic J/ift decay occurs in lowest order47 by 
T(if> —*• ggg) ~ 0(a%). From the lowest order diagrams beginning from the three gluon 
intermediate state we obtain 

r(^-»M4) ~o(<4) (5.5) 
T(iff - MG) ~ 0 ( a | ) (5.6) 

TW-+MM') ~0(a|) (5.7) 

The estimates (5.5) and (5.7) are reduced by a | for flavor configurations that are DOZI48 

(double OZI suppressed), such as if) —»• (f>f or tf> —»• uf. Provided the Af"^ final state is 
not DOZI suppressed, the hierarchy is 

T(rff -* M & )• > T{i> -> MG) ~ T ( ^ -+ MM') (5.8) 

In if> —•* UJKKTT a significant KKx enhancement is seen in the E region, M = 
1444 ± 5i2§ ^ d T = 40t\l ± 10.13 The spin is not yet well-determined. No similar 
enhancement is seen in if> —»• <f>KKir, so it is unlikely to be JB(1420) interpreted as the ss 
member of the A% nonet (more about this in section 6!). There is no evidence for ip —* Aft. 

Enhancements13-46-47 in iff -> uK+K~ and V -* <f>K+K~ might be due to 5(1730) 
though such an identification would be premature in the absence of a Jp determination. 
The enhancement in <f>K*K~ is 50-60 MeV lower than the nominal 6 mass and could 
easily be due to another state. 

If "3£ with valence gluons do indeed exist, we can use the ^v;* model to get a 
qualitative understanding of their likely properties. The bag49 is a r->-.;-Tistic model of 
confined bound states which account- well for mesons and baryons a x :\ Jng unexcited 
quarks, though it stumbles in an essential way when excited quarks are required. For 
gluonic states, it naturally puts valence gluons on an equal footing with valance quarks 
and therefore predicts that 35. should exist.17,29'30 The ground state valence gluon is the 
TE (transverse electric) mode with axial (!) spin-parity Jp = 1 + , obtained by solving 
Maxwell's equation in a spherical cavity (just as the quark saodes are obtained from 
the free Dirac equation solved in a spherical cavity). Excited TM (transverse magnetic) 
modes also occur with the naively expected Jp = 1~. If we trust cavity perturbation 
theory further than we perhaps should, then the T E modes couple m an approximately 
flavor,symmetric way to qq while the TM modes favor ss, which could lead to dorninantly 
strange final states for qqgrM decays.18 
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The ground s t a t e d then consist of four qqgrE nonets, a qq spin singlet with 
Jpc = 1 and the triplet (0,1,2)~+ . The 1~+ nonet is of particular interest since it 
is a qq exotic. The qqgrM nonets have the same Jpc as the p-wave qq nonets of the 
nonrelativistic model: l + ~ and ( 0 , 1 , 2 ) + + . 

I want to make two comments on the decay modes. The first concerns the flavor 
structure of the final state for II'g states where I, t' can be u or d. Consider decays that 
proceed by g —> ss. The first step is 

(iif)sg -v (U')8(ss)B (5.9) 

where the subscript 8 denotes color octet. We can then form a final state of two hadrons 
either by rearrangement 

(&M*Oi (5.10) 
or by soft gluon exchange 

(ft')i(53)i (5.11) 

with the subscript 1 denoting color singlet. Equation (5.10) should usually dominate but 
(5.11) might occur an appreciable fraction of the time. If (5.11) does occur, it may be 
the signature17 '18 of a 5£ decay, since such final states are OIZ forbidden decays of all qq 
mesons. The decay C(1480) —• <fnr and the possible decay £(2230) —• <̂a> are discussed 
below. 

The second comment17 concerns two body decays of the ground state "3c 
qq<?TE's- The first step of the decay 

mt°ffTE - (qq)t°W)^ (5-12) 

leads to two color octet qq pairs, one in the Jpc — 0 _ + or 1 state of an I = 0 qq 
pair, the other with the Jpc = 1 + + of the TE gl uon. In the bag model, one member 
of t h e l + + qq pair is in an excited cavity mode, j p = | ~ or | ~ (j — j coupling). After 
rearrangement to make color singlets, as in eq. (5.10), the naive expectation is to have one 
ground state meson, JPC = 0 - + or 1 , and one excited meson incorporating the excited 
quark, Jpc = l + ~ or ( 0 , 1 , 2 ) + + depending on the particular initial state in question. 
This is also the expectation of the flux tube model.50 However, the dynamics of bag 
fission is not at all understood, and another possibility is that the excited quark "loses" 
its angular momentum to the orbital angular momentum of one of the two newly formed 
bags, resulting in two ground state mesons which are in a p-wave with respect to one 
another. For example, the I = 1,JPC = 1~+ exotic >* could decay to (7rbi)e=0 by the 
first mechanism or to (IT^^I by the second. Depending on the 5 masses, phase space 
might sometimes favor or even require the second mechanism. The bot tom line is this: 
all models are guilty until proven innocent. Until our understanding is much greater than 
it is now, we should search in all the kinematically allowed channels. The two body 1 = 1 
decays are experimentally easier than the I = 0 decays which are quasi two body. 

Now I turn to two examples. A very interesting object is reported16 by the Lepton-
F collaboration at Serpukkov in 7r_p -* <fnr0n. A <£rr resonance is seen with M = 1480 ± 4 0 
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and T = 130±60, denoted C(1480). The spin-parity is determined to be Jp = 1~ from the 
t-dependence, implying single pion exchange, and from the angular distribution, favoring 
1~ over 3 " or higher J. Since the decay mode is of the type of eq. (5.11) it immediately 
sets off the & alarm: 

—><br+ 
gluon exch. 

This is a decay to two ground state mesons in a relative p-wave, as discussed in the 
previous paragraph. Other such modes are ui-K,r)p,itir, and KK. If C is a qqgrE £. then 
the TE gluon probably couples to tin and dd as often as to ss, so I would expect 

B(C -*• wir)ZB(C -> <fm) (5.14) 

whereas if it is a qqqq state containing an ss pair I would expect 

B{C -* WTT) « B{C - • <jm). (5.15) 

Examples of s-wave decays to a ground state meson plus an excited meson are a^ir and 
biir, both with small Q-values. 

The second example is £(2230), seen by the Mark III13 in tp -»• ^K+K-^KSKS 

with a modest rate, B(ip —*• 7^ —• yKK) ~ (6 — 8) • 10~6, that does not set off the glueball 
alarm. The Mark III reports J > 2. DM2 does not observe the £ but the disagreement 
is not serious since their upper limit48 is consistent with the Mark III if Y( > 30 MeV or 
for any width if B(I/J —* 7^ —*• K+K~) ~ 2 • 1 0 - 5 , the latter being a 1.5or fluatuation on 
the Mark III measurement of (4.2lJ;I ± 1.8)-10-6. 

The £(2230) has been seen by LASS8 in K~p -» (K+K~ + KSKS)A with J > 2 
clearly established and a suggestion of J > 4 from an enhancement at the f mass in the 
Yg moment. If J = 4 were confirmed, it would verify a suggestion51 that £ is the 4 + + ss 
state, partner to the /j(2030). 

GAMS reports20,2 an 7777' enhancement in 7r -p —* TJ'T}TI with M = 2220±10, T < 60, 
and J > 2, which could be due to the f. If it is £ and if it is identified with a similar 
signal seen by MIS-IHEP in irp -» KsKsn, then B(rm') > 2B(KK), which would be 
inconsistant with an ss interpretation. 

Sharpe and I suggested that £ might be a (mi + dd)grM 3 c which would decay to 
KK because of the enhanced grMSS coupling mentioned above.18 Under this hypothesis 
it could have Jpc = 0 + + or 2 + + . We suggested a search for £ —+ fa since by the gluon 
exchange mechanism the decay would proceed by 

(tm + ddf^QTM -> {uu + dd)ls* ( s a ) J* 

~ (V8<f>8 

"*"* (5-16) 
gluon exch. 
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The second line emphasizes that after pxAf —* 5$ the four quarks are essentially an LU and 
a (f> in color octets, which can become uxf> by soft gluon exchange. The Mark III reports 
a 90% upper limit B(<f> -+ nfg)B(£ -> <f>u) < 6 • 1 0 - s based on the data in figure (5.1). It 
is intriguing that 6 of the ~ 50 events on the plot fall in the £ bin, the largest bin on the 
plot. If these six events were attributed to £, they would correspond to a branching ratio 
of B(<f> -> T£) -B(£ - • ""/>) ~ 3 -10~5 , which is as large as the signals in K+K~ or KSKS. 
Cleaily we want to see more statistics. If £ is the 2 + + }£, then its dominant decay would 
be to K' K\ 

Finally a word about >£ mass estimates in the bag model. In refs. (17) and (18) 
the qqgrE and qqgrM ground state masses are computed with second order perturbation 
theory. After fitting to the iota mass there is one free parameter, CTB/CTM, the ratio of 
the TE and TM self energies. References (29) and (30) consider only the qqgrs states, 
also through second order, the former with no self energy contributions and the latter 
with self energy contributions fixed by a dynamical model. If in ref. (17), CTB/CTM is 
set to ~ 1/2 to fit 6 as the 2 + + glueball, then the 1 = 1 1 qqgrs is expected at ~ 1600 
(c/. C(1480)) and the I = 0 2++(-fiu + dd)grM is expected near ~ 2300 (c/. £(2230)).18 

We then also expect the l~+(uu + 3d)grE near 1400 MeV (see secton 6). With this value 
of CTE/CTM, the qqgrE masses from ref. (18) are in agreement with those of refs.(29) 
and (30). In the flux tube model,52 the 1~+ "£• are expected to be a few hundred MeV 
heavier. 

6. £(1420) and all that . . . aga in (J = 1 vers ion) . 

In the study of t(l460) the J = 1 KKrr channel in the E/L mass region was 
regarded as background to the new physics emerging in the J = 0 channel. Now that we 
are close to understanding the new physics of the J = 0 channel (see Section 3), we begin 
to find signs of new physics in the J = 1 channel. It seems that the E/t, region does not 
want to go away! 

I will begin with a capsule summary of the developments from 1966 to the present. 
In 1966 a Jpa = 0~+KKir resonance was observed53 in pp annihilation at rest with 
the CERN hydrogen bubble chamber. Named E for Europe, the parameters were M = 
1425 ± 7 and T = 80 ± 10. The statistical level was high for the time, 600 total events 
in the signal over virtually no background, and the 0~+ determination was made by two 
methods. In the years until 1980 the spin-parity was not confirmed, though there were 
also no experiments that matched the original one in statistical power. 

In 1980 at the CERN PS the channel ir~p -»• KKrm was studied54 with a 4 GeV TT 
beam. With 100 events over comparable background, the analysis indicated that the E is 
a Jpc = 1 + + state, confirming a previous experiment55 at the LBL Bevatron. This result 
was widely accepted at the time; the Particle Data Group56 incorporated the E into the 
meson table as an established 1 + + resonance. Together with other developments in the 
1++ nonet, the E was plausibly the ss member of the nonet. 

Just as order seemed to emerge from chaos, chaos struck again with the discovery 
of a large "E" signal by the Mark II5 7 in ip —* -fKKn. For several reasons — including the 
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Landau-Yang theorem58 which suggests that a 1 + + state should not be copiously produced 
in the two gluon ^ —» *fX channel — Ishikawa and I suggested26 that the object seen by 
the Mark II was a pseudoscalar and probably a glueball. The pseudoscalar hypothesis 
was confirmed by the Crystal Ball69 in 1982, and it seemed that both 1 + + and 0~+KKir 
resonances had been established. 

This moment of apparent clarity would also not last long. The existence of the 
1++ E was called into question by the high statistics irp —• KKirn BNL experiment with 
an 8 GeV ir~ beam which observed 77(1420) in the 0~+ partial wave but no clear resonant 
structure in ths 1 + + wave.3,4 Partial wave analysis of K beam data failed to confirm the 
1+ +£(1420) though a l++KKir isobar was seen60 at 1530, labeled D'/fi (1530). But 
the l+ +i?(1420) was also not without support: WA76 observing central KKir production 
with high energy ir and p beams at the SPS9 finds a high statistics 1++K*K signal ,'tt 
M = 1425 ± 2 and T = 62 ± 5. At this point we could only cry out for help! 

In 1986 help arrived (or so it seemed at first) from the TPC collaboration. In. 
untagged 77 —• KKTT scattering they obtained the upper bound on t —• 77 utilized 
in Section 3, but in tagged events 77* —* KK-x they discovered an unmistakeable "E" 
signal,11 confirmed by the Mark II.12 The Landau-Yang theorem now enters the story for 
the second time (now read in the other direction): since a J = 1 particle cannot couple 
to two massless gauge bosons, the data requires — as shown quantitatively by fits to 
the q2 dependence — that the 77* signal be J = 1. Apparently then we have strong 
confirmation of a 1++E. 

Well, maybe .... The data suggested two or three problems. First, the initial TPC 
signal11 was too much of a good thing. In the Renard61 convention (a factor 2 larger than 
that used by the TPC), which corresponds to the physical partial width for real decays 
such as 1 + + —•• 7e + e~, the TPC result was 

2 
^ f T(E -+ 77*) . B{E -* KKir) = 12 ± 4 ± 4 keV (6.1) 
Q 

Correcting an error in the prescient paper of Renard, we can use the nonrelativistic quark 
model for a crude estimate of the D and E partial widths in terms of the known 77 widths 
of other p-wave mesons. Assuming D and E to be the ideally mixed 1 + + states, we find 
comparing to T(f —> 77) that 

%^V{E -* 77*) ~ 0.4 keV (6.2) 

^ r ( Z ? - 77*) ~ 4 keV. (6.3) 

Equations (6.1) and (6.2) differ by at least an order of magnitude. It seemed very difficult* 
to understand the data in terms of an as state. 

A second problem, with a similar message, emerges from the Mark III study of 
hadronic J/tp decays.13 As noted in Section 3, an "E" signal is seen in ip -+ OJ "E" but 
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not in tp —• <f> "E": 

B(4> -> iu "E")B( "E" - • KKTT) = (6.8 ± 2.4).10"4 (6.4) 

5(V» -* <t> "E")S( "E" - • KKTT) < 1.1 - 10~4(90%C£) (6.5) 

Again we have data that cannot be understood in terms of an ss state. 

Motivated by these two problems I proposed14 a radical solution: that the state 
seen in 77* —• KKir and i/> —*• UJKKTT is an isoscalar exotic with Jpc = 1 - + that could 
be interpreted as a (uu 4- dd)gxE ground state "5S . The most attractive feature of the 
exotic hypothesis is that if it is confirmed, it points unmistakeably to new physics. We 
would not need to repeat the kind of analysis needed in the 0 - + channel to decide whether 
iota represents new physics. But we would still need to decide whether a 1~+X(1420) is 
a ^ or something else. 

I argued14 that a substantial 77* width, say of the order of magnitude estimated for 
the 2?(1280) in eq. (6.3), might be expected for a (uu + dd)g exotic since the suppression 
for creating the gluon could be compensated by the fact that the uu + dd ^ is in a 
relative s-wave compared to p-wave for 2?(1280). The principal decay modes would 
be K*K (consistent with what is observed12 ) and Airr. The ST and pp decay modes 
would be forbidden while "qmr, pirn, and W ' would be suppressed. (777^ is suppressed 
because definite J for the dipion requires four units of angular momentum for the rjTnr 
system. Definite Jp for ?77r favors rjir in the exotic Jpc = 1~+ channel and would only be 
important if X could decay by single pion emission to its I = 1 partner, unlikely because 
AJ2 is probably too small — I thank J. Rosner for bringing the latter possibility to my 
attention). 

A 1 _ + at ~ 1400 MeV would be consistent with the bag model mass estimates 
discussed at the end of Section 5. The other members of the 1~+ nonet could appear in 
the following decay modes: 

TTB,7TD}K*K (6.6) 

X+ -trn^K'K (6.7) 

XK. ->TrK,T}K,<rrQ,<f>K (6.8) 

The TT7},Tr7)', and rjr)' modes are attractive experimentally since in a p-wave they are 
uniquely JPC = 1~+. 

Other developments reported at this meeting are encouraging. LASS has confirmed 
the 1 + + iy (1530) in Kp scattering,8 as one ,would expect for the ss member of the Ax 

nonet. This means there must be new physics in the J — 1 channel, since we now have 
evidence for at least three states with Jc = 1 + between 1280 and 1530 MeV, whether 
we accept the hadronic data for a Jpc = 1++E or not. If D(1280) and £»'(1530) are the 
I = 0 members of the A\ nonet, then the 77* signal at 1420 MeV must be new physics. If 
£>(1280) and 23(1420) are the l++qq states then 27(1530) must be something new, since 
it could not be the ss radial excitation at such a low miss. Considering the evidence 
from WA76 I am not yet prepared to write off a 1++25(1420). Though I cannot imagine 
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a theoretical explanation, it is conceivable that there are 1 + + states at 1280, 1420, and 
1530 as well as an exotic 1 - + state near 1420. 

A second encouraging development is the preliminary evidence16 for a p-wave TTTJ 

resonance in the 1400 MeV region. This could be the 1 = 1 Jpc = 1~+ "$ decaying per 
eq. (6.6). 

New results in the 77* channel were presented for the first time at this meeting. 
Bauer presented a new TPC result8 that supercedes eq. (6.1), quoted here in the Renard 
convention (which I follow throughout this talk), 

^ f T(E -+ 7~f')B(E - K*K) = (7.0 ± 2 ± 1.4) keV. (6.9) 

Equation (6.9) assumes a p form faster fit to the q2 dependence of the 7*. Smaller values 
are reported by the Mark II,12,8 

— T ( E - 77 )B(E - KK*) - j 1 7 ± 8 ± 3 k e V ^ (6.10) 

where the smaller value (with a <f> form factor fit) would be appropriate for an ss state. 
The Mark II also reports a measurement of 77* —• JD(1280) —+• rjinr. Using B(D —• T)TTK) 

from the PDG6 2 it implies 

2 

^ r ( D - > 7 7 * ) = 8 . 2 ± 2 . 2 ± 1 . 5 k e V (6.11) 

If we assume that £(1420) and £>(1285) are the / = 0 members of the Ai nonet, then (6.11) 
and (6.9) require mixing far from ideal whereas (6.11) and (6.10) can be accommodated 
by a small, negative mixing angle not far from ideal. 

Seiden, Sadrozinski, and Haber48 have considered the decay widths suggested by 
the Mark III data for if) —• (w or $) + [D or E). I use the work "suggested" because 
the "D" signals have not been partial-wave analyzed and the "E" Jp determination is 
not decisive as discussed above. They find that if a fairly small deviation from ideal 
mixing is assumed for the E — D system, then large DOZI effects (or, equivalently, "nonet 
symmetry" breaking) are needed to understand the ip decay. This is a puzzling result, 
because deviations from ideal mixing and from "nonet symmetry" should be correlated 
and of similar magnitude since they arise from the same underlying physics.63 Substantial 
nonet symmetry breaking would be natural in the 0 - + nonet but not in an ideal 1 + + 

nonet. Previous fits64 to the pseudo scalar-vector channel seemed unnatural because they 
neglected nonet symmetry breaking (included now in the more recent study48 ) although 
77 — 77' mixing is fax from ideal. 

Another method for investigating mixing in the 1 + + nonet is suggested by the 
report16 here from the Lepton-F collaboration of the branching ratio 

£(£>(1280) -> <fa) = (9 ± 2 ± 4) • 10 - 4 (6.12) 
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Clearly we would like to know the radiative widths of D, E, and D' to p,uj, and <f>. The 
upper limit from lepton F for E —* <frf is interpreted16 as suggesting that D and E are 
not in the same nonet. 

Of course the best test of the 1~+ hypothesis for 7*7 —• X(142Q) is to measure the 
parity. The T P C has presented data here favoring P = + but stating that P = — is not 
excluded. New data12 '8 from the Mark II establishes P = + for 77* -*• £>(1280) -*• T]irir 
but is inconclusive for the parity of 7 7 ' —*• X(1420) —• KKir. The Mark II angular 
distributions are shown in figs. (6.1) and (6.2); solid lines represent the prediction for 
P = + and dashed lines for P — —. Beside the obvious problem, of marginal statistics, 
more than one amplitude may contribute (dominance by a single amplitude is assumed in 
the results quoted above) and there might even be more than one state (if 1 + + and 1 - + 

states at 1420 both exist). At low q2 a single amplitude should dominate65 but then the 
cross section is also smallest. At least an order of magnitude more statistics is needed for 
a decisive parity measurement. 

7. Conc lus ion 

There is growing evidence in support of the glueball interpretation of t(1460). 
Two decisive developments are (1) the evidence for 77(1400) which together with 77(1280) 
could fill the 1 = 0 positions in the radially excited pseudoscalar nonet and (2) the 
much improved upper limits on 1 —* 77 . Together with the large rate for ip — • 71 these 
developments point decisively to the glueball interpretation. However, much remains to 
be done to understand the extent of possible mixing, requiring more complete data both 
on iota and on the properties of 77(1420) and 77(1280). Present data hints at the possibility 
that there could even be too many isoscalar pseudoscalars for one qq nonet plus a glueball. 

The principal new evidence bearing on 5(1730) is the Kp data, showing clearly 
that 8 is not produced, despite a clear signal for / ' (1515). This could be understood if 
B{6 —y KK) « 1, implying a much larger value for B(ip —• jB) then presently seen. 
This would in turn strengthen a glueball interpretation of 0. To verify this hypothesis, 
the missing 9 decay modes must be found in radiative if) decay. 

Much progress has been made in finding and analyzing the qq spectrum. In the 
last two years the number of fully understood nonets on my list has doubled, from three to 
six. This is the kind of progress tha t is absolutely essential if we hope to find the gluonic 
states that exist among and possibly mix with the rich and complicated qq spectrum. 

It is puzzling that there is no clear evidence for a 0 + + glueball candidate in radiative 
J/if) decay. There seems to be no possibility below ~ 1200 MeV for a large scalar signal 
in the"0 —> 7-X" data. On the other hand a large, broad scalar signal above ~ 1500 MeV 
might be very difficult to find. Reliable theoretical calculations would be a great help. 
Perhaps they will come with the next generation of computers. 

Several exciting hints of new physics have been discussed at the meeting. C(1480) —• 
<jrK and (if it really occurs) £(2230) —* (fiui could indicate 5<£ • Confirmation of D'(1530) 
together with the 1420 MeV signal in 77* —> KKir imply unambiguously that ' there is 
new physics somewhere in the Jc = 1 + channel. This new physics could be a Jpc = 1~+ 
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exotic at 1420, perhaps the bag model ground state 32 . In this connection we look 
forward to hearing more about the evidence for a p-wave irq resonance in the 1400 MeV 
region, -which would uniquely have Jpc — 1 - + . If the various hints of at i £ l | GeV are 
correct, then the fun has only just begun. Nonexotic channels could be so complex that 
discovery and study of. the 1 _ + exotic states may be the essential first step to establish 
the existence of *J£ • 

A c k n o w l e d g m e n t s : I wish to achnowledge helpful discussions with D. Aston, D. Bauer, 
R. Cahn, G. Gidal, D. Leith, H. Lipkin, H. Sadrozinski, A. Seiden, and W. Toki. 
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5. F . Tuan 
The beginning of your talk you mentioned about a X(1400) seen in 1=1, J P C =1~" + 

(77^ P-wave). Doesn't such a C-exotic state conflict with the data presented by Dr. 
Zielinski (Jagellonian U.) here which says that no such C-exotic state is seen below 1.5 
GeV in the r\t and px channels? 
C h a n o w i t z 

The limits Dr. Zielinski presented were only 1 a limits. There are ambiguities in 
the use of vector dominance which could move the limits around somewhat (potentially 
^ 50 % effects). And he claims no sensitivity if the state has total width below 20 
MeV. His limits are very intersting but they are not a reason to declare an end to the 
search for J P C = l - + exotics. 
J . Lipkin 

If the E is predominantly ss, it should not be produced in 7rN reactions. Isn't this 
inconsistent with nearly ideal mixing for the D-E system? 
C h a n o w i t z 

If D-E •were a mixed system with the E predominantly ss ( Y E > X E ) and the D 
predominantly Uu + dd ( X D ^ > X D ) then naively production by TTN with decay into 
KK7r would be proportional to ( X E Y E ) 2 and ( X D Y D ) 2 respectively. The simple-
minded mixing scheme would have |XE | = | Y D | and |YE | = | X D |, SO the two signal 
would be of the same order of magnitude in the KK7T channel, as is the case in the ~N 
experiments that claim to see both E and D. 
Y u . P r o k o s h k i n 

In K~p-> K+K-7r°Y reaction at 70 GeV(Serpukhov), E(1490)-+ K + K ' T T 0 is cleasly 
seen as a strong peak, asking for s i assignment. 
D . Le i th 

I am surprised that you happily embraced the E(1420) as the 1=0 ss partner of the 
D(1275) in the 1 + + nonet, despite the clear evidence of no ss coupling of the E from 
the LASS, Mark III radiative J/rp decay and T P C / 2 7 experiments. 
C h a n o w i t z 

I did not embrace the E-D nonet nor did reject it. In the talk I raised the possibilities 
of D(1280)-E(1420) or D(1280)-D'(1530). I also said that we should be open to the 
possibility that the three isoscalers X(1420) l - + , and [E(1420)and D(1530)]l+ + all exist. 
I do not rule out the possibility that E(1420) is the l + + s s partner of D(1280) because 
I do not understand the production mechasism in Kp scattering;because the ideal 
mixing mass formula works nicely for a nonet of D(1285), Ai(1260), E(1420), and 
QA(1360);and because E(1420) has only been reported in K*K though KEIC would 
have seen it in 7?7nr if it so decayed. 
J . R o s n e r 

If the 1 + + state at 1420 can couple to a longitudinally polarized photon and a trans
versely polarized one, can it possibly be made of a longitudinally polarized (virtual) 
gluon and a transrsely polarized one? 
C h a n o w i t z 

Beats me. 
M . Zielinskj 

I want t o add a comment to previous discussion of the observation of an 1 _ + state 
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in GAMS 77"3r° data at «sl.4 GeV. Such state was not seen in the data of Rochester-
Fermilab-Minnesota collaboration on PrimakofF production of 7/TT+ final states at 200 
GeV. There is, however, no discrepancy if the pir branching of this state is small, since 
in such case its Primakoff production should be suppressed. 

yo 
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HEAVY QUARK SPECTROSCOPY 
- Experimental Results -

Hans Dietrich Schulz 
DESY, Hamburg, Germany 

Heavy quark spectroscopy is a laboratory to study interactions of quarks under 
especially simple conditions. Experimentally the pairproduction of heavy quarks by 
e+e~ annihilation is a clean and abundant source of particles containing heavy quarks. 
Theoretically their study is very much simplified by the fact that because of the large 
mass a non-relativistic treatment of the interaction is meaningful and relativistic correc
tions are small. The large difference in mass between heavy and light quarks allows the 
heavy quarks to be followed individually in interactions. In the following I summarize 
some of the recent results in heavy quark spectroscopy. 

In 1986 the CESR e+e~ storage ring at the Cornell University has been operated at 
the energy of the T(3S) resonance and the detectors CLEO and CUSB have obtained 
new data on various transitions between bb states (s. Figure 1). 

The CUSB group measured photon transitions in the bb system [l]. Their non
magnetic lead glass detector had been supplemented by a BGO-barrel insertion (CUSB 
II) which improved the photon energy resolution by a factor of two. This enabled 
them to resolve the photon transitions to the individual Xb states for the first time. 
Measurements of mass splittings and transition rates in the bb system test the potential 
models and here especially the spin dependent relativistic corrrections. The results from 
the CUSB group are summarized in Tables 1 to 3 and compared to theoretical models 
and earlier measurements. Transition rates are obviously not very sensitive to the 

Table 1: CUSB II results on the transition T(33Si) -» 7 T(2 3Pj) [l]. (Quantities in 
parenthesis are earlier CUSB I values [2], inserted for comparison.) 

Transition 
33Sa -> 23P2 

33Sa - • 2 3P! 
33Si -> 23P0 

Energy [MeV] 
86.5 ± 0 . 7 
99.3 ± 0 . 8 
124.2 ± 2.3 

(84.2 ± 2) 
(101.4 ± 3 ) 
(122.1 ± 5) 

Branching Ratio [%] 
12.8 ± 2 . 1 ± 2 . 6 
11.7 ± 1 . 9 ± 2 . 3 
5.3 ± 2 . 0 ± 1 . 1 

(12.7 ± 4 . 1 ) 
(15.6 ± 4 . 2 ) 
(7.6 ±3 .5 ) 

details of relativistic corrections, since all models fit the new results with halved error 
bars about equally well. The fine structure splitting is a more sensitive test of the 
relativistic properties of the interaction. The QRR model [3] with short range QCD 
motivated vector part and a long range scalar confining term seems to be favored by 
the data. This agrees with the original argument of Buchmuller [4] that a long range 
confining potential must transform as a Lorentz scalar. 
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Table 2: CUSB II: E l transition rates in [keV], compared with three most recent 
model calculations which take relativistic corrections into account. 

r E l ( T ( 3 3 S 1 ) ^ 7 T ( 2 3 P J ) ) 
J = 2 
J = 1 
J = 0 

CUSB II [1] 
3.3 ± 0 . 8 ± 0 . 7 
3.0 ± 0.8 ± 0.6 
1.4 ± 0 . 6 ± 0 . 3 

GRR [3] 
2.9 
2.7 
1.5 

MR [5] 
2.7 
2.8 
1.4 

MB [6] 
2.6 
2.4 
1.0 

Table 3: Fine structure splitting of T(23Pj) and T ( l 3 P j ) states in the Rosner 
parametrisation [7]: M( 3 P 2 ) = M + a - 2b/5 , M(3P2) = M - a + 2b, 
M(3P0) = M — 2a — 4b, with a = spin orbit term and b = tensor term. 

23P 

13P 

a 
b 
a 
b 

Experiment [l] 
9.9 ± 0 . 5 
2.4 ± 0.3 

12.0 ± 0 . 4 
1.6 ± 0 . 2 

MR [5] 
6.5 
2.1 
8.9 
2.8 

MB [6] 
14.6 
4.2 
17.3 
5.3 

GRR [3] 
9.2 
1.8 

11.3 
2.3 

The CLEO collaboration measured dipion transitions between bb states [8]. QCD 
describes these transitions as the emission of gluons by the heavy quarks followed by the 
conversion of the gluons into light hadrons [9]. Within the framework of potential models 
[10,11,12,13] the TT^TT' decay rates can be calculated from the multipole expansion of the 
gluon fields. The properties of the •n,+7r~ system are constrained by applying PCAC. 
The measured branching ratios are summarized in Table 4 and compared to earlier 
results and model predictions. The branching ratios are well within expectations. 

Table 4: Measured branching ratios for dipion transitions in the bb system [8], 
compared to model predictions, (theory* : T ^ from 3 different potential 
models [13], r t o t from CUSB measurements [14].) 

T' -> IT+TT-T 

T" -» 7T+7T-T' 
T" — TT+TT-T 

AM 
[MeV] 
563 
332 
896 

BR measured 

18.1 ± 0 . 5 ARGUS [36] 
2.1 ± 0.5 CLEO [8] 

3.47 ± 0.34 CLEO [8] 

PDG [17] 
18.7 ± 1 
3.6 ± 2 . 3 
4.8 ± 1 . 2 

BR theory* 
[%) 

1 5 - 17 
1.6 - 2.4 
1.2 - 3.5 

CLEO also determined the 7r+7r~ invariant mass spectra for the three transitions 
listed in Table 4. The spectra for T ' —» 7r+7r~T and T " —> 7r+7r~T' , peaking at large 
masses, can be reasonably well fitted by using formulae of Yan [10], as well as Voloshin 
and Zakharov [ l l ] , or of Novikov and Shifman [12]. However the spectrum for 
T" —>7T+7r~T is markedly different from the others; it is clearly not peaked at high 
mass and has a significant number of events immediately above threshold. No reason
able fit is obtained with any of the above mentioned parametrisations, nor with a pure 
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phase space distribution or the model of Peskin [15]. So far there is no explanation for 
this surprising behavior. 

CLEO has also searched for the Y ^ P i ) state in the inclusive TT+TT~ recoil-mass 
spectrum [8]. This state has not previously been observed, and its mass is expected to 
be close to the center of gravity of the T( l 3 Pj ) states. An accurate measurement of 
the mass difference between the T ( l 1 P ] ) and the T ( l 3 P j ) states gives direct informa
tion on the spin-spin coupling in the bb sytem. CLEO observed a signal of 335 ± 135 
events at a mass of 9.8948 ± 0.0015 GeV/c2 in the inclusive x+ir~ recoil-mass spectrum. 
Assuming this as evidence for the transition T(3S) —» 7r+7r -T(l1P1) the branching ra
tio is (0.37 ±0 .15)% and the mass difference (T( l 3 Pj ) - T ^ P i ) ) comes out to be 
(5.4 ± 1.7) MeV/c2 . _ 

From this mass difference Igi and Ono [16], using their QQ potential model, deduce 
a value for the QCD scale parameter A^g- to be between 200 and 500 MeV. 

There is a variety of other new determinations of A^ . The CUSB group remea-
sured B p p [14] for the T resonances (s. Table 5) and extracted A^g values from these 

Table 5: Results en E u u of T states. 

B ^ T " ) 
B^(T') 
B.,(T) 

CUSB [11] 

[%] 
1.53 ±0.33 ±0.21 
1.38 ±0.26 ±0.18 
2.70 ±0.28 ±0.14 

PDG 1x7] 

[%] 
3.3 ±1.5 
1.8 ±0.4 
2.8 ±0.2 

results. ARGUS determined A^g- from the decay T(1S) —» 7gg [18]. Their direct pho
ton spectrum shape, shown in Figure 2, clearly favors the model of Field [19], with 
gluons acquiring mass in the fragmentation process, over models with massless gluons 
[20]. Table 6 gives their branching ratio in comparison with other measurements. 

Table 6: Direct photon production in T(1S) decays. R ,̂ = T(T —• 7gg) / r (Y —> ggg). 

ARGUS [18] 
CLEO [21] 
CUSB [22] 

*M%] 
2.93 ±0.12 ±0.18 
2.54 ±0.18 ±0.14 

2.99 ± 0.59 

AMS [MeV] 
126 ±18 ±29 
190 ±40 ±40 
116 + 105-57 

The results on A^j- are summarized in Table 7. The values are clustering between 
100 and 200 MeV. 

In 1986 the e+e~ storage ring SPEAR has been operated at an center-of-mass energy 
of 4.14 GeV, just above the threshold for production of Ds D* pairs. The MARK III 
collaboration reported results on masses and branching ratios of these particles [23], 
summarized and compared to earlier meassurements in Table 8. It has often has been 
noticed, that the mass-squared difference, AM = M2(vector) — M2(pseudoscalar), is ap
proximately constant for mesons containing at least one light quark [25]. The D*-Ds 

—293— 



mass-squared difference of AM = (0.563 ± 0.020) (GeV/c2)2 is again consistent with this 
empirical rule. 

Table 7: Recent Arjc determinations. 

Source 

(CUSB [14]) 

T - » 7gg 

T" 
T ' 
T 

ARGUS [18] 
CLEO [21] 
CUSB [22] 

Potential model fit 
(Igi and Ono [16]) 

AMS [MeV] 
148 + 56 -39 
206 + 57 -39 
177 + 26 -21 
126 ± 18 ± 29 
190 ± 40 ± 40 
116 -f 105 -57 

100 - 200 

Table 8: Results on Ds and D* mesons. 

M(D;) [MeV/c2] 
M(D S ' ) -M(D S ) [MeV/c2] 

r(X) = BR(D± 

r (K , 0 K-) 
r(K»K*) 

MARK III [23] 
2109.3 ± 2 . 1 ± 3 . 1 
137.9 ± 2 . 1 ± 4 . 3 

-r X)/BR(Df -> 4>^ 

0.86 ±0 .24 
0.44 ± 0.12 

ARGUS [24] 
2109 ± 9 ± 7 
144 ± 9 ± 7 

) 

1.44 ±0 .37 

The HRS collaboration studied D*° meson production [26] at -y/s = 29 GeV by ob
serving the decay D*° —* 7D 0 . Production cross section and fragmentation function of 
the D*° are in agreement with similar D*+ results from the same experiment. 

The MARK III collaboration presented a large statistics Dalitz plot analysis of 
the Cabibbo allowed decay D —» K.inr for different charge combinations [27]. They 
determined the relative amounts of K*7r, Kp and non-resonant Kirn decays as well as the 
interference phases for each decay mode. In summary one can conclude from their results 
that (1) color suppression is inoperative in D decays and (2) phase shifts are significant. 
Consequently final state interactions must be considered in phenomenological models 
of nonleptonic D decays. 

B mesons are now well established experimentally, as demonstrated in Figure 3 and 
Table 9 with data from CLEO [28] and ARGUS [29]. A prominent source of B mesons 
is the T(4S) resonance, produced in e+e~ annihilation, which decays into a pair of 
charged or neutral B's. Though exclusive hadronic decay branching ratios of B mesons 
are painfully small, of the order of 0.1%, the few 10s B decays now on the tapes of the 
ARGUS and CLEO collaborations allow more refined studies. I mention here the search 
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for (b —» u) transitions by many groups and the observation of B° —• B° transitions by 
the ARGUS collaboration. 

Table 9: B meson results. 

M(B°) [MeV/c2] 
M(B+) [MeV/c2] 

M ( B ° ) - M ( B + ) [MeV/c2] 

ARGUS [28] 
5278.2 ± 1 . 0 ± 3 . 0 
5275.8 ± 1 . 0 ±3 .0 

2.4 ±1 .6 ± 1 . 0 

CLEO [29] 
5281.3 ± 0 . 8 ± 0 . 2 
5279.0 ± 0 . 8 ± 0 . 2 

2.3 ± 1 . 1 ± 0 . 3 

To determine the coupling of b-quarks to u- and c-quarks respectively one has to 
measure I\—u /rV_c . Several methods have been applied: (1) Measure the lepton spectra 
from semileptonic decays of B mesons. Because of the large mass difference between c 
and u quarks the lepton spectrum from (b —» u) transitions extends to higher momenta 
than that of (b —> c) . In this way the two contributions can in principle be sepa
rately determined by fitting the data with theoretical parametrisations for (b —» u) and 
(b —» c) (s. Figure 4). In practice however the shape of the theoretical spectrum is not 
well known. Different parametrisations lead to different upper limits for Th—a/Th—c-
The model dependence of the obtained results is demonstrated in Figure 5. 

(2) Measure the total yield of charmed particles from B decays. This method has 
been applied by the CLEO collaboration [30] and their result is shown in Table 10 
compared to numbers from ARGUS [31]. CLEO's branching ratios for (b —» c) add up to 

Table 10: Charm deficit problem. 

BR 
B - > D ° X 
B - > D + X 
B - t D + X 
B-» tf'X 
B - » A C X 

Sum 

Sum 

CLEO [30] 

[%] 
39 ± 5 ± 4 
1 7 ± 4 ± 4 
10 ± 3i^° 

2.0 ± 0.3 ± 0.4 
5 ± 5 

73 ± 1 2 
Charm c 

90 ± 1 5 

ARGUS [31] 

50 ± 7 ± 8 
23 ± 8 ± 5 

14 ± 4 
1.4 ±0 .6 
1.4 ± 0 . 6 
93 ± 1 5 

eficit ? 

114 ± 2 0 

"old" 
MARK III 

BR [32] 

a estimated 

"new" 
MARK III 

BR [33] 

only 73%, which has to be compared with the expected charm yield of 115% from 100% 
(b —> c) plus 15% W + —» cs. This is a much larger charm deficit then expected from any 
reasonable number for (b —> u) . But there is a caveat: What CLEO really measures 
are not branching ratios for B mesons directly, but products of branching ratios for the 
cascade B —» D X followed by D —> Y. These products have been transformed into B 
meson branching ratios by using the D meson branching ratios published by MARK 
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I l l [32]. But recently MARK III has presented an update for their D meson branching 
ratios [33], the numbers being about 22% lower than quoted before. Accordingly the 
numbers for the charm yield from B decays have to be increased and this has been, done 
for the last line of Table 10. The charm yield from B decays is now compatible with 
expectations, though not precise enough to deduce a value for (b —• u) . In conclusion 
the problem of a charm deficit in B decays does no longer exist. As to T^-,u/T\,-.c we 
have only an upper limit at about 13%. 

The ARGUS collaboration reported to this conference the first observation of 
B° B° oscillations [34]. Since a special talk on this topic will be given as an appendix 
to this one and will also be printed in the proceedings I refer the reader to this article 
for details. 

As a summary to the heavy quark spectroscopy results, the following items may be 
remembered: 
(1) Potential models are still a good description for masses and transition rates of heavy 

quark bound states. 
(2) In the T" —• 7r+7r~ Y transition the 7r+7r~ mass distribution is unexpectedly different 

from other 7r+7r- transitions in the bb system. 
(3) The first singlet P-state in the T system has possibly been seen. 
(4) The QCD scale parameter Aĵ g has been determined in a variety of ways to be 

between 100 and 200 MeV. 
(5) An update for D meson decay branching ratios is reported from MARK III. 

The new values are roughly 20% lower than the published ones. 
(6) Final state interactions are important in D meson decays. 
(7) The charm deficit in B meson decays is dead. 
(8) (b —• u) is still an open question. 
(9) B° B° oscillations have been observed. 
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Figure 1: bb level scheme with 7 transitions (dahed lines) and 7T+TT~ transitions 
(solid lines) mentioned in the text. 
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B. Diekmann 
Does background contain n° —*e+e~7? 

Schulz 
This background is eliminated by a momentum cut at 1.4 GeV/c for each lepton 

and a cut on the opening angles between the leptons cosa < 0.85, if the leptons axe 
electrons. 
J . Lipkin 

What is the present situation regarding possible non-DD decays of the V>,:' in com
paring the new Mark III branching ratios and the old values which did not use tagged 
D',? 
Schulz 

This question should be answered by the Mark III representation. 
W . Toki 

The Mark III D branchnig ratios were reanalyzed. Background of Cabbibo sup
pressed decays and D decays with several 7r°s were found and removed. This reduced 
our original published branching ratios about 20 %. Although the branching ratios 
have dropped the branching ratio times cross section are still the same. 
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OBSERVATION OF B°-W OSCILLATIONS 

Hans Dietrich Schulz 
DESY, Hamburg, Germany 

(representing the ARGUS collaboration1) 

A b s t r a c t . Using the ARGUS detector at the DORIS II storage ring we observed B°-
B oscillations in T(45) decays. One explicitly mixed event, a decay T(4S) —> B°B°, 
has been completely reconstructed. Furthermore, we observe a 4.0 standard deviation 
signal of 24.8 events with like-sign lepton pairs and a 3.0 standard deviation signal of 4.1 
events containing one reconstructed B°(B ) and an additional fast £+(£~). This leads 

to the conclusion that B°-B mixing is substantial. For the mixing parameter we obtain 
r = 0.21 ± 0.08. 

The ARGUS collaboration reports the observation of oscillations in the B°-B meson 
system. This result provides basic information on the parameters and the validity of the 
Standard Model [l]. A J5° meson can either decay directly or, through mixing, transform 

o 
into its anti-particle, the B , before decaying. The ratio of the decay widths [2] 

_ T(B° -» B° -> X') 
r ~ T(B° -> X) 

of these two competing reactions describes the strength of mixing. In decays of the T(45) , 
pairs of B°B mesons are produced in a P-wave state, so that r is given in this case [3] by 
the ratio: 

_ N{B0B°) + N(B°B0) 

N(B°B°) 

Thus, the existence of mixing leads to events consisting of B°B° or B B pairs which can 
be detected experimentally. 

1 Current members of the ARGUS collaboration are: H.Albrecht, A.A.Andam, U.Binder, P.BSckmann, 
R.Glaser, G.Harder, A.Nippe, M. Schafer, W.Schmidt-Parzefall, H.Schroder, H.D.Schulz, R.Wurth, 
A.Yagil (DESY), J.P.Donker, A.Drescher, D.Kamp, H.Kolanoski, U.Matthiesen, H.Scheck, B.Spaan, 
J.Spehgler, D.Wegener (Dortmund), C.Ehmann, J.C.Gabriel, T.Ruf, K.R.Schubert, J.Stiewe, R.Waldi, 
S.Weseler (Heidelberg), K.W.Edwards, W.R.Frisken, D.J. Gilkinson, D.M.Gingrich, H.Kapitzo, 
P.C.H.Kim, R.Kutcchke, D.B.MacFarlane, J.A.McKenna, K.W.McLean, A.W.Nilsson, R.S.Orr, P.Padley, 
J.A.Parsons, P.M.Patel, J.D.Prentice, H.C.J.Seywerd, J.D.Swain, G.Tsipolitis, T.-S.Yoon, 
J.C.Yun (IPP Canada), R.Ammar, D.Coppage, R.Davis, S.Kanekal, N.Kwak (Kansas), B.BoStjan&c', 
G.Kernel, M.Plesko (Ljublijana), L.Jonsson (Lund), A.Babaev, M.Danilov, B.Fominykh, A.Golutvin, 
I.Gorelov, V.Lubimov, V.Matveev, V.Nagovitsin, V.Ryltsov, A.Semenov, V.Shevchenko, V.Soloshenko, 
V.Tchistilin, I.Tichomirov, Yu.Zaitsev (ITEP-Moscow), R.Childers, C.W.Darden and 
Y.Oku (South Carolina). 
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An upper limit for B°-B mixing of 24% at the 90% CL has been published by the 
CLEO collaboration [4]. An investigation by the MARK II collaboration [5] of dilepton 
rates in continuum e + e~ annihilations at 29 GeV, well above the B3 production threshold, 
resulted in combined upper limits for B°-B and Bs-Bs mixing. The UAl collaboration 
[6] has reported evidence for an excess of like-sign lepton pairs produced in pp collisions, 
which they interpreted as a signature for Ba-B3 mixing. 

This study uses B mesons pairproduced in e + e _ annihilation at the T(45) resonance. 
The data sample corresponds to an integrated luminosity of 103 p b - 1 on the T(45) , 
containing 88000 T(45) decays, and 42 p b - 1 in the continuum just below the T(4S) . The 
ARGUS detector, set up in one of the interaction zones of the e + e~ storage ring DORIS 
II at DESY, is a magnetic detector [7] with good particle identification capabilities [8] and 

large solid angle coverage. Evidence for B°-B mixing is obtained by using three different 
analysis methods: 

(1) Full reconstruction of Y(4S) decays into B°B° or B B pairs. 

(2) Observation of events containing lepton pairs originating from T(45) decays. The 
charge of the primary lepton from the decay of the b quark identifies whether the decaying 
meson is a B or a B. Thus, B°-B mixing manifests itself in the production of like-sign 
lepton pairs. 

(3) Reconstruction of one of the B° mesons originating from the T(45) decay, and 
tagging the second B° with a fast lepton from its semileptonic decay. 

Efficient and clean reconstruction of B mesons is accomplished by using B decays in

volving D*~ mesons1 which are reconstructed through their decays D*~ —* D TV~ , followed 

by either ~D° -» A ' + T T - , JD° -> A'+TT-TT0, I?° -» A'+TT-TT+TT- or P ° -» A ^ T T + T " . 

B° mesons are either reconstructed in the hadronic decay modes [9] B° —> D"~TT+, 

B° -» D—TT+TT0, B° -> D—TT+TT+TT- or in the channel B° -» D—i+u, with t+ being an 
e + or fi+. The partial reconstruction of the decay B° —> D*~ t^v is possible because J5° 
mesons produced in T(45) decays are nearly at rest. The neutrino is unobserved, but can 
be inferred if the recoil mass against the D"~t+ system, MRecoil, is consistent with zero. 
^Recoil 1S defined by: 

MLcoil = [Eh**™ ~ {ED- + El+))2 - (? D- + P l+)2 . 

By requiring the D*~ to have momentum less than 2.45 GeV/c and the lepton to have 
momentum above 1.0 GeV/c, we obtain the recoil mass spectrum shown in Figure 2. 
The prominent peak at M\ecoil = 0 corresponds to a 5 ° signal on a low background. 
The position and shape of the signal is well described by the Monte Carlo prediction for 
T(45) -* B°B° followed by the semi-leptonic decay B° -* D—£+u. 

1 References in this paper to a specific charged state are to be interpreted as implying the charge-conjugate 
state also. 
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Pursuing method (1) we took the sample of events with a single reconstructed B° 
and tried to reconstruct the second B°, now with a less restrictive choice of possible 
decay channels. By this means, we have succeeded in completely reconstructing a decay 
T(45) -> B°B°, (Figure 1). The two B° mesons {B\ and B\) decay in the following 
way: £? -»• Dj'pfvi, D^~ -* 7r~Z?°, JD° -> A'^TTJ" and B\ -> Dl~^v7, D^~ -> 
TT°D~, D~ —> K^TT^TTJ . The masses of the intermediate states agree well with the table 
values [10]. Both D*~ mesons contain positive kaons of momenta p(A"i)=0.548 GeV/c 
and p(A"2)=0.807 GeV/c which are uniquely identified by the measurements of specific 
ionisation loss (dE/dx) and of time-of-flight. The two positive muons are the fastest 
particles in the event with momenta p(/ii)=2.186 GeV/c and p(/X2)=l-579 GeV/c, and 
have dE/dx and shower counter information consistent with the muon hypothesis. One 
muon, m, is clearly identified in the muon chambers whereas the second one. / ^ , points 
in a direction of the detector not covered by muon chambers. 

For a mixing strength of r '= 0.2, we expect to reconstruct 0.3 events of this type where 
both B mesons decay as B° —> D*~t+v. The background for such an event is estimated 
by a Monte Carlo simulation to be less than 1 0 - 4 . 

In method (2) we investigate events containing lepton pairs originating from T(4S) 
decays. The charge of the primary lepton from the decay of the b quark identifies whether 
the decaying meson is a B or a B. Thus, B°-B mixing manifests itself in the production 
of like-sign lepton pairs. 

An event selection is made by applying cuts to suppress continuum dilepton sources: 
(a) the second Fox-Wolfram moment [11] less than 0.6, (b) charged multiplicity nch > 5 
and (c) total multiplicity nch + | n 7 > 7. The angle between all particles and the beam 
axis is required to satisfy cos 6iaf, < 0.9. Exactly two of the particles in the events have 
to be well-identified leptons with momenta greater than 1.4 GeV/c. The momentum cut 
suppresses most of the secondary leptons originating from charmed mesons in B decays. 
For lepton identification, information from all detector components is used coherently by 
combining the measurements into an overall likelihood [12]. 

Further requirements are made in order to reduce specific background sources of lepton 
pairs. B decays to J/^(-0 ') produce e+e~ or n+fi~ pairs. To suppress this background, 
events containing those pairs are rejected if the mass of the pair coincides with the mass 
of the J/ip or ij>' within ±150 MeV/c2 . Electrons originating from photon conversion are 
suppressed by requiring that no other positron candidate of any momentum lie within a 
cone of 32° around the high momentum electron track. 

.For lepton pairs originating from two different B mesons, the distribution of the 
opening angle 9u between them should be isotropic. Lepton pairs from continuum or 
originating from the same B meson tend to be back-to-back. These contributions are 
reduced by requiring cos Bu > —0.85. The table gives the number of dilepton events 
surviving these cuts both on the T(45) resonance and in the continuum below. The 
number of dilepton events from T(45) decays is determined by subtracting the continuum 
contribution scaled by a factor 2.5 according to the ratio of luminosities. Further, the 
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e+e and fj.+n pair events are corrected for losses due to the invariant mass cut used to 
remove recognized J/tf,'^') decays. 

The remaining dilepton events still include contributions from backgrounds due to 
lepton-hadron misidentification, secondary leptons from charm decays, J/tp decays, and 
converted photons. 

The background due to lepton-hadron misidentification is evaluated from data. To de
termine the fake rate per track we use our data samples of r~ —> i/7r~7r-7r+ +mra(n = 0,1) 
and D'+ —» D°n+, D° —> K~7r+ decays which provide clean sources of high energy pions 
and kaons, respectively. Decay-in-flight and punch-through result in a 7r//z misidentifi
cation probability of (2.2 ± 0.2)% per pion. For K/fi misidentification the fake rate is 
(1.9 ±0 .5)% per kaon, including a correction for kaon decays between the interaction point 
and the drift chamber. The fake rates due to 7r/e and K/e misidentification are both 
(0.5 ± 0.1)%. The number of faked dilepton events is extracted from the observed hadron 
momentum spectrum in the events containing like-sign and unlike-sign lepton-hadron pairs. 

The background due to secondary leptons is determined by a Monte Carlo simulation 
of B decays. A spectator model [13] is used to describe the decay of the b quark, with 
the final state hadrons produced using the Lund string fragmentation model [14]. The 
simulation is checked by comparison with ARGUS measurements of the inclusive spectra 
for leptons, D° mesons, pions and kaons from B decays, and with the inclusive electron 
spectrum for D° and D+ decays from MARK III [15]. All these data are well reproduced. 
The uncertainty in the calculation is expected to be ±25%. The background from J/ ' / ' 
and i}'' decays or converted photons where only one of the two leptons is observed in the 
detector is also determined by Monte Carlo simulation. 

The number of events are given in the table. Out of the 50 like-sign dilepton events, 
25.2±5.0±3.8 events are attributed to the background sources as described above. The first 
error is the statistical and the second one the systematical uncertainty in the background 
determination. The probability for the measured 50 events to be a fluctuation of the 
background corresponds to 4.0 standard deviations. Thus, we attribute the signal of 
24.8±7.6±3.8 events to J5°-5 mixing. The signal for unlike-sign pairs is 270.3±19.4±5.0 
events. 

The mixing parameter r for dilepton events has the form: 

- {N{e+e+) + N(e-t-)](i + \) 
T ~ N{t+i-)- [N(t+e+) + N{e-e-)\\ ' 

In order to account for Y(4S) decays into B+B~ pairs, a factor 

A - ^ ( ^ ) 2 
A ~f° l Br s V 

has to be introduced where f1" (f°) is the branching ratio of the decay T(45) into charged 
(neutral) B mesons and Br*, (Br°,) the semi-leptonic branching ratio of charged (neutral) 
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B mesons. All these numbers are unknown, and we assume A to be equal to 1.2. The 
acceptance for ee,/ifi, and e/i events is different, thus the mixing parameter r is calculated 
for each sample separately. Combining these results, we obtain: 

r = 0.22 ± 0.09 ± 0.04 . 
This result is not sensitive, within the statistical errors, to a variation of the lepton mo
mentum cut between 1.4 and 1.6 GeV/c. 

Method (3) involves the reconstruction of one of the B° mesons originating from the 
T(4S) decay, and tagging the second J5° with a fast lepton. This method is considerably 
less sensitive to background from lepton misidentification. Figure 3 shows the spectrum 
for the recoil mass against a D*~£+ system if the event contains one additional lepton 
with momentum larger than 1.4 GeV/c. Adding two events where the B° mesons are 
reconstructed in the hadronic channels, we obtain a total of 23 candidates for unmixed 
events and five candidates for mixed events. These five events are composed of two B°e+, 
two B e~ and one B (x~ events. The background for the mixed sample, determined in 
the same way as for method (2), is expected to be 0.4 events due to misidentification and 
0.5 events due to secondary leptons. After subtracting 0.9 ± 0.3 events we are left with 4.1 
events from B°-B mixing. The probability for the observed events to be a fluctuation of 
the background corresponds to 3.0 standard deviations. The background to the unmixed 
events is 2.2 ± 1.1 events. Thus, we find a value for the mixing parameter r of: 

N{B0i+) + N(B°e-) 
T = — — — ^ 5 — - = 0.20 ± 0.12 . 

N[B°£-) + N[B t+) 

Two like-sign and eleven unlike-sign events from this sample are also present in the dilepton 
sample. Taking this correlation into, account, we get a combined result of 

r = 0.21 ± 0.08 . 

o 
In the the Standard Model with three generations B°-B mixing is described by a box 
diagram yielding a parameter x [1]: 

AM _ oo-^8Z!^ m _6 Tb ,T, .,2 
777 

x = -f- = 327T J ^ °^{Vtd\^QcD 

The parameter x is related to experiment by 

x2 

r = — . 
x2 +2 

The observed value of r provides a strong constraint on the parameters of the Standard 
Model. It can still be accommodated by the Standard Model within the present knowledge 
of its parameters provided the top quark mass is existing and heavy (m* > 50 GeV/c2). 

In summary, the combined evidence of the investigation of B° meson pairs, lepton pairs 
and B° meson-lepton events on the T(45) leads to the conclusion that B°-B mixing has 
been observed and is substantial. 
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Dilepton candidates 
T(4S) + Continuum 

Continuum 

T(45) direct 

Background 
Fakes 

Conversion 

Secondary decays 

J/t/i decays 

Signal 

e±e± 

8 

0 

8.0 ±3 .9 

0.7 

0.5 

2.3 

0.7 

3.8 ±3 .9 ±0 .9 

4- ± 

16 

0 

16.0 ±4 .S 

5.7 

2.9 

0.9 

6.5 ±4 .8 ± 1 . 3 

e±
lL

± 

26 

0 

26.0 ± 5 . 8 

4.9 

0.5 

4.6 

1.5 

14.5 ± 5 . 8 ± 1 . 8 

Sum: 50 dilepton candidates 

B a c k g r o u n d : 25.2 ± 5.0 ± 3.8 events 

Signal: 24.8 ± 7.6 ± 3.8 like-sign lepton pairs 

Dilepton candidates 
T(4S) + Continuum 

Continuum 

T(45) direct 

Corrected for J/t/> cut 

Background 
Fakes 

Conversion 

Secondary decays 

JJ'i/> decays 

Signal 

e+e~ 

60 

3 

52.6 

58.5 ±9 .8 ±1 .6 

1.4 

0.5 

0.7 

1.0 

54.9 ± 9.8 ± 1.6 

^p 

92 

1 

89.5 

99.6 ±11.3 ± 2 . 5 

12.1 

1.5 

0.9 

85.1 ±11.3 ± 3 . 1 

e-^ 

149 
2 

144.1 

144.1 ± 12.4 

10.2 

0.5 

1.6 

1.5 

130.3 ±12.4 ± 1 . 8 

Signal: 270.3 ± 19.4 ± 5.0 unlike-sign lepton pairs 

Mixing parameter r 0.17 ±0.19 ±0.04 0.19 ±0.16 ±0 .04 0.28 ±0.14 ±0.04 

Combined mixing parameter r=0.22 ± 0.09 ± 0.04 

Table: Dilepton rates. 
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Figure 1 : Completely reconstructed event consisting of the decay T(45) —> B°B or?o 
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Figure 3 : Same as Figure 2 with requiring an additional lepton (fi,e) with momentum 
p > 1.4 GeV/c in the event. 
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S. Olsen 
Do the "reconstructed" semi leptonic decays enable you to distinguish missing v's 

from missing K^'s? 
Schulz 

Yes. 
T . K a m a e 

You have to know the momentum spectrum of D's in order to subtract their con
tribution? How do you make sure of the subtraction. 
Schulz 

The lepton barkground from D-decays is very small because of the lepton momen
tum cut at 1.4 GeV/c. It is determined by a Monte Carlo into simulation which is in 
excellent agreement with the data. 
C . H e u s c h 

Can you show us which part of the counts you showed is due to the secono half 
of ARGUS da ta runs, which are not included in this 10 % upper limit you quoted in 
Berkeley ? Is this due to a strange statistical fractuations or is this a basic difference 
in analysis? 
Schulz 

The difference between this preliminary result announced in Berkeley and this 
present final result is not only due to a doubling of statistics, but mainly due to a 
completely restructured analysis. We found the "gold-plated" B° B° event right after 
Berkeley which motivated us to (1) redo our muon analysis completely. (2) given by 
cuts in all individual parameters in favor of one cut or an overall likelihood function. 

- 3 1 4 -



BB Mixing: A Review of Theory 

KAORU HAGIWARA 

Theory Group, KEK, Tsukuba, Ibaraki 305, Japan 

ABSTRACT 

Implications of the recent observation of the B^B^ mixing by the ARGUS collabora
tion on our present understanding of nature are discussed. Consequences of the standard 
model (S.M.) with a heavy top quark and various physics possibilities beyond the S.M. 
that can give rise to significant B%B% mixing with a light (£ 50 GeV) top quark are 
briefly studied. Experiments at pp and e+e~ colliders at higher energies will give inde
pendent information on BjB% and B°B° mixing, which will be of critical importance for 
our model hunting. Spacetime oscillation of the BB system may be directly observable 
at new e+e~ colliders TRISTAN, SLC and LEP. 

1. Introduction 

Organizers of the Conference asked me to review theoretical implications of the new 

B%B\ mixing observation made by the ARGUS collaboration [1] at DESY. As we learned 

from the previous talk, the evidence for significant B%B% mixing (of about 20%) is quite 

strong. Such a large mixing has not been generally expected by theorists, and we are 

given an opportunity to reconsider our standpoint. 

I will first review the theoretical basis of the mixing phenomenon, paying special 

attention to its space-time development (BB oscillation). Second, present status and 

future BB mixing measurements are briefly reviewed. I stress the possibility that BB 

oscillations can be detected at new e + e - colliders TRISTAN, SLC and LEP, which 

may help in discriminating between B%B% and B^B? mixings. Third, I explain why 

the ARGUS observation requires a heavy top quark (typically £ 100 GeV, or more 

conservatively ^ 50 GeV) and maximal B°B° mixing in the standard model (S.M.). I 

conclude my talk with a short exploration of physics beyond the S.M., looking for a 

possibility of having a light top quark that can be produced at TRISTAN or SLC. 
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2. Theoretical basis of the BB mixing measurements 

Particles with different quantum numbers can in general mix if transitions among 

them are not forbidden by the exact conservation laws of nature; Lorentz, electromag

netic and color invariances. Hence all the particles with same spin, electric and color 

charges will mix among themselves. Mixings among hadrons (77 — r/ and w — <j> mix

ings), those among quarks of same charge (CKM mixing [2]), and the mixing between 

neutral gauge bosons in the electroweak theory [3] are wellknown examples of this phe

nomenon. In the above cases, the interactions which give particle masses and those 

responsible for the interparticle transitions have same order of magnitude and significant 

mixings result. When the transition energy is much smaller than the particle masses, 

only a tiny mixing results, which is difficult to detect. 

Mixings between a neutral colorless particle and its antiparticle are special in this 

respect since their masses are degenerate by the CPT theorem. A tiny transition energy 

is enough to cause a large mixing between the degenerate states. Indeed if CP is a 

good symmetry, an infinitely small transition energy causes maximal mixing as we shall 

see in the following. Such an almost maximal mixing is known to take place in the 

K°K° system, but no other direct evidence for a particle-antiparticle mixing has been 

reported until this ARGUS observation. The key point to understand this is to notice 

that a transition takes place in the time scale determined by the inverse of a transition 

energy. We cannot observe mixing if the particles decay much faster than their transition 

time scale, or in the case of the neutron-antineutron oscillation in nuclei, if the transition 

time is extremely long. Hence the observability of a particle-antiparticle mixing is quite 

nontrivial depending on the ratio of the particle lifetime and the transition time scale, or 

equivalently, that of the transition energy versus the mean total width (the parameters 

x = AiW/r and y = AI?/2r in the following equations). 

I start with the Schrddinger equation governing the B°S° system in the particle rest 

frame* 

* I use the notation BJ = (bq), B° = (bq) and the convention CP\B° >= - |B° >. I often 
suppress the subscript q if unneccessary. 
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• f t W - ^ W - l J^-to, M-p AW (21) 

where M and T are, respectively, the degenerate mass and width of B and B, and Mn 

and Ti2 denote, respectively, the dispersive and the absorptive part of the transition 

energy 

< B°\E\B° > = M12 - | r 1 2 . (2.2) 

In the standard model, they are evaluated via the box diagrams as shown in Fig. 

2.1. The absorptive part Ti2 comes from the common final states in the 5° and B° 

decays and is expected to be small in the S.M., since the decay modes B%, B% —• 

uudd,ucdd or cudd are suppressed by the small KM matrix element V„j whereas the 

Fig. 2.1 Representative diagrams for the virtual (left) and real (right) contributions to the 
B" B" transition in the standard model. The dashed line shows the real parton final states in 
the spectator model of the B meson decay. 

mode JB°, B° —» ccddis suppressed by the small phase space. Although in the following, 

I sometimes neglect Tj2 (and hence y = Ar/2I?) for simplicity or to appeal to your 

intuition, I do not think that the above reasoning is strong enough to reject significant 

Ti2 in view of possible new physics contribution to B decays. I will therefore retain the 

absorptive contribution in most of the following formulae. 

The system (2.1) can easily be diagonalized to find the mass eigenstates 
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rj s i - j - i = [(Mfc - ^ 2 ) / ( M 1 2 - i r 1 2 ) ] i , (2.3B) 

with the eigenvalues 

where 

(AM, Ar) = (2iZe,-4/m)[(M12 - |r12)(M1*2 - i r j 2 ) ] i (2.4c) 

with AM > 0 by convention (and. hence m# > mj,, AF can either be positive or 

negative). Here I remark that the CP invariance implies reality of both dispersive and 

absorptive amplitudes and hence 77 = 1 in (2.3b). The width difference Ar vanishes as 

T12 vanishes in (2.4c). 

It is now straightforward to obtain the time evolution of the one-particle system. If 

we define the states \B°(t) > and \B°(t) > by the initial conditions 

\B°(t = 0) > = \B° >, \3°(t = 0) > = \B° >, (2.5) 

then at time t, they are expressed in the current basis as 

\B°(t) > = f+(t)\B° > +T7/_(<)|B° >, 

\S\t) >= f+(t)\B° > +±/_(t)|B° >, (2-6) 

with 

f±{t) = le-iMt[e-±(rH+i*M)t ± e-4(r t-iAJf)tj# (2.7) 

The differential probabilities for the particle B°(B°) at t = 0 to decay as B° or Ba 
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at a time t > 0 then read 

N^(B° -+ B°) = N^(B° -> B°) = | / + ( 0 | 2 , 

i V ^ ( 5 0 - J B ° ) = M2|/_(t)|2, (2.8) 

iv f (Jo_ 5 o ) = _ l _ | M t ) | 2 > 

where the normalization constants JV and N are 

oo 

(JO = / rff(,/+(°|2 + |77l±2|/-(0|2)' (2-9) 
0 

which ensure 

P(B° -+ B°) + P(B° -» B°) = P(B° — B°) + P(B° - ^ 5 ° ) = 1 (2.10) 

after the time integration. The constants N and N are just the mean lifetime, r = 

\iTH + r i ) i n *n e limit |7y| = 1. The usual mixing parameters [4] are then expressed as 

= P(B° - £°) _ • ,2 *2 + y2 

r - p ( 5 0 - . 5 ° ) - | 7 ? l 2 + X 2 - J / 2 ' 

_ _ P(B°.-> B°) 1 s 2 + y2 ^ ' ' 
r-p(B°-+B°) \rj\22 + x2-y2' 

with 

a; = AJW/r, y = A r / 2 r . (2.12) 

In Fig. 2.2, I show the differential decay probabilities in the limit of y = 0 and 

\v\ = i; 

AB° - 5°) = |/+(*)|2 = e"W(f 1), 
(2.13) 

r ^ ( 5 ° -> 5°) = |/_(*)l2 = e--rsin\\±), 

as functions of ^ for two representative values of x, 0.73 for the B^Bj mixing as measured 

by ARGUS [1] and 10 as a typically expected value for the B%B% mixing (see the following 
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discussions). It is interesting to point out that any e+e~ detectors capable of resolving 

the B meson decay vertex (< / > = cy@T) should be able to observe the space-time 

development of the B^B^ mixing, or the BjB% oscillation. Indeed from the figure for 

1.0 

en 
t 

en 

im 
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en 

05 

00 

05 

x = 10 

1.0 
0 1 

Fig. 2.2 Differential probability for a B" meson to decay as a B", rdP(B° -* B°)/dt or as a 
B", rdP(B° ->• B°)/dt with two representative values of x = AM/T for y = 0 and \t)\ = 1. See 
Eq. (2.13). 

x = 0.73, we find that virtually no mixing should be observed for B mesons decaying 

at t < T, the mixing grows rapidly for t > r , and we should find more B° than B° for 

particles decaying at t k> 2r. On the other hand, rapid oscillation for a; ~ 10 may be 

difficult to resolve and should be observed as a constant large mixing independent of the 

particle decay length. I will return to this point later when I discuss future BB mixing 

measurements. 

This completes my discussion on the mixing phenomenon in one particle system. 

This is, however, not enough to understand the phenomenon observed by the ARGUS 

group, because the two B meson system from T(45) is in a quantum mechanical pure 

state. Indeed the B°B° system should be in a P-wave state from the angular momentum 

conservation and its wave function should be antisymmetric. 

In general, a B°B° system in a relative orbital angular momentum L has a wave 
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function at t = 0 

\L,t = 0 > = \B°(ki) > \B°(k2) > +(-l) i |JB°(fc1) > \B°(k2) > (2.14) 

where ki and &2 denote the B meson momenta. At a later time t, the system evolves 

into 

\L,t > = \B°(ki,t) > \B°(k2,t) > +(-l)L\B°(kut) > \B°(k2,t) > (2.15) 

by using the one particle wave functions of (2.6). If at f = <i the particle with ki decays 

as a 5 ° , the wave function for the particle with £2 reads 

< 2?°(fci)|£,*i > = /+(<i)|5°f*2,*i) > +( - l ) £ i / - ( t i ) | 5° ( fc 2 ,< 1 ) >, (2.16) 
V 

at i — t\ and continues oscillation. If the second particle also decays as a 5 ° at 

t = <2 > *l ? then the transition amplitude read 

/+(*l) < B°(k2)\B°(k2,t2) > + ( _ l ) i l / _ ( f l ) < B°(k2)\B°(k2,t2) > 
V (2.17) 

= i [/+(*i)/-(<2) + (- l)£ / -(*l) /+(*2)I . 

Likewise, the probability distributions can be expressed as 

nd2P „ r' o f 5 ? 5 ? 
^ = M ^ l / ^ l ) / ^ ) + (-l)Z/q=(*l)/±(*a)|2 / " (2»°*°)j - j ^ 

X i * 

n d 2 j P |/+(«1)/+(<2) + ( - l ) X / - (* l ) / - (*2) | 2 for (B°B°)L -, B\B°2 or B{B°2 dt\dt2 

(2.18) 

where I used a compact notation such as 5 ° to express an event where the particle with 

momentum k\ decays as B° at t = t\. The normalization constant n which ensures the 

probabilities to sum up to 1 after the time integrations is just r 2 when \r]\ — 1. 
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It is easy to see that the formulae are valid even if t\ <t%- After the time integra

tions, we write 

OO 0 0 

P(B°B°)L = JdhJ dt2-£~[(B°B°)L - B^], (2.19a) 

OO OO 

P(B°B°)L = JdhJ dt2^-[(B0B°)L - BIB%), (2.19b) 

OO OO 

*«T.-/-K/*{=3g3i+<*gm}. ^ 
O 0 

where the initial condition (B°B°)i in the r.h.s. of the last equation was suppressed but 

understood. In the following, the subscript L takes only two values, even and odd. The 

usual mixing parameters are defined as 

RL = P(BaBo)L/P(B0B°)L, (2.20a) 

RL = P{B0B°)L/P{B0B°)L, (2.20b) 

for which we find from (2.18) and (2.19) 

ini2ffr - ini-2j5 r - (i + * 2 ) 2 ( i * y 2 ) - ( i - y 2 ) 2 ( i T * 2 ) , 2 2 n 

HJfc-M ^ - ( 1 ^ S 2 ) 2 ( 1 ± y 2 ) + ( 1 _ y 2 ) 2 ( 1 T , « ) . (2-21) 

where the upper (lower) sign should be taken for L = even (odd). 

It is interesting to note that 

Rodd = f, Rodd = r (2.22) 

hold exactly by comparing (2.21) with (2.11). There is a very simple explanation of 

this fact. For L = odd, the two particle wave function is antisymmetric under the 
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exchange of particles, and hence Bose statistics forbids appearance of either B°B° or 

B°B° component. For instance, if the particle with &i decays at <i as B°, then the 

other particle traveling with &2 is purely B° at that very moment as can be easily verified 

in (2.16); 

< B°(kx)\L = odd,tx >= {[/+(*i)]2 + [/-(*i)]2} \B° > . (2.23) 

For t > ti, this particle continues oscillation just as the one particle system (2.6) with 

the replacement t —* t — t\. The probability to observe a B°B° event is therefore the 

probability for the other fi° to oscillate into B°, i.e. f of (2.11). 

The spacetime evolution of the two B meson system is hence particularly simple for 

the L = odd state: Suppose at t = t j , one of the particles decays as a B°, then the other 

particle starts oscillation from B° following the pattern of Fig.2.2 with the replacement 

t -* t —1\. Hence for example, B%B% or B%B% events should have on the average much 

larger 2̂ — h than that in B%B% events. If we can select events with *2 _ *l > 2r, 

say, we expect much larger mixing rates. Since such two particle correlation is a direct 

consequence of the quantum mechanical superposition principle, its observation may be 

regarded as a test of quantum mechanics (if such is still needed). This is challenging 

because of the small velocity of B% from T(45); I find for the mean decay length 

< / >= c/37r w 0.03mm (2.24) 

by using the T and B meson parameters as listed in the Particle Properties Data Booklet 

(1986). This should be contrasted with the mean decay length expected at TRISTAN, 

SLC, and LEP; 

< / > « lA(kB/20GeV)mm (2.25) 

When y2 < x2 and |?7| = 1, Eq. (2.21) simplifies to give 

Rodd = Rodd = *V(2 + x2), (2.26a) 

Rtven=R*ven=(3x2 + x*)/(2 + x2 + xi), , (2.26b) 

which are shown as a function of x = AM/T in Fig. 2.3. Also shown is the mixing rate 

- 3 2 3 — 



calculated by assuming that the two particles oscillate incoherently, 

Rincoh. = 2r/( l + r2) = (2x2 + x4)/(2 + 2x2 + X4). (2.27) 

It is important to notice that the mixing is suppressed rather strongly for the P-wave 

R 

Fig. 2.3 The B" B" mixing rates, RL = P{B"Ba)LfP{B''Ba)i, for L = even and odd systems 
versus x = AM/T in the limit of y = 0 and \j}\ = 1; see (2.26). Also shown as Rineoh is the rate 
expected if two particles oscillate incoherently, see (2.27). 

[L = 1) state. The physics which' leads to the mixing rate R0&& « 0.21 [1] should hence 

lead to much larger mixing in the L = even states, Reven « 0.67. Indeed, L = even 

system is expected at energies just above T(45) from the reaction 

e + e - -» r* -» B°B° or B° B° - {BaBa)i. (2.28) 

The final (B°B°) system has L = even from C invariance, since a B°B° state with 

the relative orbital angular momentum L has C-parity {—1)L [5] . Although the cross 

section for the process may not be large [6], we should expect about three times larger 

mixing for events with a tagged single photon. 

Finally, I comment on the possibility of observing CP violation in the BB mixing. As 

can be seen from (2.11) and (2.21), only one quantity measures the CP violation in the 
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mixing phenomenon [4]; 

r - r RL - RL _ 1 - \r,\* _ Im(T12M;2) _ T12 

r + r-RL + R L - l + \V\* ~ | j f 1 3 p + £|r12 |2 ~ ^ Mu
 j ' ^ ' a j 

Hence the approximation y- <C a- automatically leads to the absence of CP violation, cf. 

(2.4c). From previous studies [4], we should expect very little ( < a few %) CP violating 

asymmetries for both B%B% and B°B° systems. Significantly larger asymmetry can be 

generated only when there is a large new physics contribution to Tio, hence non-standard 

B-meson decav modes. 

3. Status and the future of BB mixing measurements 

I review three basic tools to measure BB mixings; exclusive production of a B meson 

pair at e+e~ colliders (j/s ~ 10 GeV), likesign dilepton searches at high energy e+e~ 

and pp colliders, and the B meson forward-backward asymmetry at e+e~ colliders. 

3.1 EXCLUSIVE CHANNELS AT e+e~ COLLIDERS 

Just above the B meson pair production thresholds, we can study individual BB 

system separately. On the T(45) we have the purest signal consisting only of P-wave 

B+B~ and B%B% states. Hence if one identifies either B% or B\ by reconstruction, as 

was done by the ARGUS collaboration [1], we can be sure that we are detecting a B%B% 

event. According to the other lepton charge, we can determine if the other particle is 

B° or B°. In this way, they found [1] 

N(B°l-) + N{B°l+) ~ 2 - °-2° * ° ' 1 2 ( 3 'L ) 

which is the cleanest data from a theoretical point of view. 

We gain more statistics by gathering all the prompt dilepton events arising from 

primary semileptonic B decays. However, though a like-sign dilepton event should come 
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from BdBd or BdBd system, we cannot tell if an unlike-sign dilepton event comes from 

BjB% or B+B~. This leads to a one parameter ambiguity in extracting the asymmetry 

R from the data 

[N(l+l+),N(ri-)} U*L,iJL) m . 
W+n 1 + X[1 + ^RL + RL)} l d ] 

with the unknown parameter 

* = ( iW-Pf l ' ) (&+/M2 (3-3) 

where PB+/PS° is the ratip of the B+B~ to B°dB°d {B+B~* to B°dB°d* f o r i = even) 

events and b+/b0 is the ration of the B+ and Bd semileptonic branching fructions. The 

latter ratio is unity in the spectator quark approximation, but may well be larger in 

view of the large corresponding ratio (~ 2.6) for D mesons. The ratioP£+ j PQO depends 

on the details of the dynamics of B meson production and is difficult to estimate reli

ably. By boldly assuming the same constant matrix element for both B+B~ and Bd§d 

production, I find PB+/PB' ~ (kg+fkgo)3 w 1.5 from the P-wave factor only by using 

the mass values listed in the Particle Property Data Booklet (19S<5). A detailed calcu

lation, allowing for the 5"*", Bd mass difference in the overlap integral for T(45) —• BB 

decays, gives PB+/PB° « 1 — 1.3 [6, 7]. I feel that the parameter A may be somewhere 

between 1 and 1.5, but without a convincing argument. It is clearly important to have 

a better theoretical control on the parameter A. 

The ARGUS group assumed A = 1.2 and found [1] 

\(Rodd + Rodd) = 0.22 ± 0.09 ± 0.04 (3.4) 

Fortunately, the result is not too sensitive to A; the mean value reads 0.20 for A = 1 and 

0.23 for A = 1.5. The most important fact is that these numbers are consistent with the 

cleaner signal (3.1). By combining these two signals and assuming CP invariance, they 
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gave [1] 

Rodd = r = 0.21 ± 0.08 (3.5) 

for A = 1.2. As remarked above, this result is not sensitive to A as far as it stays between 

1 and 1.5. 

I have two comments regarding the future mixing measurement at these energies 

besides the obvious one that we are all waiting for the B°B° mixing experiments on 

T(5S). First, it may be interesting to test the spacetime evolution of the B^B^ mixing 

with higher statistics; particle pairs with large decay length difference can reveal very 

large mixing. Second, by tagging the photons from B* decays, we can study the mixing 

in L = even system which should be about three times larger than R0dd (3.5). 

3 .2 DlLEPTON STUDIES AT HIGH ENERGY e+e~ AND jrp COLLIDERS. 

At high energies, B mesons are produced with many other particles and we can 

safely neglect possible coherence effects for BB pairs. Once background contributions to 

prompt dilepton events are properly subtracted, which is a nontrivial question especially 

at hadron colliders, we can relate the experimental observables and the mixing parameters 

with relatively small numbers of parameters. I find for the ratios of like-sign to unlike-

sign lepton events; 

N++/(N+- + N++ + N-) = x( l - x), 

tf__/(JV+_ + JV-++ + JV__) = X ( l - X), 
(3.6) 

with 

x = fdTTzr. + f*m-— '1 + rrf J 3 l + r 3 ' 

Jd, , s . + / a r 
(3-7) 

fi = Pibif(PBbB + Pubu + Pdbd + Psbs). (3.8) 

for i = d and s. Here ^( fd) and ra(F,) are the mixing parameters of the B^B^ and 

BgB° system, respectively, P{ the probability for a b quark to end up with i-hadron, 
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and b{ denotes its semileptonic branching function, where i-hadrons with i = B,u,d,s 

denote, respectively, a b-Baryon, B+, B°d and B° or their antiparticles. 

1 . 0 | i i i i i i i i i | ' i i > | ' ' ' ' I ' ' ' 
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Fig. 3.1 Limits on r, and r<j at 90% confidence level from Mark II [8] and UA1 [9], with two 
representative values for parameters fd and / , appearing in (3.7). Also shown by the straight 
lines are the new ARGUS bound for rd. 

There is one negative result for the like-sign dilepton signal from an e+e~ exper

iments at PEP [8] and one positive signal from UA1 collaboration at the CERN pp 

collider. In Fig. 3.1,1 show their- 90% C.L. limits with two representative values of fd 

and fa '• fd = 0-4 a n d fa = 0.2 ( /u = /<*,/B = 0) as chosen in Ref. [9], and ft cud fs 

calculated with the inputs bB = bu = ba = b3,P3/Pd = 0.3 and PB = 0.09 [10]. These 

figures clearly show the virtue of future e+e~ experiments at TRISTAN, SLC and LEP 

to repeat the Mark-II analysis. We will then have an interesting constraint on r3, which 

is of greatest theoretical interest. 

Here again, I stress the usefulness of studying the correlation between the mixing 

event rate and the meson decay length. From the earlier discussion, we should expect 

significantly larger like-sign events from B\B^ mixing when one decay vertex significantly 

deviates from the collision point, cf. (2.25). On the other hand, if B°B° mixing is indeed 

large, then we should observe a nonvanishing like-sign event rate in the limit of zero decay 

length. Such quantitative studies may help disentangle problems associated with the 
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phenomenological parameters fa and fa. 

3.3 FORWARD-BACKWARD ASYMMETRY AT e+e~ COLUDERS. 

At TRISTAN energies (i/s = 50—70 GeV), we expect very large forward-backward 

asymmetry (exceeding 50% on magnitude) for b-quark jets 

i ^Nb(cos6>0)-N\cos6<0) 
FB Nb(cos6 > 0) + N^cosB < 0) { ' ' 

in the standard model. Theoretical prediction for ApB can be made accurate to 1% 

level by using either the muon asymmetry or Z mass value from SLC, after QCD and 

electroweak connections. 

It has been noted [11] that if the BB mixings are present we will observe a smaller 

asymmetry for B mesons. The difference between the calculated b-quark asymmetry 

ApB and the observed B-meson asymmetry AB
B is found to be 

AB 

5 = l - - p . = x + X (3-10) 
AFB 

with the same parameters x and x that appeared in (3.7). The r.h.s. of (3.10) is 14% 

for rj = 0.21 and fj = 0.4 without the B% contribution, and can be as large as 30% if 

rs = 1 and fs = 0.16. Hence a measurement of 6 with a 10% accuracy would give us 

useful new information. I made a rough estimate for the required integrated luminosity 

at TRISTAN by using the formula for the statistical fluctuation of 8; 

where N denotes the number of b-hadrons which decay semileptonically. By assuming 

full acceptance for e* and /i , I find that about 30p6—J is required to achieve this goal 

at -/s = 60 GeV for Ah
FB = -0.56 and AfB = 0.8Ah

FB. 
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It is interesting to compare this with what can be achieved at SLC. The b-cross 

section at SLC is 500 times larger than that at TRISTAN, whereas the asymmetry at 

,/s = rug is smaller, ApB about 0.17. I find that an integrated luminosity of0.8p6—1 

would enable SLC to achieve the same goal. Therefore only a 40, rather than 500, times 

larger luminosity is required for TRISTAN to compete with SLC. 

If one can resolve decay vertices of the decaying B mesons, we should observe 'oscilla

tion' of the asymmetry deviation 8 as a function of the decay length, or even as a function 

of the decay time if one can determine the momentum of the decaying B-mesons. Here 

I give for simplicity its variation with respect to the decay time t. It should be easy 

to obtain the dependence on the decay length by folding it with appropriate b-quark 

fragmentation functions. 

I define the decay-time dependent asymmetry deviation by 

6(t)sl-*fa® (3.12) 
AFB 

where A^B{t) denotes the observed asymmetry when the b-hadron decays semilepton-

ically at time t measured from the collision time. I find that it can be expressed as 

(assuming y2 -C a:2 and |TJ| = 1), 

6(t) = 2 [ / i ( z ) 5 i n 2 ( ^ ) + / a ( i > i n 2 ( | l ) ] . (3.13) 

with X4 = (AMJ^o/r^o, xs = (AM)BB/TB°, and fa and f3 have the same form as 

those in (3.8) but with the replacement 

bi-*bi(t) = biTie-ilTi. (3.14) 

In (3.13) and (3.14), r; denotes the lifetime of the i-hadron , e.g. r j = 1/Tgo. Note 

that the factors fa and f3 reduces to the constants fa and fs if all the b-hadron lifetime 

are similar, TQ « ru « r j w T3. 
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From Eq. (3.13), it is easy to guess actual situations with finite resolution [12]. If 

indeed XA w 0.73 and xa much larger, we expect a broad enhancement of 6(t) at around 

t/ri = TT/XA « 4 and a constant component independent of t would reveal contribution 

from rapid B°B° oscillation. It is interesting to note that the largest deviation is 

expected for very large decay length, about 4 times its meas value shown in (2.25). 

4. Implication of theBB mixing observation on the S.M. 

Since I presented my talk in April, I have received several professional works [13] on 

this subject. I shall only briefly summarize my key observations. 

As I explained earlier, the mixing measurement at T(4£) decays measures 

0 

Rodd = rd=
 d

 2, (4.1) 

where I neglect small absorptive contribution (j/2 < i 2 ) and assume CP invariance. The 

ARGUS measurement then implies 

xd = (&M)BJTBd = 0.73 ± 0.18 (4.2) 

This quantity can be evaluated via the box diagram (see Fig. 2.1) in the S.M. It has 

been known [4] that it is dominated by the top quark contribution and reads 

G2 

*d = rBi-^mBi\V^Vtd\
2rh2

tT,QCDBBjld, (4.3) 

with 

^ = m ? [ l - j I r r ^ - 2 i r r ^ ] (4-4) 

where a = m ^ / m ^ V ^ ' s are KM matrix elements, TJQCD
 t n e QCD correction factor, 

BBd the so-called bag factor, and JBA the BA meson decay constant. The factor m2/m2 

is a smoothly decreasing function of a; fht reduces to m< at a < 1 and to 0.5m< at a >• 1. 
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By inserting typical values for the parameters in (4.3), I find 

Xd ~ Q-1^mGeV) (l.lxl0712)("0^4-)lT0T1 ( Q.lGeV ) ' ( 4 > 5 ) 

If all these parameter values are appropriate, then the S.M. requires m* « 325 GeV 

(fht/mt « 0.64 for m | / m | ^ « 16) to produce a;,/ = 0.73. Here I took T)QCD fr°m A.J. 

Buras et al [4], jV^-Btdl from a simple ansatz [14] for the KM matrix elements {0 — 0.22); 

d 

n ( 1 

c 

t 

9 

\6* 

s b 

9 eA 
1 92 

e2 I) 

\Vh'M\= C 9 1 92 • (4-6) 

For the last piece in (4,5), I consulted the three calculations of Ref. [15] which give 

y/Bd/Bd = ° - 0 9 5 G e V . 0.085 GeV, and 0.086 GeV. Although none of these results are 

reliable, it is nonetheless impressive that the nonrelativistic harmonic oscillator model 

(the first one) and the relativistic bag model (the last one) give comparable values for 

the B mesons. It is also amusing to note that the top quark of mass around 200 GeV has 

been suggested by the infrared fined point structure of the Yukawa couplings [16], and 

it saturates the present bound for mt — TOJ from the measurement of p = GHGJGC.C 

[17], leaving little room for other contributions such as supersymmetric particles. 

One may attempt to put a lower bound on mj [1, 13]. Starting from (4.5), it is easy 

to see that for instance 

xd > 0.55, rBd < 1.3 x 1072, T)QCD < 0.9, 
(4.7) 

\VtlVtd\ < 0.02, \fBdJBd < 0.16<7eV 

lead to mt > 50GeV or 

mi & 55 GeV. (4.8) 

One can immediately see that even lower mt can be accommodated if we accept larger 

y/Bd fBdi f° r which we have least control. 
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Finally, it is very important to notice that the B3B° mixing parameter r3 is strongly 

constrainted by r<f, or x&. The same Box diagram (with the trivial replacement of exter

nal d-legs by s-legs) also gives dominant contribution to xa and hence most ambiguities 

cancel out in the ratio 

xa _ TB, mBt Vt3 2 VBBJB, ,2 (4Q) 

*d rBi mBd Wid
l Ky/BBdJBJ 

The first two factors in the r.h.s. are essentially unity and for the last factor, the 

three calculations of Ref. [15] give 1.33, 1.41 and 1.48. Our simple ansatz (4.6) gives 

\VulVttf = 6~2 w 20. Unitarity of the KM matrix still allows \Vt3/Vtli\
2 as small as 

about 4. Hence very naively I expect xs/xj « 25, whereas a conservative lower bound 

may be Xg/xj £ 4. In terms of the mixing parameter r3, the former relation implies 

essentially r3 w 1 (maximal mixing) and the latter bound can be expressed as x3 k> 2.2 

or 

ra £ 0.7 (4.10) 

In view of the forthcoming improvements in the analysis on the r^-r3 plane (see Fig.3.1), 

we will soon learn if the S.M. can explain the B meson oscillations. 

5. Possible new physics contributions to BB mixing. 

There are two reasons to consider seriously the possibility that the observed B%Bj 

mixing has a new physics origin. First, the top quark could very well be much lighter 

than 280 GeV suggested by (4.5) and be found at TRISTAN or SLC. Indeed sev

eral heuristic parametrizations of the quark mass matrices [18] 'predict' rather light top 

quarks constrained by the observed CKM matrix elements. If the top quark mass turns 

out to be lighter than about 50 GeV, then most plausibly new physics gives dominant 

contribution to the observed mixing. Second, we expect large B°B3 mixing (at least 

about 70%, typically 100%) in the S.M. with a heavy top quark. As can be seen from 

Fig. 3.1, large B°B3 mixing is at the edge of being rejected, or it should soon be estab

lished at TRISTAN/SLC. If the B°B° mixing turns out to be smaller than about 70%, 

we should again look for new physics explanations. 
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I examined several new physics contributions to BB mixing, paying special attention 

for the possibility of having smaller (£ 70%) B°B° mixing. Due to the space limitation, 

I should be very brief here. 

5.1 FOURTH GENERATION 

Introduction of a fourth generation of fermion has often been considered as a logical 

possibility, although we have absolutely no theoretical motivation for them. If the top 

quark turns out to be too light, then the fourth generation up quark (the a-quark [14]) 

(a) 

W 

W 

-t 
•q b-

+(b) 
-b q-

W 

W 

•q b-
Mc) 

b q-

W 

W 

•q 

-b 

Fig. 5.1 Dominant contributions to the B%B°(q = d or s) mixing in the presence of the fourth 
generation. 

may play the significant role. . The diagram Fig. 5.1 (c) dominates the B%B% mix

ing and it is easy to see that the factor (mtV^V^)2 in (4.5) should be replaced by 

(maV*bVa^)2. The perturbative unification condition m0 £ 500 GeV [19,20] then imply 

typically, |Va&Va |̂ £ 93. Among the following three possible patterns of the 4 x 4 CKM 

u 

c 

t 

a 

(l 9 03 05] 

9 1 92 9A 

9* 92 1 93 

\95 04 93 \ ) 

i 

(l 9 9* 9A 

9 1 92 92 

93 02 1 9 

\92 92 9 l) 

( 1 9 93 92\ 

9 1 92 9 

92 9 9 1 

\93 92 1 9 J 

\VKM\ = 

(5.1) 

matrix elements, the first one extrapolated [14] from the trend of the observed matrix 

elements cannot work. We may need the 4x4 matrix elements like the second or the third 

(as suggested by the adjoint dominance of the quark mass matrix [21]; I obtained the 

above particular form by assuming a simple form when b- and v-quarks are interchanged) 

entries for the a-quark to play an important role in the BB mixings. In the lather two 
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parametrizations all the three diagrams can have comparable contributions to B°B° 

mixing and hence in general we can arrange a cancellation for its suppression [22]. 

I remark that it is more important to look for regulations in the quark matrices 

(Yukawa couplings) rather than those in the CKM matrix elements, from the theorist 

point of view. For instance, M. Tanimoto told me that there will not be cancellations 

in the B°Bg mixing if one naively generalize the Pritzsch form [18] to four generation 

[23]. Furthermore, it should be noted that the renormalization group running of the 

Yukawa couplings [16, 24] cannot be neglected for several heavy quarks. One should talk 

about regulations of the Yukawa couplings at the energy scale where they are determined, 

e.<7.at Mp (Plank mass) in the superstring theory with dimensional compactification [25]. 

5.2 NEW GAUGE BOSONS 

In models with natural flavor conservation [26], significant contributions to the mix

ing come only from new charged currents; the left-right symmetric model [27] has been 

the most popular of such models with new charged currents. It turned out that the 

large QCD enhancement for the operator with left and right-handed currents found for 

K°K° mixing [28] is absent in BB mixings [29]. Hence it seems unlikely that simple 

left-right symmetric models can give large effects in the J3°i?0 system. 

5.3 CHARGED HIGGS BOSONS 

Almost all attractive models beyond that S.M. with fundamental scalars contain 

charged Higgs bosons. Natural flavor conservation [26] again rejects neutral Higgs bosons 

to mediate the mixing and determines the charged higgs boson couplings as multiples 

of quark masses and the CKM matrix elements. Only the diagram 5.2 (c) can give 

significant contribution to BjB% mixing for light top quarks, with a relatively light 

charged Higgs boson and its enhanced coupling to the top quark [30]. Although all the 

three diagrams can have comparable magnitudes in B°B° mixing, we find that there 

cannot be cancellation among the three diagrams in multidoublet models with natural 

flavor conservation [31]. Hence, if charged Higgs bosons are the only new contributions, 
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we predict the ratio of the mixing parameters x3/x^ to be even larger than the S.M. 

estimate (4.9). 

w w 
(a) t 

w 

t- __+(b) t 
"b q - — 

H 

t _+(c) t" 
——b q—— 

H 

H 

Fig. 5.2 Dominant contributions to the B%B"d(q = d or s) mixing with charged Higgs bosons. 

5.4 SUPERSYMMETRIC PARTtct.F.s 

Natural flavor conservation [26] can be accommodated in supersymmetric theories 

only when supersymmetry breaking mechanism is flavor blind. Here I consider only the 

minimal supergravity model [32] where the soft supersymmetry breaking is transmitted 

via gravity from a hidden sector. It has been known [33] that in such models the 

super-box contributions (the diagrams obtained from Fig.5.2 by replacing all the internal 

particles by their superpartners) tend to be smaller than the corresponding S.M. results. 

d7s,l) 

q 

d,s,b 
q 

9 
Fig. 5.3 Contributions to the B°B\ (q = d or s) mixing from induced flavor changing gluino 

couplings in supergravity models. 

The dominant supersymmetric contribution is expected to come from the flavor changing 

gluino couplings [33] induced by Yukawa couplings. By combining the previous estimate 

[34] with the new bounds on squark and gluino masses [35], I find it unlikeW that these 

diagrams explain the observed B%B% mixing. 

I remark here that the changed Higgs boson contributions (Fig. 5.2) with a possi

bility of large Yukawa couplings always present in supersymmetric theories and that the 
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presence of new Yukawa couplings between ordinary quarks and exotic particles should 

in general lead to various induced flavor violation [36]. 

5.5 E6 EXOTICS FROM SUPERSTR1NG 

The possibility of having three light generations of E$ 27 chiral supermultiplets as 

suggested by a particular compactification scheme of the extra dimensions [25] in the 

heterotic superstring theory [37] deserves special attention since it is the first theory, 

that gave a satisfactory explanation for me, why we have just quarks, leptons and Higgs 

doublets in addition to gauge particles. In this picture, I feel that it is more natural to 

have light color triplet partners of Higgs bosons (<f> and <f>) rather than to give them large 

masses, in view of the possible global symmetry [25] that can forbid dangerously fast 

proton decays. The light colored scalars (0,-,i = 1 to 6 for three generations) can then 

have either the quantum number of a leptoquark or a diquark, under the assumption of 

natural flavor conservation [38]. 

Their contributions to neutral meson-antimeson mixings have recently been eval

uated [39] via the diagrams (a) or (b) shown below, for the leptoquark and diquark 

assignments, respectively. Since both their masses and couplings are poorly constrained 

* l * 1 U m 

(a) v. m " (b) um i 

+ 
—*-

+ W! * . 

Ur 

Fig. 5.4 Representative diagrams for the colored scalar (&,»' = I to 6) contributions to B°B° 
mixings (q = d or s); (a) leptoquark, (b) diquark. 

[40, 39], it is easy to have significant B%&% mixing from these diagrams. Furthermore, 

it is also easy to arrange cancellation among different diagrms for B°B° mixing because 

the Yukawa couplings appearing in these diagrams are totally new and unrelated to the 

quark mass matrices and hence to the CKM matrix elements. Finally, I remark that 

these new Yukawa couplings should lead to induced flavor changing couplings in the 

ordinary quark-squark sector as well, via the mechanism of Ref. [36]. 
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6. Conclusions 

Observation of the B%Bj mixing by the ARGUS group [1] implies in the S.M. a heavy 

(typically £ 100 GeV, more conservatively £ 50 GeV) top quark and a large (typically 

100%, conservatively £ 70%) B°S° mixing. Either a discovery of the top quark at 

TRISTAN/SLC energies or a confinnation of the small B°B° mixing should hence lead 

us to the world of new physics. 
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T. K a m a e 
The suppression factor, I believe, depends on the AM/T ratio. Did you take this 

into account? 
Hagiwara 

Yes. 
S. Olsen 

Have the differences in the identical particle statistics suppression been included in 
your Maxk-II/Argus comparisons? 
Hagiwara 

Yes, I assumed, along with the Mark-II group, that at P E P energies the B-B mixing 
occurs incoherently. 
J . R o s n e r 

Could you please show the assumed ratio of B s to Ba cross sections in obtaining 
the Mark II bound once more? 
Hagiwara 

The limit was obtained by the Mark-II group with the B3 to Bj ratio of 1/2. 
R. Kajikawa 

May the situation be" improved by the existance of 4th generation quark? 
H a g i w a r a 

No, if you assume suppressed-mixing between the d, b quarks and the a (4th 
generation up) quark. However, if we take both the a-quark mass and its mixings with 
d,s,b quarks free, then it should be possible to obtain sufficient mixing in the Ba-Ba 
system from the a-quark contribution whereas avoiding the complete mixing in the 
B s-B s system by arranging a cancellation between the t- and a-quark contributions. 
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Hadron Spectrum in Lattice QCD 

Y. Iwasaki 

Institute of Physics, University of Tsukuba, Ibaraki 305, JAPAN 

It is generally believed that QCD is the fundamental theory of quarks 
and gluons. There are several models which take into account properly some 
characteristic aspects of QCD such as bag models, Skyrme models and quark 
potential models. However, it is difficult to improve the calculation system
atically in these models. On the other hand, lattice QCD [l] provides us with 
a way to calculate hadronic physical quantities from first principles. The 
parameters of lattice QCD are the gauge coupling constant and the bare masses 
of quarks. In principle, we are able to derive any physical quantities, such 
as the mass of ir, the mass of p, the mass of N, the mass of A, the decay 
constant of IT, and so on. We are also able to derive the masses of glueballs 
and we hope we are able to predict new particles which have not' been experi
mentally discovered. 

In my talk I will mainly concentrate on the calculation of hadron 
masses. Let me briefly explain you how to calculate hadron masses in lattice 
QCD. Define hadron operators as composite operators composed of quark fields. 
The choice of them is not unique. A set of convenient ones are presented 
here: 

ir(n) = u(n) Y 5 d(n), 

p(n) = u(n) Y i d(n), (1=1,2,3) 

N(n) = (ut(n) Y 5 C d(n)) u(n), 

A(n) = (ut(n) Y C u(n)) u(n). (1) 

.Here u and d are the u quark and d quark fields, respectively, n denotes a 
site on a lattice, y_ and y. are Dirac gamma matrices and C is the charge 
conjugation operator. Then calculate the propagators of these hadrons (of 
zero momentum state) in Euclidean time which are given by 

Gjtt) = < ZTr(n, t) ir<5, 0) > (2) 
n 

and so on. Finally the time decay of the propagator of a hadron 
-nut -m.t 

lim G(t) - c_ e ' • + c. e + ••• , (3) 
t-*«> u 1 

determines" the ground state mass mn and the ground state amplitude cn. If the 

— 345-



range of t available is very wide, we are able to determine further the**first 
excited state mass and amplitude, and the second excited state mass and 
amplitude and so on. 

The hadron masses are obtained by numerical methods such as Monte Carlo 
simulations. Hence the limitation of the calculation comes from the memory 
size and the speed of the computer. The power of the computers available 
nowadays is not sufficient for the realistic calculation of full QCD. Because 
of this, up to now, realistic calculations of the hadron spectrum have been 
done in the quenched approximation. Therefore I will concentrate on the 
quenched calculation of hadron masses (for the earliest results see ref. [2]; 
for recent results see refs. [3,4]). 

Before going into details, let me remind you what is the quenched 
approximation and to what extent we may expect for the quenched calculation. 
The quenched approximation neglects the effect of dynamical quark loops. It 
appears first that this is a very rough approximation. However, ther? are 
several reasons to expect that this approximation -is not so bad. First X&t us 
recall the success of valence quark models in describing the static properties 
of hadrons and the success of OZI rule in describing the decay and scattering 
processes of hadrons. Therefore we may expect that hadron masses in the 
quenched approximation agree with the physical values with errors of 10%. 
Secondly Weingarten [2] argued based on a simple physical picture that effects 
of dynamical quark loops can be absorbed by the renormalization of the gauge 
coupling constant. More directly, the recent study of hadron masses in full 
QCD by Fukugita, Oyanagi and Ukawa [5] shows that the effect of dynamical 
quark loops are indeed absorbed by the renormalization of the gauge coupling 
constant. An argument [6] based on the RG also shows that the quenched 
calculation may give the exact masses for flavor non-singlet hadrons. Thus 
the problem is whether we can obtain in the quenched calculation the hadron 
masses which agree with the physical values with an error of 10%. This is the 
first step we have to check if lattice QCD is the correct theory. 

In 1981 Parisi and his company [2] presented the first results of the 
calculation of hadron masses in their pioneer work. They made their calcu
lation on a 6 *10 lattice. Their results were in excellent agreement with the 
physical values. However, it turned out later that their lattice is too small 
and there is long range correlation in data sample, and consequently their 
results contain systematic errors. Then people tried to do the calculation on 
a largeix lattice. Around 19Q4 several groups made the hadron mass calculation 
on an 8 x16 lattice or a 10 *20 lattice. However, the results are not satis
factory. For example, the proton-to-rho mass ratio turned out to be too 
large. What are the origins for this large discrepancy? Because of the 
quenched approximation? Because of the reason mentioned earlier, we thought 
this is not the origin. Because of the Wilson's formulation of quarks on a 
lattice? .This question arises because the formulation of fermions on a 
lattice is not simple because of the species doubling problem. We thought 
this is not the origin. We rather thought that possible origins for this 
large discrepancy are finite size effects and finite lattice spacing effects. 

Here I would like to report the results of the hadron mass calculation 
on a 16 x48 lattice (See the third one in [4] ) which has been performed with 
special care to such systematic errors. The calculation has been done with a 
RG improved gauge action at P= 6/g = 2.4. Before presenting the resutls, 
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let me discuss a little more the systematic errors. First, finite lattice 
size effects. The lattice spacing in our case is 0.11 fm which is determined 
later from the p mass. Therefore, if the linear extension in the spacial 
directions is 12 in lattice units, it is large enough to contain the n inside 
the lattice, but it is not large enough for the nucleon. If the linear 
extension is 16, it can contain roughly the nucleon. This is the reason why 
we have chosen the linear extension in the spacial directions 16. Let me now 
discuss the temporal direction. To extract the ground state mass, the linear 
extension in the temporal direction must be large enough to suppress the 
contamination from excited states. For baryons, the first excited state 
exists close to the ground state and furthermore the amplitude ior the first 
excited state is larger than that for the ground state. We need 48 in lattice 
units in the temporal direction to suppress the contamination from excited 
states. This is the_lesson we have learned from our previous works on a 12 x24 
lattice and on a 16 *32 lattice [4] . 

Let me now discuss finite lattice spacing effects. Of course, we are 
interested in the continuum limit of lattice QCD. In order to obtain the 
continuum limit of physical quantities, they should obey scaling. The onset 
of scaling crucially depends on the form of gauge action. By various studies 
we have shown that a RG improved action is good in reducing finite lattice 
spacing effects. We take the RG improved action which is given by 

S = -j (cQZTr(simple plaquette) 

+ c ZTr(l * 2 rectangular)} (4) 

where c = - 0.331 and c = 1 - 8c . 

We take the Wilson action for quarks. It contains the parameter K which 
is called the hopping parameter. It.is related to the bare quark mass with 
the relation m - 0.4 (l/K - 1/K ) a (See the first one in [4]). We put the 
masses of the xi quark and the d quark equal, for simplicity. The hopping 
parameter values we have chosen are listed below: 

K 0.14 0.145 0.15 0.1525 0.154 0.155 0.156 0.1564 

m (MeV) 550 430 210 130 85 55 25 15 
q 

As the bare quark mass reduces towards zero, the fluctuation of hadron propa
gators becomes large, because the K is the critical point. Hence it is very 
difficult to calculate hadron masses at the point where the bare mass is about 
5 MeV which is supposed to be the bare mass of the u quark. Thus we need the 
extrapolation of the results with respect to the quark mass. 

Let me first show you the results for the case where the quark masses 
are relatively large. We take periodic boundary conditions. Therefore the 
form of the meson propagator is cosh. On the other hand, the baryons 
propagate only to the positive direction. In Fig. 1 the results of the IT 
propagator at five hopping parameters are presented. They can be excellently 
fitted to hyperbolic-cosine curves. The solid curves are fitted ones. From 
these fits, we can determine the masses of the ir for five quark masses. The 
propagators of the p meson are similar. In Fig. 2 we show the results of the 
propagator of the nucleon. The solid curves are fitted ones. The propagators 
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of A are similar. 

In this way we have determined the masses of TT , p, N and A in lattice 
units at five hopping parameters. The results are shown in Fig. 3. In order 
to determine the masses of real IT, p, N and A we have to extrapolate the 
results. We have fitted J:hem to quadratic functions of 1/K. The pion mass 
squared is about 0.01 MeV . Therefore the physical point is almost the point 
where the pion mass vanishes. From the Figure we obtain 

K = 0.1569(2) 
c 

and 

m p = 0.426(15) a . 

Inputting the physical p 

a-1 = 1810 MeV. 

Using this value for a" , 

Inputs 

m = 140 MeV 
IT 

m = 770 MeV 
P 

m = 1020 MeV 
9 

mass 

we 

, we obtain 

obtain the following results 

Outputs 

m = 1100 (90) MeV 

m = 1340 (120) MeV 
A 

f = 200 (40) MeV 
P 

m - = 1670 (140) MeV 

f. = 240 (25) MeV 

: 

Exp. 

940 MeV 

1230 MeV 

221 (6) MeV 

1672 MeV 

232 (5) MeV 

For the strange quark, we need ' not extrapolation. The K = 0.154 roughly 
corresponds to the strange quark. The results of m^- and f. remarkably agree 
with experimental values. The nucleon mass and the delta mass turned out to 
be slightly larger than the physical values by about 10% - 15%. However, this 
is the precision expected in the quenched approximation. 

Although I think this fitting procedure is a modest one, there is an 
alternative fit which gives almost exact physical values for the nucleon mass 
and the delta mass. Because we know empirically that hyperfine spin splitting 
is important for the hadron spectrum, we use phenomenological mass formulae to 
include this effect. They consist of the sum of the quark masses, a constant 
(different for mesons and baryons) and a term describing the hyperfine spin 
splitting: 

M. = M. + .Z, m. + F. .£. 3. • Ss./m.m. , 
baryon b i=l l M 5 j i J i J 

M = M + Z m . + e t 't-/m m_ , 
meson m ^=i i m q q q q 

Equating all the quark mass, we have five free parameters; m, M, , M , £ and 
5 . The fitted , results are shown by' solid curves in Fig. 4. For the mesons 
m 
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there are no differences between these fits and the previous ones. On the 
other hand, for the baryons, the new curves drops more sharpely when the quark 
mass becomes small toward zero, than the previous ones which are shown by 
dashed lines. From these fits we obtain 

n^ = 900 (180) MeV 

and 

m A = 1290 (210) MeV . 

They are in excellent agreement with the physical values 940 MeV and 1230 Mev. 
If we could calculate the hadron masses with small errors for the case where 
the quark mass is smaller, we can judge which of two fits is closer to the 
correct one. 

With this problem in mind, we have performed the calculation of hadron 
masses at K closer to K . The results for the propagators of IT are excellent
ly fitted to cosh curves. For the P meson, the fluctuation of the propagator 
becomes large. However, we can determine the ground state mass. Both of the 
Tf and p masses are excellently on the curves which have been extrapolated from 
the values at large quark masses (See Fig. 3). On the other hand, the results 
for the baryon propagators are not so good. This was anticipated. The reason 
for this is that the spacial size of the lattice is only slightly larger than 
the size of the baryons. Therefore the fluctuation becomes large for the 
baryons when the quark mass becomes small toward the physical point. We have 
been able to determine only the nucleon mass at K = 0.155. The result is 
shown in Fig. 4. Although the error is large, the mean value favors the 
phenomenological fit. There is also a large scale calculation of hadron 
masses by Barkai, Moriarty and Rebbi [3] on a 16 x32 lattice. They have used 
Kogut-Susskind quarks rather than Wilson quarks. Although their result for m,. 
/mp is consistent with our result, they have not observed the existence of the 
first excited state when extracting the ground state mass of the nucleon. 
This point is not consistent with our result. 

Thus we conclude that the quenched approximation gives the correct 
hadron masses with an error of at most 10 - 15%. 

Let me now turn to the problem of flavor singlet mesons [7]. The most 
important problem here is why the q' meson is much heavier than the Tf meson. 
This is called the U(l) problem. The difference between the IT and n mesons 
consists in the existence of annihilation diagram for the n.' meson. We have 
calculated this term without taking the summation over n indicated in eq.(2), 
because it is very time-consuming to do so and it is possible to determine„the 
ground state mass from the long-distance behavior of the propagator e~ /t 
Because it is still time-consuming to .calculate the annihilation term, we have 
calculated the n propagator on an 8 *16 lattice with the RG improved gauge 
action and Wilson quark action. Instead of real T\ and if mesons, we have 
calculated the masses of the SU(2) flavor singlet n. meson, "r\" and the n meson 
composed of the s quark only, n. . The result for the SU(2) flavor singlet 
H meson together with that for IT, as well as those for the w and p mesons are 
shown in Fig. 5. The n. propagator clearly deviates from the Tf propagator. On 
"the, other hand the o> is almost degenerate with the p. We obtain the masses of 
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the "n" and r\ are roughly 750 MeV. Although we have not calculated the 
transition mass matrix between them, if we assume it is about 200 MeV, we 
obtain the physical masses of the n' and n mesons and the mixing angle is 
about 10° . This is consistent with phenomenological analysis. Not only 
calculating the propagator of n mesons, combining numerical results with 
theoretical analysis we have clarified the mechanism for the large splitting 
between the n mass and the ir mass. The large splitting is caused both by the 
existence of topologically nontrivial gauge configurations and by the fact 
that the u and d bare quark masses are very small. This mechanism also 
explains the small splitting between p and u (See ref. [7] for more details). 
More theoretically, I can say in the following way. The Atiyah-Singer index 
theorem implies the existence of pole in the quark propagator for the 
topologically non-trivial gauge configurations such as instantons. This pole 
enhances the annihilation diagram in the psendo-scalar channel, but not in the 
vector channel. 

Now let me go on to the problem of glueballs. First I must say that the 
numerical results are not conclusive yet. For example, previous estimates for 
the scalar (0 ) glueball mass with the standard one-plaquette action give the 
value between 850 MeV and 1100 MeV (See for example ref. [8]). However, the 
estimate with a RG improved action [9] gives a higher value between 1200 MeV 
and 1400 MeV. Our result [10] with our RG improved action gives a value 
between 1300 MeV and 1500 MeV. Of course, the continuum limit should be 
identical. As I have mentioned, a RG improved action is better for obtaining 
the continuum limit. Further, our action is chosen in such a way that it can 
take into account properly the- effect of instantons even at small correlation 
length. The mass of glueballs should strongly depend on the structure of 
gauge configuration. Thus I may conclude that the masses of glueballs should 
be heavier that those estimated previously. I have come to notice at this 
conference that the APE group [ ll] in Italy also have obtained a higher value 
for the scalar glueball with -the standard one-plaquette action. They have 
used a smearing process. The connection between the smearing process and the 
use of a RG improved action is the problem to be investigated, if any at all. 
It should be noted that these • calculations do not include the effect of the 
mixing with the qq~ state. Therefore we have to wait a little more to obtain 
the realistic values for glueballs. 

Let me finally discuss a hypothetical particle, H particle, proposed by 
Jaffe. This is 6 quark state, like AA state (2u, 2d and 2s). By a bag model 
calculation, Jaffe [ 12 ] concluded the H particle is a bound state with binding 
energy 80 MeV relative to the AA threshold. ?Later, Mackenzie and Thacker [13] 
calculated the mass of the H particle on a 6 *12*18 lattice in lattice QCD. 
Their conclusion is against the existence of the H particle. We have recently 
calculated [14] the H particle propagator in the case where all hopping 
parameters for the u, d and s quarks are 0.154 and in the case where two of 
the three hopping parameters are 0.155 and the remaining one is 0.154. In 
Fig. 6 we show the results for the A propagator and the H propagator, and the 
ratio of the H propagator to the A propagator squared for the case where all 
the hopping parameters are 0.154. The rise seen at 12 £ t £ 19 in the ratio 
indicates that the H particle mass is less than twice the A mass. The binding 
energy seems much larger than 80 MeV. The results for the other case is 
similar, but is slightly more noisy. In order to quote a number for the 
binding energy, we have to investigate the quark mass dependence of the 
binding energy. The work in this direction is in progress. I hope we will be 
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able to report the result in the near future. 

Let me summarize. First lattice QCD confirms the result of valence 
quark models. Secondly we can go ahead beyond quark models. For example, we 
can calculate the masses of flavor singlet mesons. After confirming these two 
points, we are now in a position to go further, that is, to predict the masses 
of particles which have not been identified or discovered, such as glueballs 
and the H particle. 

The numerical calculations reported here have been performed with HITAC 
S810/10 at KEK. I would like to thank members of KEK, particularly H. 
Sugawara and T. Yukawa for their warm hospitality and strong support. 
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Propagators of N with two-mass f i t s . 
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S. F. Tuan 
Recently Brodsky, Lepage, and I conclude on the basis data in 3/ip (0 ' ) decay to PV 

states (e.g. pir, K*K) that very likely a glueball state with J p c = l — (TM ~100 MeV) 
exists with mass very close to 3.1GeV. My question is, if we use this information as 
input, on where the 1 glueball lies, can we predict the rest of the glueball spectrum? 
Pwasaki • 

No, at the present time. Because as I've mentimed in the talk, even the mass of 
the 0 + + glueball state has not been conclusive yet. 
K . F . Liu 

How do you know that H is a bound state instead of a resonance? Do you under
stand the two particle continuum behavior on the lattice? 
Iwasaki 

Yes, we can distinguish the difference between the continuum and the bound state, 
by examining the behavior of (the propagation of H) / (the propagation of A)2. Indeed, 
if the quark mass is very large, H becomes to be the continuum AA state. 
J . R o s n e r 

What A mass do you obtain at present? 
Iwasaki 

I don't have the number for the A mass at the present time, because I have to 
extrapolate the result with respect to the u and d quark masses. The work in this 
direction is in progress. 
M . Karliner 

Your calculation was done in the quenched approximation. The results you showed 
us seem to reproduce the observed spectrum very well. What changes then do you 
expect to see when quark loops are introduced? 
Iwasaki 

I expect no essential change for the flavor non-singlet hadron masses. However, to 
get the realistic mass of glueballs, as I've mentioned, it is essential to take into account 
the effect of the mixing with qq state. To do this, the inclusion of dynamical quark 
loop is essential. 
M. Chanowitz 

Two questions: 
1) How are your ip and f̂  defined. I am puzzled because with your definition they 

are equal apparently. t 
2) Did you measure the coupling to the axial currents of the uu + dd and ss 

pseudoscalar mesons (analogue of Fff)? 
Iwasak i 

1)1 have factored out the factor due to electric charge. 
2)We did not measure it. 

D . Lichtenberg 
You required two extra parameters to describe hyperfine splitting. Can't you cal

culate these parameters from lattice QCD? 
Iwasaki 

Yes. As I've mentioned, we can fit the data of hadron masses using the parameters. 
This means we can calculate indirectly these parameters. 
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P. Barnes 
Why is your result for the calculated mass of the H particle so different from the 

Fermi Lab result? Is it the size of the lattice on new physics that is important? 
Iwasak i 

I think there are two possible origins: 
l )The size of the lattice at the Fermi Lab is too small. 
2)The use of the RG improved action might be essential. 
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H a d r o n Mode l s and Strong Interact ion D y n a m i c s * 

Harry J. Lipkin 

Department of Nuclear Physics, Weizmann Institute of Science 

Rehovot 76100, Israel 

Introduction 
I should like to begin my first talk in Japan during my first visit to Japan by 

recalling the contributions of three Japanese physicists who have influenced both my 
work and the general field of hadron spectroscopy. 

The first is J. J. Sakurai, who has left us much too soon, and whose many contri
butions to particle physics are well known. But one important contribution seems to 
have escaped the attention of the particle physics community; namely the first predic
tion of the existence and properties of the baryon now called the £l~. In the spring of 
1962 Glashow and Sakurai [1] showed that the newly discovered 5* resonance fit into 
a decuplet of SU(Z) together with the A and £* and obeyed the Gell-Mann-Okubo 
mass formula. They calculated the mass of the missing tenth state, showed that it 
would be stable against strong decays, estimated its production rate by cosmic rays 
and found one event in cosmic ray data consistent with the properties of this particle 
and their predicted rate. This preceded the 1962 Rochester conference and the usually 
quoted prediction by Gell-Mann. Shortly before his death I asked Sakurai why he had 
never called attention to this paper. He said he was very embarrassed because they had 
blindly substituted into the mass formula without noting that it reduced to an equal 
spacing rule in the case of the decuplet. 

The second Japanese physicist, Susumu Okubo is well known for his many contri
butions, including the invention of the nonet and nonet symmetry. But his subsequent 
work on the limitations of nonet symmetry has escaped attention and is very relevant 
to this conference [2]. 

The third Japanese physicist, Yoshio Yamaguchi, has made many contributions to 
hadron physics and is now President of the Japanese Physical Society. I recall here a 
very profound remark in 1960 after a seminar at the Weizmann Institute reporting on 
recent work at CERN. Someone asked whether there had been any thought at CERN 
about the possible breakdown of QED at small distances. His response was "No. Many 
calculations. No thought." The many-calculations-no-thought syndrome is very much 
with us these days in hadron spectroscopy. 

1. Strange Meson Spectroscopy and Its Implications 
The beautiful new results presented from LASS at this conference [3] show that the 

conventional quark model for meson spectroscopy holds up to J — 5~ . The details are 
given elsewhere. Here I wish to point out several interesting theoretical implications of 
these new data. 

1.1 The Kr\ and Krf Decays of K* Resonances The importance of these decay 
modes in providing information on reaction mechanisms, SU(3) symmetry breaking 
and mixing angles has been pointed out [4],. but only now is experimental information 
available. 

A K*~*~ can decay to K+TJ OV K+TJ' via either the uu or the ss components of the 
77 and 77', which we denote by 77^ and 7735 respectively. The relative magnitudes of the 
contributions from these two states depends upon the 77—77' mixing angle and SU(Z) 

* Supported in part by the Minerva Foundation, Munich, Germany 
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symmetry breaking. The relative phase depends upon the orbital angular momentum L 
of the final state and is always opposite for the K+rj' and K+r/ states. The interference 
is constructive for K+r]' and destructive for K+rj for states with even L, and vice versa 
for odd L. This gives a qualitative explanation of the results observed [3] where the 
branching ratio to the K~*~TJ final states was appreciable (9.2%) for L = 3 and negligible 
( < 0.4%) for L = 2. 

To see the essential features of the quantitative treatment [4], consider the decay of 
a K*+ into two mesons with momenta k and — k, by emitting a gluon G which creates 
a qq pair, which then recombines with the initial us pair to fonri the final state, 

| K*+(us)) ->| uGs) ->| MUq(k);Mqs(-k)) (1) 

where q and q denote a light quark pair of any flavor, and | M r s ) denotes a qq meson 
with flavors r and s. In the flavor symmetry limit, the gluon creates all flavors with 
equal amplitude, the transition amplitudes are equal, and there are contributions to the 
K+TJ and K+rj' decays from the transition (1) for both q = u and q = s. We can correct 
for symmetry breaking by introducing a symmetry-breaking parameter £ and write 

A{K*+ - Mu-s(k);Ms-3(-k)} = (A{K*+ -> M u G (£ ) ; Mu-s(-k)} (2) 

where £ = 1 in the SU(3) symmetry limit. The final kaon(MU5) has momenta k and 
—k on the left and right hand sides respectively of eq. (2). This momentum reversal 
introduces a phase which depends upon the orbital angular momentum in decays of 
states with a definite L. Thus the decay amplitudes at a given value of L for the states 
77Uu and T]Ss satisfy the relation 

A(K*L
+ - K+Va3) = £PA(K*L

+ - K+rjun) (3a) 

where P = (—1) is the parity of the initial and final states. The decay amplitudes for 
the physical states 77 and 7/ are then 

A(K*L
+ -> K+m) = ((Vi I Vuu) + {P(vi I Vss))A(iq+ -> K+TIU») (36) 

where rj{ denotes either physical state. 
In the SU(3) symmetry limit, £ = 1 and 

I (m I Vuu) + P{m I Vss) | 2 = (5 - 4 P ) / 6 (4a) 

• I foi I ifofl) + P(m I riss) | 2 = (2 /3) ( l + P ) (46) 

This already shows the suppression of the 77 for even P and of the rj' for odd P for the 
unmixed singlet and octet states. The suppression for the 77 is even greater when mixing 
is included, and the suppression of the r/' is no longer complete but still considerable. For 
Isgur's mixing angle in which both states are 50-50 mixtures of strange and nonstrange 
components, the suppression factors are equal and reversed, [5], 

MI<Ueverl - Krf) 
Miq=even - Kn) 

MKUodd - Kl) 
W<Uodd ^ Krf) 

2 
= 34 (5) 
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1.2 The scalar Jf*(1950) and Charmed Meson Decays. The scalar I f (1950) is suf
ficiently close to the mass of the charmed D meson at 1860 MeV to have a strong effect 
on its parity violating decays into scalar states. But electroweak theorists ignore the 
existence of hadrons and simple hadron dynamics, while strong interaction physicists do 
not understand the importance of their data for weak decays. Papers still say that the 
simplest "spectator" diagram for nonleptonic_ decays of charmed mesons predicts that 
the D° decay to K~ir+ is allowed while the K°ir° decay is forbidden, even though this 
manifest nonsense violates unitarity [6]. If the unitarity sum for D° decay is dominated 
by the K~-K^~ intermediate state, then for any final state | / ) , 

Im(/|T|£>°) = k(f\Ti\K-Tt+)(K-n+\T\D°). (6) 

where k is the usual kinematic factor. Thus 

Im(A'-7r+|T|jD) "~ k{K°TT°\Ti\K-ir+){K-n+\T\D°) ~ TEL(K-TT+) ' ( > 

where TQEX
 an<^ ^EL denote the charge exchange and elastic amplitudes. These should 

be of the same order if the resonant 1 = 1/2 channel dominates Kir scattering in this 
mass region. If the spectator diagram dominates in the weak transition, the ratio of the 
decays is completely determined by strong interaction dynamics and not by the weak 
quark diagrams. 

What is needed is not more complicated weak quark diagrams, but better informa
tion on the KIT scattering amplitude and its coupling to the Kr\ and Kr)' channels in 
the 1860 MeV region. The experimentalists studying this region should make special 
efforts to get good data that can be useful in weak decay analyses. 

2. The Serpukhov <f>ir Resonance and the GAMS TJIT Resonance 

A (f>n° resonance ( I = 1; JPC = 1 ), called C with a mass of 1480 ± 40 MeV and 
width 130 ± 60 MeV, has recently been produced [7] in the reaction 7r~p —• <j>Tr°n with 
a production angular distribution in t' indicating pion exchange. The decay C —• coir is 
not seen; the upper limit 

BR(C -> WTT) < 2BR(C -» fa) (8) 

rules out an ordinary qq state _for which W7r is OZI allowed while $ir is OZI forbidden. 
A 4>ir exotic vector meson | (ud){st)) was previously predicted for photoproduction. [8] 
However, the | (ud)(ss)) should not be produced by pion exchange. 

An exotic p-wave rjir resonance at 1400 MeV has been reported by GAMS in the 
reaction ir~p —> rjTr°n with p exchange kinematics [9]. This state has the CP exotic 
quantum numbers Jpc = 1 *~ and the GP exotic quantum numbers JPG = 1 for 
the isovector multiplet; just opposite C and G eigenvalues of the C vector meson which 
has Jpc = 1 and JPG = 1 *" for the isovector multiplet. 

2.1 OZI Violation, Flavor Mixing and G Doublets in a four quark Model. The pro
duction mechanisms for the two states are seen to be very similar, 

7T7T —* C —• <f>ir (9a) 

pit -» GAMS -* T]TC (96) 
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The violation of the OZI rule in the transition (9a) can be explained m a four-quark 
model by mixing of the | (ud)(ss)) state with | (ud)(uu)) and | (ud)(dd)) states. The 
standard folklore explanation of OZI for quarkonium decays is that the annihilation of 
a pair of one flavor and creation of a pair of another flavor requires at least two gluons 
and three for odd-C states, while the normal allowed decays go with one gluon. An 
appreciable component of a | (u<i)(sS)) wave function has the (ss) pair in a color octet 
state where it can easily annihilate into only one gluon and turn into (uu) or {dd). 

Analysis of this mixing in a four quark model leads naturally to a description of 
the "G-doublet" suggested by the similarity between the reactions (9a) and (9b). Two 
pairs of four-quark G eigenstates can be constructed with the same angular momentum 
couplings, 

G ( | («t£)i;(TZd)0>± I (d«)o;(rf2)i)) = ± ( | (««)i;(fid)o>± | (du)0;(dd)i)) (10a) 

G{\ (us)v,(sd)a}± | M o ; ( 5 d ) i » = ± ( | (i«)i;(Sd)o>± I («*)o;(Sd)i)) , (106) 

where | (qq)j) denotes a quark pair coupled to a definite total angular momentum J , 
and similarly for the two antiquarks. We have chosen the simplest angular momentum 
couplings which give the desired quantum numbers and have taken the charged member 
of the isospin triplet for convenience. 

The most general configuration for the C is a linear combination of the two even-G 
states with the + sign in eqs. (10a) and (10b) with a mixing angle parameter and 
similarly for the odd-G states. One particular value of this angle gives flavor-5?7(3) 
eigenstates classified in a crypto-exotic octet and an exotic 10 — 10* multiplet. This 
octet-decuplet mixing is directly analogous to the singlet-octet mixing common in meson 
nonets. There is no a priori choice for this mixing angle, but the coupling to both the 
production and decay channels in eq. (9a) requires some mixing of the nonstrange (10a) 
and strange (10b) states, while the reaction (9b) is forbidden by 517(3) for a pure octet 
state [10]. 

2.2 Implications of the 10 — 10* classification. The exotic 10 —10* classification de
serves further attention, since it suggests the presence of additional states with exotic 
flavor quantum numbers. The two processes (9a) and (9b) are related by time reversal 
and 577(3) if they go via the 10 — 10* representation, 

| (TTTT I T | W8TT) | = | <PTT | T | rig*) | (11a) 

where we note than only the octet components of the <f> and TJ can contribute to the 
10 — 10* amplitude. Thus for the physical particles 

| (TTTT I T | * r ) (T/8 | r,) |= | y/W)(P* I T | ipr) | (116) 

where ideal u^> mixing has been assumed and (77s | TJ) denotes the overlap of the physical 
77 with the octet component which is close to unity for all conventional values of mixing 
angles. 

Classifying the C in the 10 — 10* also gives the SU(3) relation 

BR(C -> OSTT0) = 2BR(C - • WT") (12) 

This is still consistent with the experimental upper limit (8). Improving the sensitivity 
of the experiment could test the decuplet classification. 

2.3 A Possible hybrid interpretation of the exotic doublet. A hybrid quark-
antiquark-glue model [11] suggests that states with the quantum numbers of the C 
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and GAMS states should be found in this mass region. Their SU(3) flavor classification 
is unique, a pure octet with no decuplet mixing, The 5i7(3) selection rule forbidding 
the decay of an odd CP octet meson into two octet pseudoscalar mesons [10] can be 
shown to be more general than SU(3) for the case of the 7771 decay of a hybrid meson. 
Isospin symmetry is sufficient to forbia the the contribution of the lowest order diagram 
in which the gluon in the hybrid creates a quark-antiquark pair in a color octet state 
and no other gluons are exchanged. By analogy with eq. (1) we consider the transition 

| uGd) - | Mu-q{k); Mq-d(-k)) (13) 

Here isospin symmetry requires the gluon to create u and d pairs with equal amplitude. 
Thus _ _ 

A{(uGd) -* Mus(k); M3-3(-k)} = A{(uGd) -+ M„fi(&); MUs(-fc)} (14) 

Again momentum reversal introduces a phase which depends upon the orbital angular 
momentum, in decays of states with a definite L. Thus 

A{(uGd)L -» ic+Titf} = PA{(uGd)L -7r + 77 u f i } (15a) 

and 
A{(uGd)L -* Tr+T?.} = (1 + P)(m I TjUu)A{(uGd)L -» TT+VUU) (156) 

This vanishes for all odd parity states. 
The lowest order nonvanishing diagram for the odd-parity hybrid decay has the 

quark-antiquark pair created by the gluon become a color singlet by exchanging addi
tional giuons, but remaining a flavor singlet which then turns into an 77 via the flavor 
singlet component. Thus a hybrid —• T]7T decay must go via the SU(Z) singlet compo
nent of the 77 rather than via the octet component which is required with the decuplet 
classification of the GAMS. 

Since the 77 is mainly octet and the 77' is mainly singlet this leads to opposite 
predictions for the relative strengths of the decay amplitudes into the T\-K and 77'7T modes 
for the octet (hybrid) and decuplet (four quark) models; namely 

Ma^qqqq - » w ) > Aio(qqqq -* 77'7r) (1 6 c0 
A8(qqG -» 777O < A8(qqG -* 77V) (166) 

where A10 and As denote the decay amplitudes without corrections for phase space. 

3. The H Dibaryon and an Anticharmed Strange Baryon 
3.1 Color Magnetic Hyperfine Binding vs. Color Electric Repulsion. One of the 

most interesting candidates for a bound exotic is the H dibaryon, a bound state of 
two A's. Although Jaffe's original calculation [12] and subsequent work [13] indicate a 
gain in hyperfine interaction energy by recoupling color and spins in the six quark system 
over the two-A system, a lattice gauge calculation [14] indicates that the H is unbound 
and well above the AA threshold. Furthermore, although hyperfine binding calculations 
[13] indicate sensitivity of the hyperfine energy to flavor-5C/(3) symmetry breaking, the 
lattice results are insensitive to the strange quark mass and SU(Z) breaking [14]. 

This difference in the effects of SU(3) breaking suggests that different physics 
dominates lattice gauge and bag or potential model calculations. Which calculations 
include the important physics is not obvious. However, the lattice calculation shows 
a repulsive A-A interaction generated by quark exchange [15] which is not included in 
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bag model calculations and could well prevent the six quarks from coming close enough 
together to feel the additional binding of the short range hyperfine interaction [16]. 

Anticharmed baryons were suggested as good candidates for possible bound exotics 
at the 1980 baryon conference [17]. However, calculations analogous to those for the 
H showed that the nonstrange anticharmed baryon was not bound by the hyperfine 
interaction. The strange anticharmed baryon was very remote from experiment and not 
considered seriously. There is new interest in this baryon with the constituents (cuuds) 
or (cudds) and denoted by Pgs for pentaquark, because charmed strange baryons have 
now been produced in hadronic experiments which also produce charmed antiquarks. 
Such experiments may also produce the PcS. and recent calculations indicate that it is 
bound like the H by the hyperfine interaction [18,19,20]. However, it may be a better 
candidate than the H because it has no quark exchange force in the lowest decay channel 
D3N [16,20]. There is no possible quark exchange between the two hadrons without 
flavor exchange, and thus no short range exchange force. 

3.2 Possible Molecular States. An attractive short-range hyperfine interaction can 
produce a molecular type bound state with a wave function extending over a dis
tance large compared with the range of the interaction and described by a two-body 
Schroedinger equation with a short range potential. The strength of the interaction 
is proportional to the gain in hyperfine energy obtained by putting the two hadrons 
together and recoupling color and spin for minimum energy. This equation has a bound 
state if the interaction strength is greater than a critical value depending upon hadron 
masses [21]. The S (now called a0) and S* (now called f0) mesons have been proposed 
as KK molecular states of this type [22]. 

A rough estimate of the binding of molecular type wave functions, obtained by 
comparison with the predicted critical values for the interaction strength necessary to 
bind KK molecular states [21,22], shows that the H and Pgs [20] axe more strongly 
bound than KK molecules. 

(7/8) = B{H)IB{KK) > M(K)/M(A) = 0.44 (17a) 

(7/8) = B(P-CS)/B(KK) > M(K)[M(N) + M{DS))/2M{N)M{DS) = 0.39, (176) 

where B(H), 5(Pgs) and B(KK) are the interaction strength parameters for these 
cases, the right hand sides are the ratios of the relevant reduced masses and the values 
of (7/8) are obtained from calculations of the hyperfine interaction [20,23]. Thus the 
H and PQ3 are excellent candidates for weakly bound molecular states, particularly if 
the 8 and S* mesons are indeed KK molecules [21,22]. 

4. The U Particle and the High-Spin Diquark-Antidiquark Configuration 
The recently observed strange U mesons [24] at 3.1 GeV'have exotic charged states 

indicating I = 3/2 and a baryon-antibaryon decay mode. Such states arise in a diquark-
antidiquark model with relative orbital angular momentum between them providing a 
centrifugal barrier to prevent decay by rearrangement into two mesons. The properties 
of such states have been considered [25]. This configuration does not seem likely for the 
C vector meson, because the same centrifugal barrier that prevents decay would also 
inhibit the annihilation needed to produce the OZI violation. 

The diquark has the color quantum numbers of an antiquark and a color field 
identical to that of an antiquark at large distances where the structure of the diquark 
is not important. A spatially separated diquark-antidiquark pair has a color field like 
that in a meson and should have similar dynamics for their relative motion at high 
orbital angular momenta where this motion should be approximately separable from 
the internal degrees of freedom. 
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The high-spin diquark-antidiquark system, can decay into a baryon-antibaryon pair 
in a manner exactly analogous to ordinary meson decays described by eq. (1), by 
emitting a gluon G which creates a qq pair, which then recombines with the initial 
diquark-antidiquark pair to form, the final state, 

I (OT)(*ff)> - I ( M ) G ( O T ) > - I (OTff)(?OT)> =1 BB) (18) 

Predictions for masses and widths of these states can be obtained by extrapolating 
known information about mesons and baryons. 

The lowest configuration with the exotic quantum numbers (Y = ± 1 ; J = 3/2) 
of the U particle is an isovector axial vector nonstrange diquark and a scalar flavor-
antisymmetric strange antidiqtiark or its charge conjugate. The flavor SU(3) classifica
tion of these exotic states must be in decuplets, since such diquark-antidiquark config
urations are classified in the SU(Z) products (6) ® (3) -* (10) e (8) and (6*) ® (3*) -> 
(10*) ©(8) . 

Masses of such states have been estimated in a nearly model independent formula
tion [26], which uses wave functions of the known mesons to describe both the internal 
motions within the diquark and'aritidiquark and the diquark-antidiquark relative mo
tion [25]. The unknown wave functions are eliminated by using known meson masses 
and scaling factors to account for the difference between quark and diquark masses and 
between the quark-quark and quark-antiquark color fields. This gives a mass formula 

M4q,L = MMt0 + MM<L (19) 

where M4(]i£ denotes the mass of the four-body wave function with orbital angular 
momentum L and Mj^^i denotes the mass of a meson with orbital angular momentum 
L. If we use the masses of the nonstrange L=0 mesons and the strange orbitally excited 
K* mesons [3] to get a state with one strange and three nonstrange quarks, we obtain 

MiQtL = (3/4)Afp + (1/4)MW + MKl (20) 

Substituting the latest K* data [3] we obtain 

M4qiL=2 = 609 + 1781 = 2390MeV (21a) 

M4qii=3 = 609 -f 2064 = 2673MeV (215) 

M"4(7)£=4 = 609 + 2382 = 2991MeV (21c) 

The L — 4 state is close enough to the U mass in this crude calculation to suggest that 
the U might indeed be an orbitally excited state of the diquark-antidiquark configura
tion. In any case there should be a rich spectrum of these diquark-antidiquark states 
with high spins and flavors corresponding to a cryptoexotic nonet for "rotating ground 
state configurations" and additional exotic 10 — 10*-plets for "rotating configurations" 
with one excited diquark or antidiquark. 

5. Where are All the Exotics Gone and How Can We Find Them? 
Many exotic hadron states are predicted from various models. The lowest lying 

exotics are expected to be s-wave states with no additional kinetic energy in orbital 
excitation. At first it seems surprising that the first serious exotic candidates presented 
here are orbitally excited states, while no convincing evidence for s-wave states have yet 
been found. 
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One possible explanation for this apparent paradox is that the lowest lying four-
quark states without orbital excitation may be very wide and not easily found experi
mentally, because they can all decay in several ways by breakup into two mesons in a 
relative s wave. The only exceptions would be the states very near threshold, like the 
6 and S* if they are really KK molecules, which do not have much phase space for 
breakup [22]. Therefore the L = 1 four quark states whose decay by breakup involve a 
centrifugal barrier might be sufficiently narrower than the s-wave state to be the first 
ones found. 

Thus there may well be a rich spectrum of new exotic states in the 1.5 GeV region 
which have not yet been seen because of the difficulty of finding an appropriate signature 
against background, These could include strange and nonstrange hybrids and four quark 
states with no, one or two strange quark pairs, and all of these may mix. Theoretical 
untangling of such a mess may be difficult without additional input from carefully chosen 
experiments which select particular quantum numbers. 

5.1 Where are the Scalar Glueballs, Quarkonia and Exotics? The lowest lying four-
quark and gluebali states are expected to be scalars. However, no suitable candidates 
seem to be found, and the quarkonium spectrum is very confused in the scalar sector. 
One possible explanation is that quarkonium scalars can decay into two pseudoscalar 
mesons in an s wave with no centrifugal barrier and are expected to be very broad. 
Four quark states which can decay by s-wave breakup are also expected to be very 
broad. Thus the scalar spectrum must have broad overlapping resonances even in the 
quarkonium sector, and any new exotic glueball, multiquark or hybrid scalar will already 
be sitting within a quarkonium resonance. If these exotic states have a common decay 
mode with a broad quarkonium state, there will be strong mixing between them, and this 
can completely change the branching ratios of decay modes and confuse the signature 
of the state. 

Consider for example a toy model having two states with unperturbed masses M\ 
and Mi and only one decay mode to which both couple respectively with widths Y\ and 
T2 • The mass mixing matrix has the form 

If T\ » M2 — Mi then the imaginary part of the mixing matr ix will determine the 
mixing. In the extreme case where Mi — M\ 

M = M1xI+(i/2)(j^r- V ^ ) (23) 

where I denotes the unit matrix. The determinant of the imaginary part of this matrix 
vanishes; thus one of the eigenstates has a zero eigenvalue for its imaginary part and 
decouples completely from the common decay channel. Thus for the case of a narrow 
glueball mixing with a wide quarkonium state through the common TTTT channel, the 
mixing tends to decouple the glueball from the rnr mode. 

This effect can be seen more quantitatively in another toy model in which a nar
row glueball state which decays into TT-K with a width of 9 MeV mixes with a a small 
component of amplitude e of a wide quarkonium state with a width of 400 MeV into 
7T7T. 

T(qq -> 7T7r) = 4 0 0 M e y (24a) 

T(g -+ TTTT) = QMeV (246) 
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where qq and g denote the unmixed quarkonium and glueball states. Then 

T{(5 - eqq) -* **)} = 9{1 - (20e/3)}2MeV (25) 

A tiny mixture of quarkonium is seen to produce a drastic change in the glueball decay 
width. From eq. (25) we see that the width of the mixed state is reduced from 9 MeV 
to less than 1 MeV if the admixture e2 is between 1% and 4%. 

It is natural for the mixing in such cases to decouple the weaker state from the 
dominant decay mode. Thus although a flavor-symmetric glueball is expected to couple 
equally to all pseudoscalar meson states, the TVTT s tate which has the largest phase space 
may control the mixing, thereby decoupling the glueball from mr while leaving it coupled 
to 7777 and 7777'. Thus the scalar meson (7(1590) seen by GAMS with these decay modes 
[27] may be a candidate for a scalar glueball with a small quarkonitun admixture. 

5.2 Implications of the Serpukhov C Particle for Further Searches. The Serpukhov 
result [7] suggests that TTTV scattering into a final state of definite isospin is an ideal search 
reaction, particularly if the final state violates OZI, like <f>ir or <fxj>. The mr initial state 
has natural parity, even G and is even under CP. The even partial waves have even 
isospin, the odd partial waves have odd isospin. Thus the <̂ 7r or prj final states choose 
only partial waves with JPC = 1 ,3 ,5 , etc. while the cfxp, UJU or 7777 final states 
choose only partial waves with Jpc = 0 + + , 2 + + , 4 + + , etc. The reaction 7T7T —* (f><f> has 
already given results suggesting tensor glueball candidates [28], and 7T7r —• uu should 
reveal another decay mode of these states if they are indeed glueballs. These states are 
all "crypto-exotic", they may have an exotic structure but do not have exotic quantum 
numbers. 

States with exotic quantum numbers in 517(3) decupVts might be found in the 
reactions produced by the exotic /!ir+7r+ and K+K° p-waves and related to TTTT —• <f>ir 
by SU(3) rotations; e.g. 

K+T+ _» K+p+ _> Jv'+7r°7r+ (26a) 

K+TT+ -+ K*+v+ -> K+TT°-K+ (266) 

K~it- -» K~p~ -» K~v°if- (26c) 

K~ir~ -+ K—T- -> K°7C-TT- (26d) 

K+K° -» K*°K+ -» K+ir-K+ (26e) 
and other reactions related to these by isospin. 

5.3 The Pes and the H. There is interest both in experimental searches for the Pes 
and in lattice gauge calculations. The simplest lattice calculation with an infinitely 
heavy charmed antiquark and four light quarks uuds, can easily be done in parallel 
with the more complicated H calculation both in the symmetry limit where all light 
quarks have the same mass and with SU(3) symmetry breaking. Comparing the results 
for these cases may provide considerable insight into our understanding of the physics 
of QCD in multiquark systems even if the Pes is not found as a physical bound state 
in experiment. There is however a difficulty in treating loosely bound molecular states 
on the lattice, since these are sensitive both to the details of the short range hyperfine 
interaction and the long range part of the wave function. A proper treatment of both 
these effects may require a rather large lattice. 

The experimental search for the Pcs has a completely different character from the 
search for the H, which has no easily detected signature, requires a sophisticated single-
purpose experiment for its production and identifies it only by missing strangeness 
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and missing mass. The PCs has several distinctive signatures in decay modes detectable 
against a multiparticle background. Any multipurpose or exploratory experiment which 
produces charmed pairs in the presence of strange baryons can be used also to look for 
the PcS In particular, an experiment which produces charmed strange baryons will also 
produce charmed antiquarks, and there may be a possibility that a strange baryon will 
pick up a charmed antiquark as well as a charmed quark in a hadronization process. 

Some examples of decay modes which provide a good signature are 

Pes -* P<t>*~ (27a) 

Pes -> priir" (276) 

Pds -» AK+ir-ir- (27c) 

Pes -* pDs~ (27d) 

Pes -* AD~ (27e) 

where the two decay modes (27d) and (27e) can occur if the PC3 is a resonance above 
the relevant threshold, or if it is a weakly bound "molecule". In the latter case the 
charmed meson would be "off shell" and have an apparently lower mass. 

Note that there must always be associated production of a charmed particle together 
with the Pes This can also be used to optimize signal to noise. 

5.4 More High Spin Diquark-Antidiquark States. If the U model described above. 
is correct, many more states should exist. The following points should be noted for 
searches. 

The lowest state of the diquark is a color antitriplet with spin zero and flavor 
antisymmetry. If the excited states of the diquark are sufficiently higher in mass because 
of hyperfine and orbital splittings so that they decay rapidly to the ground state, by 
analogy with excited baryons, only this lowest state will be able to form a narrow four-
quark state. Color sextet diquarks are not considered, since the quark-quark interaction 
in the color sextet state is repulsive in potential models, and there is no theoretical reason 
to expect bound color sextet diquarks [25]. 

Bound states containing only ground state diquarks and ground state antidiquarks 
will have natural parity, even CP and occur as "crypto-exotic" nonets in the u,d,s flavor 
space, with the characteristic crypto-exotic feature that the nonstrange isovector state 
is degenerate with the strange isoscalar rather than with the nonstrange isoscalar. This 
configuration cannot include the exotic U particle, which in this model must contain an 
excited axial-vector diquark. Such a state will be nararow only if its excitation energy is 
not much more than the pion mass, so that it will either be stable against pionic decay 
to the ground state or have very little phase space for de~ay. 

The excitation energy of the nonstrange axial-vector diquark has been estimated 
to be very near the pion mass [25]. If it is only slightly greater than the pion mass, 
the there will be a narrow diquark-antidiquark state with one excitation which is able 
to cascade down to the ground state by pion emission, but with a narrow width, thus 
giving a distinctive signature of mass peaks both for the excited and ground states in 
the total decay spectrum. If it is less than the pion mass, but greater than half the 
pion mass, there will be a diquark-antidiquark state with one excitation which is unable 
to cascade down to the ground state by pion emission; states with both diquark and 
antidiquark excited will decay to the ground state by pion emission, except for an 1=0 
state with the wrong G parity. 

Since the hyperfine interaction is smaller for a strange diquark, the excitation energy 
of the strange axial-vector diquark may be well below the pion mass. An state of an 
axial-vector strange diquark and a scalar nonstrange antidiquark, however, does not 
have exotic quantum numbers and cannot explain the U particle. The doubly strange 
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axial vector diquark is stable against strong decays since there is no doubly strange scalar 
diquark. A s ta te of such a doubly strange diquark and a scalar nonstrange antidiquark 
would the SU(3) quantum numbers of the n~ baryon and have the analogous property 
of being the only state in an SU(3) decuplet which cannot cascade down to a lower 
state by pion emission. 

6. Charmonium Decays and the OZI Rule 
The old and new experimental measurements of D-decay branching ratios [29] 

still disagree with one another by a considerable factor. Experimentalists insist that 
there is no problem, but each group says that the other is wrong. If both are right, 
then 30% of the i\j" decays go to charmless hadrons via OZI-violation. The OZI rule 
remains an interesting puzzle and further investigation may provide useful insight into 
the application of QCD for hadron dynamics. There is a suggestion that OZI violation 
is much greater at the 0 " than elsewhere [30] A threshold effect predicted by unitarity 
gives the relation 

V | I m ( / l T [ ^ ) l 2 _ cinel(DD) 

f^D) \l^(DD\T\r)\2 **(DD) • (" } 

Thus the ratio of OZI violating transitions to the OZI allowed transition is given by the 
ratio of the inelastic to elastic cross sections for DD scattering in the relevant partial 
wave. Since there are many open OZI-allowed inelastic channels the right hand side of 
Eq.(28) has no OZI-forbiddenness factor and may very well be of order unity. But this 
only holds above DD threshold and below D*D. One possible test for OZI-violating 
decays of the xp" is to look for final states with numbers of pions, both in the resonance 
and off resonance, 

0 " —• pit, 3TT, 57r, 77r, etc. 

The nonstrange odd G final states discriminate against photon background, since the 
nonstrange isoscalar piece is only 1/12 of the photon. 

There is also a suggestion that OZI violations in heavy quarkonium might occur 
via off-shell intermediate states with naked charm or beauty; e.g. 

ip" -+DD-+J1XJ; (29a) 

V>" -»• DD -»• 7r7rr/> (296)' 

X" -+BB-* 77(66)3^ (30a) 

T" -+BB-^ 7T7r(66)3Fl (306) 

and other transitions in which any heavy pseudoscalar (D or B) meson in one of the 
transitions (29-30) is replaced by the corresponding vector (D* or B*) mesons. 

7. Confusion in the iota-D-E region Although the iota was originally presented as an 
ideal glueball candidate, subsequent experiments and analysis have shown that the 
situation in this region is much more complicated [31]. It is not clear how many states 
are around the iota and what their quantum numbers are. Furthermore, the supposedly 
well established D and E axial vector states have appeared in quasi-two-body ip decays 
recoiling against <f> and u with peculiar branching ratios. In these decays a nonstrange 
meson should be seen recoiling only against u> but not <f>, while a strangeonium state 
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should be seen recoiling against <£ but not o>. The data are inconsistent with the standard 
picture that the D is nonstrange and the E is strangeonium. Similar problems arise in 
the radiative decays of the D and E to ^ 7 and ury. Considerably more experimental 
work will be necessary to determine exactly what is happening in this region. 

The entire pseudoscalax spectrum is still unclear, despite rumors that the 77 and 77' 
states can be described by standard nonet mixing. A comprehensive analysis using all 
available data including hadron production [2] as well as radiative processes seems to 
indicate that the standard nonet picture is still inadequate. 

The Okubo analysis of hadron production data must be included in any treatment of 
meson mixing angles. Unfortunately it is generally ignored. Okubo considered reactions 
which probe the nonstrange component of the 77 and 77' [2], 

A + B-*M°+X (31) 

where A and B are any hadrons suitable for beam and target, M° is either the 77 or 77', 
X can be either a single hadron or a multihadron state and and A, B and X contain no 
strange particles. In any mixing model where the nonstrange components of the two 
mesons have the same radial wave function, the expression 

R° ~ a(A + B->v + X) ( 3 2 ) 

must have the same universal value for all A, B and X containing no strange particles. 
Experimental data indicate that the value of KQ depends upon momentum transfer 

[32]. Data for 77 and 77' production in ir~p charge exchange reactions at 8.45 GeV/c 
give values of Ko which decrease with increasing momentum transfer. The values 
extrapolated to t = 0 are 0.672 ± 0.032 (statistical) ±0.047 (systematic) for spin flip 
•cross sections and 0.500 ± 0.085 (statistical) ±0.035 (systematic) for non flip. Data 
for backward production in K~p strangeness exchange reactions [33,34] give a higher 
value for 77' production than for 77 production. If this process is dominated by baryon 
exchange, the ratio of the two cross sections depends upon the ratio of the couplings 
of the 77 and q' to nonstrange baryons and should be equal to the same factor Ko if 
the nonstrange components of the 77 and 77' wave functions are the same. These results 
suggest a monotonic increase of KQ with momentum transfer from about 0.5 at t=0 to 
greater than unity in the backward direction. 

The t-dependence and spin dep* vjence suggest that the nonstrange components 
of the 77 and 77' wave functions must ?'••" Afferent; e.g. there can be mixing of radial 
excitations, hybrids or glueballs. 

8. Interference in Photoproduction and e"*"e~ Annihilation 
Interference between overlapping tails of resonances can give useful information 

about the structure of the overlapping states and the reaction mechanism. If a state is 
produced in a process like point pair creation which depends upon the wave function at 
the origin and it decays into a •itate with orbital angular momentum and a centrifugal 
barrier, the phase of the amplitude for producing the observed final state will depend 
upon the relative phase of the wave function at short and long distances [35,36]. Thus 
if three isovector vector meson states; produced in e~*~e~ annihilation are the /?, its radial 
excitation and its D-wave orbital excitation, one would expect the relative phases of 
the three amplitudes to be (H h) ir» agreement with experiment [37]. The first radial 
excitation has one radial node and opposite relative phase at short and long distances; 
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the ground state and lowest D-wave have nodeless radial wave functions with the same 
phase. 

This argument does not hold for photoproduction, where the production does not 
depend upon the wave function at the origin, but depends upon the diffraction mech
anism and is model dependent. It is therefore reasonable that the interference phases 
should be different in photoproduction and annihilation. Thus only production of a 
state by e + e - annihilation gives information about the wave function at the origin; 
photoproduction does not. 

9. The QZI-violating Reaction -KIT —* <f><j> 
The transition irN —* <j><j>N has aroused interest because the production of <j) pairs 

in pion-nucleon reactions without strange particles indicates either an OZI violation or 
new physics like glueballs [28]. The OZI violation can result if the reaction proceeds 
via flavor-mixed intermediate states, like the 77 and 77'. The intermediate state would be 
produced via the nonstrange component in the 77 and decay via the strange component. 

TTJV -> 77JV - • 4><t>N. (33) 

For the case of the 2 + + partial wave in the <f>—<j> system, which is a candidate for a tensor 

f jlueball [28], there is no candidate for such a flavor-mixed resonance [38]. Donoghue 
39] has suggested the possibility of transitions via the 7777 intermediate state. 

TTN -> TJTJN -+ (j><f>N. (34a) 

There is also the possibility of the KK intermediate state [40], 

TriV -> KKN -* cj><t>N. (346) 

Such two-step contributions to OZI-forbidden processes tend to cancel one another. The 
KK contribution tends to be canceled by the K*K and K*K* contributions. The 7777 
contribution has been shown to be canceled.exactly by the 7777' and rj'rj' contributions 
in the in the nonet symmetry limit where the 77 and 77' are degenerate [41]. The mass 
differences introduce corrections because of phase space factors which destroy the exact 
cancellations. However, the 7777 arid ri'r}' contributions add and are canceled by the 
7777' contribution; thus the breaking effect is second order in the mass difference. A 
quantitative estimate of this breaking effect is obtained by writing the contributions 
from the 77 and 77' states to the unitarity sum or to second order transitions in field 
theory 

Y,{U I T I mnjHmvj I r t 17r+7r~) = - W i - 2B + c), (35) 

where the summation over 77,- and r\j includes the 77 and 77', we follow Donoghue [39] 
and consider the only the pion exchange contribution 7T7T —* <f)(f>, A^ denotes the am
plitude calculated by Donoghue using only the 7777 intermediate state, and B and C are 
symmetry-breaking factors for the 7777' and TJ'TJ' intermediate states respectively. The 
expression (35) vanishes in the symmetry limit when B = C = 1 . 

If we assume that all the symmetry breaking is in the phase space factors, and 
d-wave phase space is assumed to be proportional to the fifth power of the momentum, 
the factor (1 — 2B + C)2 which appears in the cross section is 17% at a mass of 2050 
MeV, 5% at 2300 MeV and 4% at 2350 MeV. This is a significant reduction. 
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If such cancellations do not occur and the contribution of 7r7r —»• 7777 —»• <j><j) remains 
appreciable as suggested by Donoghue [39], the corresponding transitions / ' —* 7777 —*• 
j and / ' —+ 7777 —> 7T7T which involve similar couplings should also be appreciable in 
disagreement with the experimentally observed ideal mixing in the tensor mesons and 
the forbiddenness of the / ' —* KIT decay. The same cancellation mechanism is needed 
to cancel the off-shell 7777 contribution to the / ' —* 7T7T decay when the 7777', T7'77, and 77'77' 
contributions are included. 
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M . C h a n o w i t z 
If 77 were a pure octet, your selection rule for a qqg—> r/ir decay would follow from 

SU(3) but can't be so understood for the siglet component. Furthermore even naive 
SU(3) symmetry may be suspect .for qqg states at it must be for the iota if iota is 
indeed a glueball. I think the real way to test two qqg and qqgg explanations of a 
l"+777r resonance is by looking for the associacted predicted particles, the nonet for 
qqgg versus the qqqq decuplets. 
L ipk in 

The old SU(3) selection rule has been general (See the contribution to this confer
ence) to include the singlet component and SU(3) breaking. The argument given in 
the talk does not assume SU(3) and holds for the diagram in which the gluon creates 
a quark antiquark pair that combines with the initial qq pair to make the two final 
mesons. From this diagram the rjir is forbidden but pir is allowed, and the argument 
holds for arbitrary SU(3) symmetry breaking and all values of the 7777' mixing angle. 
The two diagrams cancel for rjir, then add for ptr. To get qqG-+ 777r, it is necessary 
to use a different diagram in which the qq pair created by the gluon turns into the 
flavor SU(3) singlet part of the 77 by exchanging soft gluons with the other qq pair. 
It is not obrious why this diagram for 77*" decay should be more important than the 
simplerdiagram which gives pit. Thus one would expect the pn decay to be dominant. 

For further checks on the nature of the l~+777r resonance one should look for other 
decay modes like 77'̂  and px' where different modelsshould give different predictions 
as well as for the other exotic states in the multiplet. 

— 377 — 



S. T u a n 
(l)Do you expect your J p c = l and 1~+ (C-exotic) in 10-10" of SU(3) to be mass 

degenearate? (2)Would you like to comment on Donoghue's two-step OZI model for 
7T7T —• T]T) —¥ (f>cj> to explain the "gx states" in 7r~p—+ <̂ <£n? 
Lipkin 

(l)The J p c = l and 1~+ should be approximately degenerate. (2)The Donoghue 
two-step OZI model for mr-r}rj-<f></> should be corrected for Tnr-rjT]'-^ and TTT-T]'T]'-<J)(J> 

contributions which cancel the xir-r]rj-^<i> contribution. The detailed result will be 
included in the written version of the talk. 
B . D i e k m a n n 

Can you explain, why the <̂ 7r°; 1 state is to strongly suppressed in photoproduc-
tion? Remember in your origninal publication, you quoted a quite large a of 0(100 
nb). 
L ipkin 

The original estimate was overly optimistic - we assumed 7 —•si and the additional 
qq pair produced by a gluon. There are very many uncertainties in the calculation. 
For example we assumed the ss-4j(uu-dd) configuration and neglected mxing with the 
4j(uu-)-dd) -T^(uu-dd) configuration. Such mixing reduces the coupling to the photon 
if there is destructive interference between these two components. Note that if the 
Sepukhov state is indeed 10-10* of SU(3), its production from an SU(3) octet photon 
is forbidden by SU(3), this means that there is complete destructive interference. 
J . R o s n e r 

Why would the U(3.1) be expected to decay very much the 1-excited K*s' in your 

model and thus be expected to have a width of a couple of hundred MeV? 
Lipk in 

The question of the width has to be examined more carefully as there are different 
phase space factors and from factors for the combination of the quark and diquark to 
make a baryon. This form factor does not exist in the meson case where the constituents 
are all point-like. 

This is serious question which requires further and more detailed investigations. 
C . Heusch 

I don't understand your argument with relation to the AA state where you say the 
quark exchange graphs dominates over the gluon exchange graphs because gluon is not 
couple to color singlets. Now, nobody wish to couple one gluon to all other quarks 1c, 
but we take soft-gluon color neutralization (at no cost) for granted. Why should there 
such a suppression? 
Lipk in 

The standard folklore in hadron spectroscopy is to use these color selection rules 
without extra soft gluons. The J/^» for example is assumed to decay into hadrons 
with three gluons not one gluon, and is narrow because it needs three gluons! This 
suppression could also be questioned by your argument. Since we don't know how 
to do proper calculation of many-gluon exchanges, we should not hesitate to use the 
information from the calculations on this lattice, which suggest that this lowest-order 
quark exchanges is important and calculate this contribution for the framework of other 
models. 

- 3 7 8 -



M . K a r l i n e r 
You have argued that one should be able to compute 3-body forces from 2-body 

forces. The very essence of Skymion physics is obtaining the baryon spectrum from a 
purely mesonic Lagrangian, which is precisely 3 quark physics from 2 quark physics. 
L ipk in 

The Skyrme Model is long way from predicting the detailed properties of the bayon 
spectrum, e.g. the reason why the AS splitting has the opposite sign for L = l and 
ground state baryons. It is therefore not a reliable model for predicting the mass and 
possible binding of the H dibaryon. 

Yet there are papers claiming to describe the H as a B=2 Skyrmion which are noted 
by experimentalists trying to find the H. These should not be taken seriously. 
S .U. C h u n g 

What is the suppression factor for 7T7T —»• 7777 —>• (ptf>? Do you now say that the BNL 
gx, gT' aad gx" are "prime" glueball candidates? 
L ipk in 

I simply point out that Donoghue's estimates for 7T7T —• 7777 —> <j><j) should be re
duced by an order of magnitude when the interference of 7777' and rfrf contributions are 
included. This means that OZI suppression of irir —»• <f><f> is still good and suggestsd 
that gT' gT" and gT" are not just qq states - whether they are glueballs hybrids or 
four-quarrk states is still unclear. 
Y u . P r o k o s h k i n 

You told about the suppression of 777T decay in the qqg (meikton) case, what about 
77'̂  decay channel? 
L ipk in 

The 77V is also suppressed, since the cancellation depends only on the relative phase 
of uu and dd components. This is the same in 77 and 77'. 

The situation in K+77 and K+77' is different, because the cancellatin in this cose is 
between uu and ss components which have apposite relative phase in the 77 and 77'. 
T . K a t n a e 

Are there any efforts to predict the ratio of (qq)(qq)qq creation from vacuum ob
tained by high energy e+e~ experiments? Otherwise the scheme you proposed may not 
have a solid foundation. 
L ipk in 

The creation of (qq)(qq) from the vacuum depend on form factors (probably wave 
functions at the origin) which are not relevant for the low-lying bound states like the u. 
The calculation for the u uses a diquark with the same wave function as the diquark in 
the nucleon. The diquark created in a (qq)(qq) pair by a point - like photon interaction 
will produce two quarks at the same point in space. This is a linear combination of 
many "excited diquark states, and has no smiple relation to the two quarks in a ground 
state baryon. 
C . D a u m 

What are mass and width of the ss baryons estimated to be? 
L ipk in 

These are not reliably estimated. The mass is on the same footing as the H. If it 
is bound, it should be as narrow as the D and Ds mesons, as it iseffectively a bound 
state of a nucleon and a D s , which will decay by weak interactions. 
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The Kobayashi-Maskawa model and CP violation 

Yasuo Hara 

Institute of Physics, University of Tsukuba, Ibaraki 305, Japan 

Abstract 
Some aspects of CP violation are discussed within the context of the 

Kobayashi-Maskawa model for three generations of quarks. It is also discussed 
if the recent experimental result on B -B^ mixing by the ARGUS collaboration 

t is compatible with the K-M model for m^ =30 GeV 

1. The Kobayashi-Maskawa matrix 
The fifth and sixth quarks were predicted by Kobayashi and Maskawa in 

order to explain CP violation in the Weinberg-Salam model with one Higgs 
multiplet [l]. 

The Kobayashi-Maskawa matrix is a unitary 3x3 matrix which connects 
the quark mass eigenstates with the weak eigenstates, 

fd'l 
ud 

cd 

^Vtd 

V 
us 

c-

V ub 

cb 

V, 

(1) 

ts tb , 

Kobayashi and Maskawa [l] chose a parametrization involving four angles, 
8 l f 62, 93 and 6: 

-S1C3 

S1C2 C1C2C3 " S2 S3 6 
16 

-S1S3 

C1C2S3 + S2°3e 

S1S2 C1S2C3 + C2 S3 e 
i6 

C1S2S3 " C2 C3 e 

16 (2) 

where c. = cos8. and s. = sin9. for i=l,2,3. 
The values of individual K-M matrix elements can in principle be 

determined from weak decays of the relevant quarks, from deep inelastic 
neutrino production, and unitarity. Here, I refer to the results published 
in Review of Particle Properties 19S6 [2] : 

f 0.9742 to 0.9756 0.219 to 0.225 

0.219 to 0.225 0.973 to 0.975 

0.002 to 0.018 0.036 to 0.052 

0 to 0.008 

0.037 to 0.053 

0.9S86 to 0.9993 

(3) 

Some new results have been reported since then. 
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2 
By taking into account of an approximate analytic calculation of 0(Za ) 

corrections to nuclear beta decays, Sirlin and Zucchini obtained [3 ] 

V . = 0.9744 ± 0.0010 . (4) 
ud 

Because of the large uncertainty in calculations of lepton spectra of 
B -* 2A> X decays, last year at Berkeley conference Gilchriese quoted 

lv v./v J < 0-30 at 90%CL (5) 
UD CD 

with a warning that model dependence is the dominant factor in the reliability 
of the limit [4 ] . According to him, 

0.035 < |v J < 0.069. (6) 
CD 

If we combine these results with 

V = 0.220 ± 0.002 (7) 
us 

obtained by the analysis of K [5] and hyperon decays [6] , we find 
Go 

|Vud|
2 +|Vus|

2 +|Vufa|
2 = 0.9984 ± 0.002, (8) 

which is consistent with the unitarity of the K-M matrix for three gener
ations . 

In spite of the small errors, the possibility of a fourth generation 
of quarks (f and b1) with substantial mixing is still open. From (8) we 
find [S ] 

|V ,| < 0.064 (90%CL) . (9) 

The observation of the top quark and the measurement of its weak 
couplings will clarify the generation problem. 

2. The decay amplitude CP violation [7] 

The complex phase factor e in the K-M matrix induces CP violation. 
According to the CPT theorem, the lifetime of a particle is equal to 

that of its antiparticle. But, a partial decay rate of a particle A T(A"*f) 
can be different from the corresponding partial decay rate of its antiparticle 
T(A+f) if CP invariance is violated. _ _ 

For example, the s-wave amplitudes of the A-*-p+tr and A-*-p+ir decays are 
expressed as 

S(A°) = -j§73 S1e
i(V*l)

 +1/I73"s3e
i(W 

and (10) 

s(X°) = -jm sie
i( W + yiTi" s,e

i( W , 
.+, - V w ~ - ^ - ^ -r „-.,- ir

respectively, where 6. is the phase-shift of the irN scattering in the I=i/2 

state and $ 's are the phases due to the CP violating interactions. 

Thus, we obtain the partial decay rate difference, 
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A = [r(A-*pir ) - r(A-»pTr+) ] / [r(A-»pif) + r(A->pir+) ] 

= J2( Sg/S.^ sin (6^63) sin (^-•g) (11) 

if we neglect the contributions from the p-wave decay amplitudes and if we 
assume |S |(|Al|= 1/2 transition amplitude) »|S„( (|Al| = 3/2 transition 
amplitude;. 

From (11) it is clear that inequalities 6 "V 6 and (J> "V <J>3 are necessary 
conditions in order that the decay amplitude CP violation effects can be 
detected. The phase difference $-.-$? is expected as the interference of 
the |Al|= 1/2 penguin term (« V V* 7 and the |Al|= 3/2 part of the quark 
decay term (« \sV*d).

 C S 

The imaginary parts of the K-M matrix elements are responsible for CP 
violation in the K-M model. The imaginary parts of the K-M matrix elements 
change if we change the phases of the quark states. However, the decay rates 
must not depend on the phases of the quark states. By direct calculation 
we can show that in the K-M model CP violation phenomena in all different 
decays of quarks are characterized by one parameter [8] , 

XCP H ^ V * V V*J = 8l 82 83 Cl c2 C3 s l n 6 S 2 * 10' 
-4 (12) 

There are nine such products, but their magnitudes are same. 
The results (11) and (12) indicate that a large asymmetry A is not 

expected unless we study Cabibbo-Kobayashi-Maskawa suppressed nonleptonic 
decays which have several partial waves of comparable magnitudes, each with 
a distinctive strong interaction phase and a CP violation phase. 

There are several articles [9] in which it is claimed that we can expect 
asymmetries of the order of 1 to 10% if we study some rare nonleptonic decays 
of B mesons with branching ratios.of the order of 10 to 10 . But, 10 
to 10 B mesons are needed to measure the asymmetries. 

3. Meson-antimeson mixing effects [7] 0 _ 
Proper time dependence of a state of a neutral meson, a(T)|P>+b(T)|P>, 

is governed by the Schrbdinger equation, 

dt 
= H 

Lbj 

'»-i r M. 12 2 12 
N / 

^r 2 - t r r 2
 M - i r (13) 

Because of the off-diagonal mass-matrix elements, the physical s t a t e s 
are no longer | P > and |P > , but 

| P H >= [ (1 + e ) | P ° > + (1 - e ) | P ° > ] [ 2 ( l + | e | 2 ) ] ~ 1 / 2 , 

| P L > = E ( 1 + E ) | P ° > - (1 - i ) ( p ° > ] [ 2 ( l + | ? | 2 ) ] " 1 / 2 . 

(Hrheavy, L:light) [If there is no CP violation, M*2/
M
12=

r*2
/ri2=elC^ct:a 

real number).] The parameter^ is not unique since the phase or |P > is 
arbitrary. However, Ree/(l+|e| ) is unique and indicates the mass-matrix 
CP violation. 

CP violation effects have been detected only in K decays [2] : 

(14) 
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r (K T -* i r £%) - r(K.H- TT+JI v) - -

= 1 2 = (3'3 * ° ' 1 2 ) X 10 ' (15) 

r(KL-* IT ""£+v) + r(K -»• ir +£."v) l + | e | 

A(K -> IT Tf~) , fi. „ . o 
_ _ J ! = n = E + e ' = (2 .275 ± 0 .021) x 10 e U ^ * l'*' , (16) 
A(Ks-> Tr+ir~) *~ 

. 1 g - — = n = e - 2e« = (2 .299 ± 0 .036) x 10 e l & 4 " ; . (17) 
A ( K g - » - TT TT ) 

Here [ 7 ] , 

ImA 
e = e + i R i A ^ , ( 1 8 ) 

where A exp(i<5,) = < (TTTT ) | T | K > . The pa rame te r E ' , 

. ReA_ ( ImA„ ImA,, \ . . . . > , . . . ImA„ 

e . z i §. § - 2 e
l ( V 6 0 ) = - -^— e17r /4 2. (19) 

/ i R e A o l R e A 2 R e A 0/ 2072 ReA0 • 
i n d i c a t e s t he decay ampl i tude CP v i o l a t i o n and e x p e r i m e n t a l l y [10 ] 

e ' / e = ( 1 . 5 + 2 .9 ) x 1 0 ~ 3 . (20) 

1 0 
The parameters_E and E* are independent of the phase of | P > . 

For K - K system (KT . . . = K^, Ku = KT) 
L i g h t S Heavy L 

e = e = e l i r ' 4 Im V[12/2j2 Re M l g = e 1 1 l / 4 Im M / 2Am, (Am=2ReM12) (21) 

where 

<K°|H InxnlH |K°> 

12 2^2 "I n+k0(-0 m K - m n + i £ 

is a sum of short-distance contributions (contributions from heavy 
intermediate states) and long distance contributions (those from light 
intermediate states). 

Long distance contributions to Im M.„ are considered to be negligible 
since the s-*u+u+d amplitude is real. Since the short distance contributions 
to Im 
to the 

M _ are expected to be well approximated by the amplitudes corresponding 
Box-diagrams, we find til,12] 

Im M12 = Im M * * = ( G J / 6 ^ ) f* mR m* BR s\ s 2 S3 sine 

2 2 
x [~\ + 1 2

 K( m
t/

m
c) + n3 «.n(mt/m ) ] , (23) 
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where TI = 0.7, t| = 0.6 and n = 0.4 are QCD correction factors [ 13 ], f =165MeV 
and K = s|+s2s_cos6. 

There are several theoretical estimations of the parameter B , 

,0.r.- ,2,-0 BR = (3/4mKfp < K
U|[idYx(l + Y5)S]^[K

U > 

= 0.2 ~ 1.0 . 

vacuum saturation [ 11], 

(24) 

(25) 

BK = 1 

B = 0.2~0.8 

BK = 0.4~1.0 

B„ = 0(1)? 
V ft 

current algebra, SU & K-* 2 IT [14-17], 

QCD sum rules [18-20], 

lattice gauge theory (Monte Carlo) [2l].,. 

.box 
In order to estimate Im H ^ , it is convenient to use the following 

parametrization of the K-M angles [22], 

sx=x, s2 = AA2[(I - p)2 + n 2 ] 1 / 2 , s3 = AX2[P
2

 + n
2 ] 1 / 2 , 

s i n S = n[ (1 - P ) 2 + n 2 r 1 / 2 [ p 2
 + n 2 ] " 1 / 2 , 

cos6= -[n2 + P ( p - i)][(i -p)2 +n ? r 1 / 2 [p 2 +n 2 ]" 1 / 2 . 

(26) 

Then, the K-M matrix i s expressed as [22] 

,2 

V = 

1 - A /2 

A 

- \ A I 3 / „ 2 „ 2 .1/2 -AA (p +q ) 

i - A 2 / 2 AA 2 (p + i n ) ( P
2 + n

 2 ) ~ 1 / 2 

A A 3 [ ( I - p ) 2
+ n

2 ] 1 / 2
 A A 2 ( I - p + u i ) t ( i - P ) 2 + n 2 ] ~ 1 / 2 - e i 6 

(27) 

From (5) and (6) we find 

0.035 < AA = |V | < 0.069 '-> A = 1.07 ± 0.35, 

A(P
2
 + n

2 ) 1 / 2 = lv
ut/

v
cbl < ° - 3 0 ^ (P2 +n 2 ) 1 / 2 < i . 

By using (21) , (23) and (28), we find 

MM , w / T . „ w „ 2 / c , ^ f2 _ _2 „ .2,6. 

36. 

e = e U/f2m)iGp6TT) f£ mK nf B ^ T i ] 

x [ -0 .69 + 0.59A2A4(1 - p)(m./m ) 2 + 0.412,n(m /m ) 2 ] 
u C u C 

= e l i r / 4 x 2.8 x 10~3A2n.BK[l + A2(l - p)(m t/30GeV)2/3] . 

(28) 

(29) 

In this talk I choose m =30GeV for convenience since the maximum beam energy 
of TRISTAN in our host institution is 30 GeV. . ,. 

From (25), (28), (29) and the experimental result [2] e = elir' x2.3xl0 
we obtain 
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1.0 >B K> 0.4 , for mt = 30 GeV , (30) 

1.36 £ n > 0.4 for BR = 1.0 and mt = 30 GeV , (31) 

1.36 2 n > 0.9 for B„ = 0.5 and m. = 30 GeV . 

(See, Fig. 1). From (26) and (31) we find cos5<0. 
Next let us study e'. In the K-M model the penguin diagram [23-25], 

which is the s ->d transition with the mediation of one or more gluons, 
predicts non-zero e'. If we introduce the parameter f, which represents 
the ratio of the contribution from the penguin interaction to the K->- 2ir decay 
amplitude, 

< (inr)x _ |H . I K° > = f < (irir)_ _ IT|K°> , (32) 
1=0 ' penguin' '1=0 ' ' 

we find [ 24 ] 

ImA0 2 4 
_ = s s sin6 [-f + 0.026 (1 - f) ] = - Ac\ n (f - 0.026) , (33) 

ReA0 

6' = (1/2072)ei7r/4 A2\4n (f - 0.026) , (34) 

e'/e = 2.9 x 10~2 (f - 0.026)/B„ . (35) 

In order to reproduce the K-> 2 it decay amplitudes by assuming the 
dominance of the penguin contribution [23], f=0.7 is necessary. Thus, we 
have to give up the explanation of the origin of the |Al|=l/2 rule by the 
penguin interaction in order to explain the experimental value of the ratio 
e'/e <4.4xl0~ in the K-M model since from (20) and (35) we obtain 

f = (5.1 ± 9.9) x 10-2B_, + 0.026 < 0.18 . (36) 

Thus, we have found that the K-M model for three generations of quarks 
with m.=30 GeV is compatible with the experimental results on e and e' if 
B >0.4 and f<0.18. However, we cannot explain the origin of the |Al|=l/2 
rule. Here, I would like to notice that the calculation of the parameter 
f in the vacuum saturation approximation [23] is problematic. 

4. B -B mixing and CP violation 

In the cases of the B mesons (B,=bd, B =bs), the contributions from 
d s light intermediate states to M are not likely to be important since the 

dominant intermediate states are the top quark-anti top quark states. Thus, 
we may assume [7 ] 

„ i . . Mbox . °F R ,2 2 f ( V t d V t b ) 2 f ° r Bd " ^ 
M12 ~ 2F12 " M12 - T T I V B mB m t V D < _ (37) 

U Y t b ' f ° r B s - B s • 
( see , F ig . 2 ) , where r\nnr. = 0.86 i s the QCD correc t ion fac tor [26] , and B_ 
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and f„ are hadronic matrix elements corresponding to B„ and f„. Here, 
we have assumed the dominance of the top quark contribution to M.„ by 
assuming that |V J is not too small. 

, Then, the mass difference Am_=(m_)., -(m_), . ., is expressed as Am. 
O,,,box, ' . .. . . .. B * B.Heavy B Light 
2 jM [. By using the empirical relation, 

An^/2 = (G^/12TT2) f£ mK m^ s* , 

3 2 2 l/2 
and the estimated value of v t d

= A * tn +(l-p) ] > 

B 

(38) 

0 .007 < V. , < 0 . 0 3 1 f o r B„ = 1.0 , 
t d K 

0 .014 < V t d < 0 .029 f o r BR = 0 . 5 , 
(39) 

( f o r m. = 30 GeV), we o b t a i n 
t 

A n ^ 2 M 
box 1 
1 2 ' 

AmTJ K 

3 - 7 0 

90 - 330 

f 14 - 60 1 

190 - 300 

'QCD 

N 
\ 30GeV/ 

N 
\ 30GeV/ 

BB fB mBm t 
2 2 

fK mKmc 
2 

V B 

K 

A V [ ( 1 - p) 2 + n 2] 

2 2 

f o r BK = 1.0 

f o r B = 0 . 5 

B d " B d 

B - B 
s s 

B d " B d 

B - B 
s s 

(40) 

- 1 - . , « - l 2 

ao 
Thus, by u s i n g t h e e x p e r i m e n t a l r e s u l t s T = 1 0 

10 / s e c , we o b t a i n 

Am 
r 

0.02 - 0.4 

0 .5 - 2 

0 . 0 7 _ 0 . 3 

1 - 2 ( — ) ' 
\ 30GeV/ 

BBfB 

B 

f o r Bv = 1.0 

f o r Bv = 0 . 5 
CK" I 

s e c . and Am =0.535x 

B d ~ B d 

B - B 
s s 

B B. 
d "d 

B - B 

(41) 

Thus, _in t h e K-M model f o r t h r e e g e n e r a t i o n s of q u a r k s , we e x p e c t [27-29] 
a l a r g e B -B m i x i n g , b u t a mixing of B - B . depends s e n s i t i v e l y on s i n 8 2 . 

I f we compare t h e r e s u l t (41) wi th t h e r e c e n t e x p e r i m e n t a l r e s u l t s of 
t h e ARGUS c o l l a b o r a t i o n [30 ] f o r B . - 5 . sys t em, 

x d + 2 
= 0 . 2 0 ± 0 . 1 1 (42) 

-m > 0 . 4 4 a t 90%CL, (43) 
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we obtain 

\30GeV/ \ f 

r 
> • 

1.2 for B„ = 1.0 , 
(44) 

1.4 for B = 0.5 . 

At present it is difficult to predict B and f reliably, but from (44) we 
may conclude 

m. > 30 GeV 

2 2 since it does not seem to be unreasonable to assume [7], [ 28 J BDf /f =1. 
jB..B _ K 

(45) 

In Fig. 3 we show the allowed regions of x J = rV{,l+Cj) and x = r /(l+r ) 
V, BJ?ff/fJ=1.2, V®S0?031 S [r =x^/(x^+2), xg=(Am/r)Bs] by assuming mt=30Ge., ~Q-B,-K . • w 

ana B=l. In Fig. 3 the regions allowed by the experimental results of other 
groups [31-33] are also shown. From Fig. 3 we find 

> 1.7 

n _nNext let us estimate the parameter e. Since T is negligible in the 
3 -B0 system [27] [ | I^/M^ | = 0(m*/m*)], we find 

(46) 

i + r \ 2 
M12 - i r ! 2 / 2 

1 - e 
12 " "V2 

and 

12 

12 

-4i6 

s3+s2 exp(-iS) 

s3+s_ exp(i5) 

d d 

, B - B 
s s 

(47) 

e =t 

m/In + P(P - D ] 

-m/p 

for B , - B , 
d d 

for B - B 
s s 

(48) 

Thus, we find that both e and e are approximately pure imaginary in the K-M 
model. Therefore, we cannot detect CP violation in the charge asymmetries 
in the semileptqnic decays„of the B_ mesons without seeing time dependence 
since r=r" = (Am) /[2T +(Am) ] for Ree=0, where [34] 

r("B°"- Z+X) 
r = 

r("B "-> Z~X) 

r ("B ««°... l~X) 
r = 

r ("B°"->- £ +X) 

1 - e 

1 + e 

2 (Am)2 + (AD2/4 

l + 7
2 

1 - e 

2T2 + (Am)2 - (AD2/4 

(Am)2 + (Ar)2/4 

2T2 + (Am)2 - (Af)2/4 

(49) 

Here, 2r= TH+rL and Ar=rH-rL< 

Therefore, in order to detect CP violation in B decays we have to study 
the parameter E , 
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A(B„ + f : CP even) A(B. -»• f : CP odd) 

_ or _Jl (50) 
A(B. -> f ; CP even) A(BU -+• f : CP odd) . 

u n 

Since 

and 

< f : CP even | P„ . > - (1 + e )A T (1 - E)A* 
H,L 

< f : CP odd I P„ > - (1 + E")A ± (1 - E~)A* 
H, L 

A(b -*• uud) - V . V*. - - AA3(p2 + n 2 ) 1 / 2 , 
ub ud 

— . ^ ? ? —1/? 
A(b •+ ccd) ~ V . Vs* - A* (p + in)(p + n ) 

co cd 

A(b - cud) - V c b V*d - AX2(p + i n ) ( p 2 + n 2 ) " * 1 / 2 

A(b -> c c s ) - V c b V*a - AX2(p + i n ) ( p 2 +r\Z)~1/Z 

(51) 

(52) 

we f i n d [35 ] 

2 
i n / [ n + p(p - 1 ) ] £ ( B J H 0 - 0 - ( 5 3 ) 

1 i n / ( p - 1) f o r B d -• fir , DD, D_iru, ^Kg, DDKg , 

e ( B e ) = i A 2
n f o r Bo -»• ijxj., D eD e , D K_ . (54) 

S S S S + o % 

In order to measure e, measurements of time dependence of a particular 
decay rate is necessary [36 ]. It is very difficult to detect mass-matrix 
CP violation in B decays since |e| <0.05. On the other hand |e |>1/5 in 
B decays. 

5. Conclusions 
At present the Kobayashi-Maskawa model for three generations of quarks 

is compatible with all available experimental results. 
The parameter E in the K -K system can be accomodated in the K-M model 

for m. >30 GeV. However, if more reliable phenomenological model on the 
semileptonic decays of the B mesons is invented and the upper limit on 
|V ,/V | is lowered, we have to assume heavier mass for the top quark. 

u b TRI small experimental value of E' is compatible with the K-M model, 
but we cannot explain the origin of the jA_l| =1/2 rule. 

The recent experimental result on B,-B mixing [30] is not incompatible 
with the K-M model for three generations of quarks for m, >30 GeV. However, 
in order that we are allowed to assume m, = 30 GeV, the conditions, r =0.09, 
Bfg/f^>l;2, | Vub/V b|=0.3 and B = 1.0, have to be satisfied. If some of 
these conditions will be found not to be satisfied, the top quark must be 
heavier than 30 GeV in the K-M model for three generations of quarks. But, 
in the K-M model for four generations of quarks m = 30 GeV is still possible 
since V . can be much bigger in this case. 

We may expect CP violating asymmetries of the order of 1 to 10% if we 
study some rare nonleptonic decays of B mesons with branching ratios of the 
order of 10~ to 10~ . But, 10 to 10 B mesons are needed to study the 
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asymmetries. 
In order to establish the K-M model the observation of the top quark 

and the measurement of its weak couplings are necessary. The measurement 
of |V ,| and refinement of measurement of the ratio E'/E are also very 
important. 

Reliable estimation of the parameters fRri» fR • B , B and B by Monte 
Carlo simulation in lattice QCD is waited. 
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upper limit |Vub/Vcb|<0.30 and 

b lifetime(taken from ref.A). 

Also shown, for two values of 

B„, is the lower boundary of 

the region consistent with the 

Ree measurement. (Here, m = 

30 GeV is assumed.) 

Fig.2 The box-diagrams 
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model for three generations 

of quarks with m = 30 GeV, 

BBfB/fK " l-2> Vtd * °'31 

and BK = 1. 
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T. Kamae 
Could you ellaborate more on the "allowed" area in your Ba mixing-Bs mixing plot. 

Hara 
The "allowed" area depends sensitively on the limit on |Vtd |? which is derived from 

the limits on |Vcb | and |Vub | as is shown in the plot. 

nic/yo 
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Hadron Spectroscopy in 1987 and Beyond 

Jonathan L. Rosner 

Enrico Fermi Institute and Department of Physics 
University of Chicago, Chicago, IL 60637 

1. INTRODUCTION 

I would like to begin by expressing thanks on behalf of all the participants in Hadron 87 to 
Professors R. Kajikawa, S. Ozaki, and K. Takamatsu and all members of the Program Committee, 
Organizing Committee, and the Conference Secretariat for a most enjoyable and lively conference. 
We are also grateful to KEK for extending its gracious hospitality and to the Research Institute for 
Fundamental Physics, Kyoto University and the Institute for Nuclear Studies, University of Tokyo, 
for their generous sponsorship. 

This talk, though in part a summary and list of prospects for the future, cannot hope to do jus
tice to the wide variety of topics presented here, and so there will necessarily be some selections 
made. I am helped in this regard by excellent rapporteur talks covering in detail subjects omitted or 
only treated superficially in the present lecture. 

We will discuss in Section 2 hadrons without heavy quarks, including ordinary (quark-
antiquark) mesons and gluonic bound states ("glueballs"), three-quark baryons, and exotic mesons 
and baryons. Section 3 is devoted to the physics of charmed quarks in charmonium and charmed 
particles, while Section 4 contains a corresponding treatment of b quarks. Some possibilities for the 
future, such as the t quark, a fourth generation, and spectroscopies beyond those governed by QCD, 
are noted in Section 5. Section 6 concludes. 

2. NO HEAVY QUARKS 

2.1. Overview of lightest meson states 

In Figure 1 we reproduce a 1974 "box score" for the lightest quark-antiquark (qq) mesons.1 

The L=l mesons still were missing states. The spin-zero (3P0) £=1 candidates already gave hints of 
extra states beyond those anticipated on the basis of the quark model. Very little was known about 
radial excitations. Large gaps existed in the picture of the L=2 mesons. 

More recent developments have led to the picture shown in Fig. 2. Aside from inconsequential 
changes of names,2 a great deal has been learned over the years. 

2.1.1. Candidates for gluonic bound states have been identified in the Jpc = 0-4", (J*"*", and 2'H' 
channels. The i(1460) is the best candidate for a 0~* glueball.3,4 The glue content of the t\' is still an 
object of some controversy, as we shall see. The /=0 04"*" system appears considerably too rich for 
qq alone, with several claimed resonances below 1 GeV,5 and resonant activity at 1.3, 1.59, and 
1.75 GeV.6,7 The /2/6(1720) is another very credible candidate for a glueball; its production and 
decay suggest that it is probably mixed with quarkonium. We shall discuss glueballs more 
thoroughly in Section 2.5. 
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Figure 1. Lightest 95" mesons as of 1974. From Ref. 1. 

2.1.2. Radial excitations of all the 5 -wave mesons have been seen. The states 
JC (1300), K0 (1400) and K\ (1410) show up in phase shift analyses of the 3TC, 2,S KKK and AT71 9 sys
tems. The radially excited p is one of two states proposed10 in order to explain rat, r|7CJi and o:t 
spectra in e+e~11,12 and photoproduction reactions.13,14 The n(1280) was first seen in 
%~p -» Ti7C+7t~/t.15 It now appears a companion state, r|'(~ 1400), is required to explain Tjjra: and 
KKK 0"+ spectra,16,17 while the i(1460) may in fact consist of r|'(~ 1400) and a glueball candidate 
closer to 1500 MeV. We have taken the liberty of ascribing isoscalar states seen around 1.6 GeV in 
e+e~ annihilations18 and a ((>' candidate seen in photoproduction19 to radial excitations. It is likely 
that not all e+e~ and photoproduction data 20 on isoscalar resonances can be explained by a single a>\ 
so we arbitrarily assign the state seen in photoproduction of T|© to a 3D1 level. 

In a harmonic oscillator potential, popular for many years for describing light-quark spectros
copy, the first S-wave radial excitation (25) is degenerate with the lowest L=2 level (ID). For a 
potential V(r) - ra with a < 2, the 25 level lies lower than the W one. This is a special case of 
more general theorems.21 At the same time, when a > - 1 , E^s > E\p- Indeed, the radial-excitation 
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Figure 2. Lightest <7? mesons as of 1987. The newest candidates are described in the text. 

candidates in Figure 2 appear to satisfy EXP KE^S <E1D, as one would expect for an effective 
power -1 < <xtff < 2. For aeff = (-1, 0, 1, 2) one expects the ratios (£25 - E\P)I(EW -£]/>) to 
be 0, 0.55, 0.82, and 1, respectively. 

2.1.3. Progress in the identification o/L=7 levels now allows us to conclude that fine structure 
(L-S) splittings in the mesons seem less important than they did in 1974. The light-quark mesons 
then appear more like the corresponding baryons, for which spin-orbit forces appear to play a minor 
role.22 The LASS group has obtained evidence for a Jpc = V" sT candidate /1'(1530),23 decaying to 
KKTZ, confirming an earlier hint24 of such a resonance. Data from the multi-particle spectrometer at" 
Brookhaven25 are also consistent with this state. The /Y(1530) would be almost exactly degenerate 
with the /2'(1525). Similarly, the a2 and a\ appear nearly degenerate, if one takes into account dis
tortions in the a! spectrum due to interference with large Jp = 1+ backgrounds.26 The a0(980) does 
appear to be lower in mass than a2 and a\? It has been suggested as a candidate for a four-quark 
state,27 in which case a suitable alternative qq candidate still would remain to be seen around 
1.3 GeVlc2. 
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A. Jpc = 1*~ sT candidate h' also has appeared in the KKK system,23,25 lying somewhat below 
1.5 GeV. The presence of both l4* and 1"*~ states between 1.3 and 1.6 GeV is suggested by the 
unequal strength of K* and K* bands in the Dalitz plots (Figs. 3a and 3b).23-28 

M l , 

Figure 3. Dalitz plots for K±KPTZ+ in the reaction K~p -» (KKiz)A at 11 GeVlc. From Ref. 23. a) 
1.34 < M ^ < 1.46 GeV; b) 1.46 < MKKK < 1.58 GeV. 

There is a hint of constructive interference in the overlap between K* and K* bands in the high-mass 
region (Fig. 3b), suggesting a C= +1 resonance, while at low mass (Fig. 3a), the interference is des
tructive if it occurs at all, suggesting that the lower-mass state has C= - 1 . 

2.1.4. An extra Jpc = l"1"1" isoscalar state is present if the f xd\2^5) [formerly D], fx(\420) 
[formerly E], and / / (1530) [formerly D'] all are confirmed. Two possible explanations would be 
that a) the state at 1530 MeV is identical to that at 1420 MeV, but kinematically shifted as a result of 
the production process (as is the ax at times26), or b) the KKK system forms a "molecule", in which 
the K%, Kit, and KK systems simultaneously resonate to form a K*, K*, and a0 [formerly 8], as 
shown in Figure 4. Such a "molecule" naturally occurs when all three Dalitz plot bands overlap, or 
at 

2 i l / 2 M = {2m*. + w / - 2mg - m *}»" = 1435 MeV (2.1) 

If the kaons are in an 5-wave relative to one another and each in a P-wave with respect to the pion, 
the system will naturally have Jpc = 1*+. We shall return presently to the suggestion that other pro
posed hadron resonances may be "molecules".29 

2.1.5. The measurement <?/njc+7t" spectra in e+e~ annihilations11 and in photoproduction13 is 
relevant to the question of whether a substantial t 1 -» Ti7C±re°vx decay mode can proceed through the 
isovector weak current. A recent estimate30 suggests ^(x* -» T|JC±7C0V^ < 0.24%. We presented at 
this conference a somewhat more conservative bound obtained in the following manner. From e+e~ 
annihilations11 it is estimated that the peak in the cross section for r\K+ri~ production corresponds to a 
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Figure 4. "Molecular" model of an /=0 KKK resonance at 1435 MeV. 

p' with 

B (p'° -» p°rt)/B (p/0 -* p0rc+7O = 0.123 ± 0.027 . (2.2) 

If the 7C+7t~ system produced in p'° -» p W " has /=0, a reasonable assumption since it appears to be 
in an 5 wave, then B (p'° -» p°JcV) = B (p'+ -» p W ) . Then one expects 

B (x+ -> p+nvg = (10 - \5%)B(x+ -*• pViTvO 

£ (10 - 15%) (5.3±0.8%) (2.3) 

or (conservatively) 

fi(xt-»p±nvt)Sl% (2.4) 

The stronger bound found in Ref. 30 appears to stem in part from the fact that e+e~ —» T\K+K~ pro
duces very few events below 1.4 GeV, while c(e+e" -»• 2re+2rc~) and particularly 
a(e+e~ -» 7c+7c"27c°) are substantial there. 

The question of x* —> TITTW, decays is relevant to the general problem of missing 1-prong x 
decays31 and to the claim by the HRS collaboration32 for a significant branching ratio for an experi
mentally related process: 

HRS: B (x1 -> TiTrKO * (5.1 ± 1.0 ± 1.2)% (2.5) 

From (2.4) it is extremely unlikely that the HRS signal could have been due to events in which an 
extra n° is missing. More directly, however, the ARGUS collaboration can use data33 obtained in 
observing the decay x* -» aMc±vT to quote the. upper bound34 

ARGUS: B(^^>r\i^v^< 1.5% (2.6) 

2.2. Families of orbitally excited mesons 

2.2.7. Mesons made of nonstrange quarks exhibit an impressive sequence of orbital excitations, 
which may be understood on the basis of a rotating relativistic string of chromodynamic flux.35 In 
Figure 5 we plot the spin / of isoscalar and isovector mesons with even and odd G -parity, on the 
basis of data quoted in Refs. 2 and 36-39. 
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J 

M2+rM(GeV2) 
Figure 5. Linear Regge trajectory of mesons composed of nonstrange quarks. 

A linear Regge trajectory 

/ = 0.46 + 0.88 Mz (2.7) 

describes states with 1 S / S 7 , corresponding to orbital excitations 0 < L < 6 for spin-triplet quark-
antiquark pairs. The slope dJIdM1 = a' corresponds to a string tension: 

k = 1/(27100 = 0.18 GeVz , (2.8) 

a parameter of fundamental interest in lattice gauge theories and other nonperturbative approaches. 
Nearly the same value of a ' characterizes several nonstrange baryon trajectories, for which evidence 
has existed for a number of years.2 

2.2.2. Strange mesons lie on the linear Regge trajectory 

J = 0.32 + 0.84 M2 (2.9) 

shown in Figure 6.40 
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M2±TM(GeV2) 
Figure 6. Linear Regge trajectory of strange mesons. 

The LASS collaboration41 has pointed out an interesting feature of KT\ couplings of the states 
along this trajectory. The spin-2 state, £2(1420), does not appear to couple to Kr\, with a KT\/KK 

ratio less than 0.9%. An enormous Kr\ signal is seen for K\ (1780), however, corresponding to 

r3 = 
1^ (1780) -> Kr\] 

= 0.40 ± 0.15 (2.10) 
n / ^ (1780)->/<:*] 

This is exactly as one expects in SU (3). For an even-spin K*, the contributions of the nonstrange 
and strange quarks in the T) will be destructive, while they will be constructive for the odd-spin K . 
If we write 

TI = r|g cos 0 + TJ! sin 0 , (2.11a) 

n ' = -T)8 sin 0 + Tii c°s © . ( 2 1 l b ) 

where n,8 s (uu + dd - 2sT)N6, T|i S (UU + dd + sT)H3 , we expect 

ri = 
T[K\(\4>7XD-* Kvj\ 

T[K*2(\420)-* Kit] 
1 
9 

\P? 1 
A 2 ) . 

(cos 0 - 2V2 sin 0)2 = (0.033) (cos 0 - 2 ^ 2 sin 0)2 

(2.12) 
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where p^ and pjfi are the respective cm. momenta for KT\ and Kn decay of K.\. The experimen
tal limit r2 £ 0.9% implies 9 > 10°, in accord with estimates42-43 of 9 = 19-20° based on other 
decays involving n. At the same time, we expect r3 = (p^3)/p^3,)7cos28 = 0.42 cos28, in excellent 
accord with the result (2.10). 

The decay of £4(2060) to Ki\ should be suppressed, by the same argument as that leading to 
Eq. (2.12). On the other hand, the #4(2060) should be visible in the Kr\' final state. We predict 

T[K'4(2060) -> Kx\'] P* W 

D ( 4 ) 

Pn 

(cos9 + sin8>2 
2V2 ; (2.13) 

n/qpoeo)-*#-*] 
which should lead to an observable rate. There is also a spin-zero state /Co (1950) reported by the 
LASS group, which may play a significant role in neutral D (charmed meson) decay. It has been 
pointed out that this state should have a significant Kr\' decay mode, so one expects to see a large 
branching ratio (several percent) for D° —> K°T\'. 

The importance of final state interactions in charmed particle decays has been stressed44 for a 
number of years, and will be noted in Section 3.2.4. The K°T\' mode was mentioned explicitly by 
Lipkin in the second of Refs. 44 and at this Conference. 

2.2.3. Mesons composed of sT form an orbital excitation series shown in Figure 7. 

M2±TM(GeV2) 
Figure 7. Linear Regge trajectory of ss mesons. 
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The highest level in this series is a recent candidate41 for a Jpc = 4"*" state seen in the K~K+ spec
trum of K~p —» K~K+A, with m(,K~K+) = 2.2 GeVIc2. This is the interesting region in which many 
other states have been observed, including a narrow peak ("£(2.2)") in K~K+ and KSKS seen by 
Mark III,45 a broader enhancement in KK seen by both Mark III and DM2,45,46 a resonance in Tyn/ 
seen by the GAMS collaboration,6,47 and various <|><J> enhancements.48-50 Some of these may be 
gluonic bound states or exotic particles; their interpretation is still uncertain. 

2.3. Low-energy pp annihilations 

2.3.1 Searches for narrow states in proton-antiproton annihilations have been performed, with 
negative results.51,52 

2.3.2. Annihilation from a carefully controlled initial state is now possible at the ASTERIX 
experiment at LEAR.52 A model for resonance decays proposed sometime ago53 envisions a hadronic 
vertex as involving the creation or annihilation of a quark pair with the quantum numbers of the 
vacuum, or 2PQ. This model is illustrated for proton-antiproton annihilations54 in Figure 8. 

Figure 8. Diagram favoring P -state proton-antiproton 
annihilations at rest. 

By utilizing a gas jet target, the ASTERIX Collaboration has managed to reduce the effect of 
Stark mixing, thereby enhancing /'-state annihilation and the relative importance of the graph of Fig
ure 8. Under such circumstances, the ratio of the rates T(pp -» K+K~)/T(p~p -» 7i+7C~) is 17%. If in 
addition, one demands that an L X-ray be present (corresponding to the atomic transition 3D -> IP 
preceding the annihilation), this ratio drops to 8%. The presence of an L X-ray is a good signal that 
a given pp atom has escaped Stark mixing. In liquid hydrogen, where Stark mixing is more impor
tant, the K+K~/K+VT ratio is 26%. Now, the K+K~ final state cannot occur via Figure 8, whereas 
it+:C can. The suppression of the K+K~ mode in cases where Stark mixing is unimportant thus is 
some evidence that the mechanism of Figure 8 plays an essential role in pp annihilation at rest. 

The production of %f2 and 7cp can also be compared in S -state and P -state annihilation at rest. 
The ratio of pp -» 71/2 to pp —> 7tp is higher when P -state annihilation is enhanced (as in a gas jet) 
than when S -waves dominate (as in liquid hydrogen). The /=0 rc/2 state has Jp = 2~ and thus 
requires D-wave pp annihilation; states with l(jzf £ = 1 include ones accessible from pp P-waves. 
It requires Kjifj) > 2 to produce any state accessible from 5-wave pp annihilation. By contrast, the 
/=0 jcp state can be reached via thepp 'iPx state, while /(np) = 1 states include ones accessible from 
pp S -waves. 
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2.4. Two-photon processes 
2.4.1. Measurements of yy —> jt°, t|, n ' have been reviewed at this conference,55 with the 

result42,43,55 that the T) and r\r can be viewed as octet-singlet mixtures (2.11) witfi a mixing angle of 
9 = 19°. 

2.42. The processes yy -> JI+JE~, Jt°7c° have been measured.55,56 Particularly interesting is the 
behavior of a(yy -» 7i0jc°), which rises rapidly near threshold to an approximately energy-independent 
value of about 20 nb until the lower edge of the /2(1270) is reached a bit below Em = 0.9 GeV. 
This process looks very promising for determining whether there is resonant behavior in the 
Im = 0 5 wave below 1 GeV.5-57-59 

2.4.3. Glueball tests can be made using yy reactions. If a resonance X shows up strongly in 
other processes (particularly in /Ay -> yX) but not in yy -> X, it is a glueball candidate. At present 
in KKiz and T|7CTC final states all resonances (aside from /2'(1525)) above 1 GeV must then be con
sidered as glueball candidates, since none of them shows up in yy reactions. Specifically, for 
tyn.(1460),60 

T[i -» vy] B (i -» KKK) < 1.6 keV. (2.14) 

For states at 1280 or 1400 MeV decaying to rime, the corresponding upper limits are 0.3 keV.61 At 
some level one should see the two photon couplings of quarkonium radial excitations of TC°, T|, and 
TI'; we do not yet know whether to be troubled by their absence. 

2.4.4. Excitation of a state at 1420 MeV appears to proceed in two-photon processes if one of 
the photons is virtual.62 Since two real photons cannot couple to a 7=1 state63 but no such selection 
rule forbids such a coupling if one photon is virtual, the state is assumed to have 7=1. It could 
either be the Jpc = I** meson mentioned earlier ("E") or a hybrid Jpc = 1~* state.64,65 Esdmates of 
its coupling to yy* are consistent with those expected for a quark-model l"1-1" state.64 

2.5. Glueballs 

2.5.1. The T)'(958) may contain a small gluonic component.66 If we write 

lTj.il'> = Xy{AA(uu+dd)IJ2> + Yi,,n>\ss> +Z^\G> , (2.15) 

where G represents the "inert" or gluonic component, analysis of /A|/ -» 0 T decays67 gives: 

Mark III:68 DM2:69 

l * T , l = 

iyn i = 

\xn.\ = 

IV = 

x$+y% = 

*$+Y% = 

0.63 ± 0.06 

0.83 ± 0.13 

0.36 ± 0.05 

0.72 ± 0.12 

1.09 ± 0.23 

0.65 ±0.18 

0.61 ± 0.03 

0.77 ±0.12 

0.39 ± 0.05 

0.69 ±0.11 

0.97 ± 0.19 

0.63 ±0.16 

(2.16a) 

(2.16b) 

(2.16c) 

(2.16d) 

(2.16e) 

(2.16f) 

The deviation of the numbers in (2.16f) from 1 could indicate the presence of glue in the TI'. 
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Objections have been raised43 to the above method, invoking the possibility of "double-OZI-
violating" graphs in which the /Ajr, the 0~ meson, and the 1" meson are connected to one another 
only via gluons. A free parameter is introduced in order to take account of this effect. Indepen
dently, one has some cause to doubt that the values of \Xn'\ are as low as shown in Eq. (2.16c), 
since rj' -» py and TJ' —> yy decays lead to the conclusion 42-43-66 xn> = 0.6. The totality of radiative 
decays in fact leads us to suspect that if the r\' is relatively free of glue, then 

X^ = 0.8 Y^ = - 0.6 

^ = 0.6 IV = 0.8 , (2.17) 

corresponding to the singlet-octet mixing angle of 19° mentioned earlier. 

An independent test of the strange quark content of n/ is needed, since radiative decays provide 
almost no constraints on Y^. It has been suggested70 that the rare process <j> -> ify could provide 
this test. We predict66 

B(<j)->Ti'Y) = (7xlO-s)y£/v2 , (2.18) 

or a branching ratio in excess of 10"4 for the values (2.17). Several million (ji's, perhaps available in 
the future at Novosibirsk or at a dedicated <$> factory, would be needed to observe the rj'y decay 
mode. A $ factory would have independent value for CP violation studies.71 

2.5.2. The i(1460) is a good candidate for a Jpc = Cr* glueball.4,72 It is copiously produced in 
radiative Jly decays and absent in yy collisioas. There appear to be too many isoscalar O-*" states to 
be accommodated by a quark-antiquark picture. [For 15 qq levels we propose r\ and n': for 
2S, T|(1280) and T|(~ 1400).] On the other hand, it is true that there also appear to be too many 
I** 1=0 levels for a qq picture. None of these |/i(1285), £//1'(1420), D'If {(1530)] is a good 
glueball candidate. 

2.5.3. Candidates for scalar glueballs abound.4-7,47,72,73 The GAMS collaboration has 
presented data at this Conference6 and elsewhere47,73 with respect to states at 1590 and 1750 MeV 
seen in n~p -»• t\r\n, %~p -> T|T|'«, and n~p —» (4iz°)n. It has been stresed (Yu. Prokoshkin, private 
communication) that modes such as Tyn., T|T|', and 4re° are particularly favorable for glueball searches, 
and indeed the spectra in these modes look somewhat different from those involving kaons or 
charged pions. Lattice gauge theories find the 0** glueball the easiest to predict, with masses 
between 1 and 1.6 GeVfc2 expected.74 

The state at 1590 MeV is not seen in central hadron collisions.75 One would expect a glueball 
to show up in such a reaction. 

2.5.4. The 9//2(1720) passes most tests for a tensor (2++) glueball, including its production in 
radiative Jl\f decays and in central hadron collisions.75 Its suppressed TOT decay (in comparison with 
its KK and T|T| modes) could be ascribed to a form-factor effect76 which favors the emission of addi
tional pions when a hadron materializes into nonstrange quarks. Perhaps such an effect is responsible 
for the curious ratio77 

T(D° ^> K+rT)/r(D0-> K+K~) = 0.27 ±0.11 . (2.19) 

Alternatively, the KK decay of the 9/ / 2 could be suppressed if it mixes primarily with nonstrange 
quarks78,79 or with both strange and nonstrange quarks in certain combinations.80 We will have to 
wait for lattice QCD results involving dynamical fermions to see if such mixing is plausible. 

The properties of the 8//2(1720) can be said to have been anticipated well in advance of QCD. 
In fact, this state is a candidate for the first physical particle lying on the Pomeranchuk trajectory,81 
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or Pomeron. 
The Pomeron was proposed in order to account for the approximate constancy of total cross 

sections a? at high energy. Accordingly, it must have intercept 1. It has been shown that a 
Pomeron slope half that of qq Regge trajectories (such as those illustrated in Figures 5-7) is 
expected.82'83 If we then take a linear trajectory 

J(M2) = 1 + 0.44 M2 , (2.20) 

we expect a Jp - 2+ particle lying on the Pomeron around 1.5 GeV. This particle probably mixes 
with the /2(1270),78,83 thereby being raised in mass. The 8//2(1720) is a good candidate for it. 
Models of the Pomeron as a "glue-ring"84 or as an effect due to two-gluon exchange85 in fact have 
been proposed some time ago. 

The Pomeron trajectory is expected to result only in even-spin physical particles. If a linear tra
jectory of the form (2.20) can be extended to Jp = 4+, one expects such a particle at 2.6 GeV. [A 
linear Pomeron trajectory passing through zero mass at / = 1 and 9//2(1720) at J=2 would have a 
Jp = 4+ particle at M = V3(1720) = 2980 MeV.] It would be difficult to observe in J/y radiative 
decays but might show up in T -» y + (hadrons). 

The ratio of 2++ to 0** glueball masses in lattice gauge theories and bag models is a subject of 
iome discussion, with most estimates placing the 2++ higher.86 The 2+f masses have not yet been 
estimated in the most recent calculations on large lattices reported at this Conference.87 

2.6. Baryons 

2.6.1. S* resonances are predicted in abundance by quark models,1,88 with a recent set of 
expected masses and decay channels shown in Figure 9. 

Until recently it has been difficult to study H* 's since no means of forming them in the direct 
channel has been available. States for which a fair amount of information has existed are denoted by 
an asterisk in Figure 9. These include the S (1320, l/2+), E (1530, 3/2+), E (1820, 3/2"[?]), and 
S (2030) (Jp unknown, indicated by the solid arrow). 

New data from the CERN hyperon beam89 relate to the states shown by dashed arrows (Jp 

unknown) or shaded boxes (Jp known or assumed) in Figure 9. All of these appear to be 
diffractively produced. There is a Jp = l/2+ radial excitation candidate at 1690 AfeV, and a 5/2+ 

candidate at 1960 MeV. The Jp of the state at 1820 MeV is confirmed to be 3/2". States at 1783 
and 2180 MeV, with unknown Jp, are also produced. The series l/2+, 3/2", S/24",... is what would 
be expected90 if diffractive excitation gives quarks an orbital "kick".91 

2.6.2. ft* resonances have now been identified by the CERN and LASS groups.92,93 Predic
tions for masses and decay channels are shown in Figure 10. The new states are seen in the E"VX~ 
decay mode. 

The^lower state (around 2250-2260 MeV) could be a radial excitation of the familiar fl(1672), 
first observed in 1963. The model of Ref. 88 places the first radial excitation of the Q only about 
400 MeV above it, but other models94 predict a larger spacing. The mass difference is just about the 
same as that between 15 and 25 levels in cc and bb, as one might expect on the basis of 
phenomenological potentials.95 

2.6.3. Skyrmions have been remarkably successful in describing relations among meson-baryon 
partial-wave scattering amplitudes in the resonance region.96-98 Typical of these is the relation for 
pion-nucleon amplitudes denoted by £2/2/ : 

^35 = j Fis + J Fxl (2.21a) 
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Figure 9- Masses and decay channels expected for the lowest-lying H* resonances. The abscissa 
denotes values of JF. See text for symbols. From Ref. 88. 

9 5 
/737 = "i?Fls + l 4 F n (2.21b) 

consistent with the observed experimental pattern. Relations of the type (2.21) appear to be best 
satisfied for the highest partial waves at a given energy. They reproduce an interesting "big-small-
small-big*' pattern illustrated in Table 1. 

Table 1. Magnitudes of pion-nucleon partial 
wave amplitudes in the Skyrme model 

Isospin 

J 

Magnitude 

Examples 

1/2 

L - 1/2 

Big 

F\s 
G,7 

1/2 

L + 1/2 

Small 

015 

FM 

Gl9 

3/2 

L - 1/2 

Small 

D3 3 

G37 

3/2 

L+ 1/2 
Big 

£>3 S 

G39 
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Figure 10. Predicted masses and decay channels (Ref. 88) for Q* resonances. Dashed arrows denote 
masses of states reported in Refs. 92 and 93. The asterisk denotes the previously known £2(1672). 

Quark models lead to a similar though not identical pattern. A low-mass £>3S resonance is not 
expected in the quark model, but one does seem to be observed below 2 GeV in the c m . " The pres
ence of all four partial waves in Eq. (2.21) requires both 56- and 70-dimensional multiplets of SU(6) 
with L(ejqq) = 2. Now, Si7(6) alone only predicts relations among 56 and among 70 resonance cou
plings, but not between the two.100 Relations between 56 and 70 L{qqq) = 2 couplings follow from a 
harmonic-oscillator quark model101 and from duality between exchanged and direct-channel baryons 
in scattering processes.102,103 The relations are identical. In Table 2 we show relative partial widths 
to 7TJV (in arbitrary units) for various qqq states with L=2. 

Table 2. Relative partial widths to uN 
of L=2 qqq states (arbitrary units) 

Partial 
wave 

^15 

F37 

w+,Sff(6) 
representation 

256 
^O 
<70 

456 

^xN 

175 
56 
2 

72 

Partial 
wave 

^35 

Fll 

2S+15i7(6) 
representation 

456 
^ 0 
270 

470 

Tjtf/ 

16 
7 
7 

9 

The FIS and F3 7 resonances (except for 470) have large nN partial widths, while the F35 and Fn 
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states have small ones. 
The Skyrme model has had many other impressive successes in describing scattering ampli

tudes, as in KN scattering, relations between nN and KN amplitudes, and resonant phases in 
tzN -» 7tA. In this last process, quark models have been able to correlate a wealth of data with one 
another,104 but there has always remained some inconsistency105 between resonance phases inferred 
from itN -» 71A and those inferred from yN —> KN. It would be interesting to examine Skyrme 
model predictions for photocouplings of nucleon resonances to see if this question is resolved in that 
model. 

A decidedly "non-quark" prediction of the Skyrme model98 is that there should be an exotic F 0 5 

resonance in KN scattering. Present phase shift analyses are mute on this point. 
The beginnings of a description of hyperon radiative decays via the Skyrme model have been 

made.106 Agreement with experiment is generally adequate except for the (best-measured) process 
2?" -> py. We await further tests of the model through experiments at CERN and Fermilab. 

2.7. Exotics and hybrids 
While a number of claimed candidates exist for exotic (,non-qq~ or qqq) and hybrid (e.g., qq-

gluon) resonances, none is firmly established. Relatively straightforward tests of the identity of these 
candidates are possible. 

2.7.1. States X(1480 [O^.?]), AT(1650 [0*+, 2++?]) decaying to p°p° have been proposed as 
possible admixtures of isospin 0 and 2.107 If there are indeed well-defined 7 = 2 resonance states at 
such low masses they should be visible in the p ^ * mode in reactions such as n+p —» p+p+« and 
p~n —» p~p~n+. 

2.7.2. A narrow peak at 3.1 GeV, decaying to Ap~ + (pions), was reported some time ago and 
discussed at this Conference.108,109 The effect appears to have / = 3/2, making it a candidate for a 
qqqq state.110,111 Such objects, coupling to baryon-antibaryon pairs, were proposed some time ago,112 

but the mystery is why this particular resonance should be narrow when it lies so far above baryon-
antibaryon threshold. 

One suggestion recently resurrected110 is that qqqq states in which qq > coupled to a color 
sextet (and qq to a 6* ) are somehow stabilized by high orbital angular momenta between the qq and 
qq systems, so that rearrangement to (.qq)2'(qq~h is inhibited. It would be useful to see if dynamical 
theories (e.g., lattice gauge theories) are consistent with this suggestion. One would expect the chro-
modynamic force between two quarks in a sextet to be repulsive, for one thing.111 

It has also been proposed111 that the 3.1 GeV peak could involve a (qq)3-(jqq)3 configuration 
whose decay to baryon pairs is inhibited by angular momentum considerations alone. An orbital 
series is proposed, with the mass of the state XL with orbital angular momentum L between (qq)3> 
and (jqqh given by 

M(XL) - - 1 ^ + ^ , + M(Kt) (2.22) 

to ± 100 MeV. The X(3.1) would be the L = 4 state, with predicted mass 2991 MeV. States with 
L = (2, 3) at (2390, 2673) MeV would not have been observed because they are presumed broader. 
The difficulty with this interpretation is that the corresponding K* states do not become markedly 
narrower at higher mass. The L - (2, 3,4) states depicted in Figure 6 (corresponding to J = (3,4,5)) 
have widths T = (185.9 ± 23.3 ± 12.3, 221 ± 48 ± 27, 178 ± 37 ± 32) MeV.40 
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New experiments to confirm the state at 3.1 GeV will be mounted at CERN and perhaps Fermi-
lab.113 It may be prudent to await their results before speculating further on this curious effect. 

2.73. §K and r\n resonancesU4'ns around 1.5 GeV have been proposed111 as qqqq states, 
specifically as JFC = 1 and 1 - + members, respectively, of a 10 + 10* multiplet of flavor SU.O). 
If this suggestion is correct, one should observe Jp =• 1" strangeness ± 2 resonances decaying to 
K+K° or K~K°, and Jp = l - / = 1/2 and 3/2 states of strangeness ± 1. 

2.7.4. The H (a proposed AA bound state) has been a subject of controversy ever since the 
original suggestion116 that one could gain chromomagnetic binding energy by recoupling quark spins 
in two A's. Preliminary results of new lattice calculations87 suggest that the H is indeed bound, in 
contrast to an earlier result117 based on a smaller lattice. At this point what is needed is not only 
reliable lattice calculations, but experiments designed to search for the H at the required level of sen
sitivity.118 Earlier searches119 have now been deemed inadequate.120 

2.75. A csuud or csudd baryon has been proposed120" as a DSN or DA bound state (thus 
lying below 2.9 GeV). The argument is based on color-spin, and gives as much binding as for the 
H in the SUQ) limit Such a particle should live (a few) x 10~13s and have decay products typical 
ofDsN or DA final states. 

2.7.6. Hybrids (candidates for qqg states) would include states with Jpc = 1~+, which cannot 
be formed as qq composites. Candidates proposed at this Conference for such states include the 
KKK resonance at 1420 MeV, formed in y - Y* collisions,65 and the r\K state at 1410 MeV,us both 
mentioned earlier. There have been sensitive searches with negative results for such states up to 
about 1.5 GeV, in which the states are produced via the Primakoff effect by incident pions and 
detected in pre and T\7C modes.121 It may be necessary to search at higher masses in modes such as 
A iTt and B K, in which it will be harder to identify the unusual Jpc characteristic of a hybrid state. 

2.7.7 Molecules of hadrons, as proposed above for a KKK resonance around 1435 MeV, could 
be widespread. Consider, for example, the prominent p°p° resonance formed in vy collisions just 
above threshold.122 The pions in one p° could easily resonate with those in another, so that the 
"benzene-like" structure depicted in Figure 11 could result. 

©r© 0 © 
©X© © © 

Figure 11. "Molecular" model for a p°p° resonance near threshold. 

We would like to know whether such configurations are stable, and what isospins, spins and parities 
are expected. Here, perhaps, is another challenge for lattice gauge theories. 
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3. CHARMED QUARKS 
3.1. Charmonium levels 
3.1.1. The r\c and Jlvf have been observed in their decays to ever more hadronic final states. 

In particular, the Jlvf has distinguished itself as a superb source of light-quark hadrons, useful partic
ularly for glueball searches.3,16,123'124 

For the first time, it has been possible to measure the two-photon width of the r\c, both via yy 
collisions125 and in pp -» T|C -» vy.126 The ratio of decay rates 

IZk^Ml _ «S«5£ p + M i . 0»*«yy? = (1.28 ± 0.74) X .0= (3.1) 
r (n c -*YY) 8a2

 K (9 ± 4 teV) 

implies a,(mc) = 0.20^-^, in reasonable accord with other determinations. The value of 
rOlc -* YY) itself is close to theoretical expectations.125,127 

3.1.2. The lP i state of charmonium ?nay have been found in the last days of ISR running128 at 
the expected 3Pj center-of-gravity, 

Mfrj) a [5M(3/>2) + 3M(3P,) +M(3P0)]/9 

= 3525 MeV . (3.2) 

One expects M({P{) -M^Pj) since the spin-spin interaction in quarkonium is proportional to the 
Laplacian of the potential and hence to 83(r) for V ~ as/r, as one expects for gluon exchange at 
short distances. Most potential models which account for logarithmic variations of a, with r find 
M(}P\) and M^Pj) to differ by no more than a few MeV in charmonium.129 A recent prediction130 

that the lowest lP j cc~ state lies below 3500 MeV thus is surprising, and will merit checking at a 
forthcoming Fermilab experiment131 designed to study charmonium via direct-channel pp formation. 

A recent thorough investigation of properties of 1Pl quarkonium states was reported at this 
Conference.132 It was found that the major decay mode of cc(}P I) should be ync. 

3.13. The 3P2,i charmonium states have been observed at the ISR126 and more precise infor
mation obtained on their total widths. These values are in rough accord with QCD predictions,133 

aside from a %2 total width of 2.6+1
1;(

4 MeV which would seem to imply a value of OLs(mc) > 0.3. 
This is uncomfortably high for other determinations,134,135 which imply as(mc) <, 0.2. The ISR col
laboration has also measured r(%2 -» YY) = 2.9*i.o ± 1.7 keV, leading via a relation similar to (3.1) 
to the expectation a,(/?ie) =:0.2. The present upper bound T(X\) < 1.3 MeV lies well above the 
QCD expectation of T(x0 = 1-7 OLsT(xi) - 0.32 T(XT) unless the %2 width itself is much too large for 
the QCD prediction. 

3.1.4. The \j/"(3770) is of renewed interest now that more precise branching ratios of D 
mesons to specific final states have been presented.136 It is no longer so urgent to ask whether \ j / " 
can have substantial decay modes besides DU.xyI Nonetheless, a study of these modes can prove use
ful. This state is mostly 3D\, but can mix with the 235i level. Since the \/(3686) is predominantly 
235i and decays to yTra, yy,, and hadrons, one could expect similar decays for the iff" at a level 
which might probe the mixing. It has been suggested that the partial width for 3D x —» roc3Si might 
be quite small,138 so that y" -* \\miz might be a particularly good measure of 3D i - 2?S\ mixing. 

3.1.5. Prospects for physics at the Y include the more precise measurement of angular distri
butions in Y -» YX -» Yy/Ay, in order to probe the small admixture of magnetic quadrupole (M2) 
amplitudes expected along with the dominant E1 amplitudes.139 Such an experiment is one more way 
to measure the charmed quark magnetic moment. Others include the study of M1 transitions such as 
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(/Ay, \|/) —» THc an<^ V ~* "He'' which seem to be somewhat suppressed in comparison with naive 
expectations,140 and the direct measurement of the Ac magnetic moment, expected to be 
u.(Ac) = u,(c), which poses an interesting experimental challenge. 

3.2. 'Charmed particles 

3.2.1. Hadronic cross sections for charm production appear to range from 
oT(pp -> charm) = 20 to 100 \ib for VF = 28 to 63 GeV.141 

3.2.2. Lifetimes of charmed hadrons are being measured with increasing precision, primarily as 
a result of sensitive vertex detection techniques.142,143 It appears that144 

x(Ac) £ 0.2 ps < T(D° , £>/) = 0.4 ps < x(D+) = 1 ps . (3.3) 

This hierarchy of lifetimes can be understood in part as illustrated in Figure 12. 

a) c — * — r — — s b) C—» r-#—S 
d » ' » " n « * * d 

c) c-—v _^-—u d) 

Figure 12. Diagrams illustrating possible contributions to weak decays of charmed particles, (a) Ac, 
(b)D°,(c) D, , (d )D + . 

The four-quark process has been estimated to lead to a satisfactorily short Ac lifetime (Figure 12a) 
when added to other contributions.145 An open question is whether such processes are important in 
0 ° and Ds decays (Figures 12b, c). If so, one might expect 3TC to be an important decay mode of 
Ds. On the other hand, the non-exotic nature of the D° and Ds final states may be sufficient reason 
for their shorter lifetime than D+, whose Cabibbo-favored final states have isospin 3/2.146 Only the 
"spectator" process illustrated in Figure 12d can contribute to D + decay, and the D+ lifetime in fact 
agrees with a free-quark estimate.127 Further mechanisms proposed to account for charmed particle 
lifetime differences have been reviewed in Refs. 127 and 147. 

3.2.3. D°-D° mixing has recently been studied with great precision in Fermilab £-691.1 4 8 

The rate for D° -» D° transitions (and hence for appearance of wrong-sign kaons in decays) has 
been measured to be less than 1/2%. The small wrong-sign kaon signal that is observed in £-691 
(and also by the Mark III collaboration at SPEAR149 ) can be ascribed unambiguously to double-
Cabibbo-suppressed decays, since it is present immediately after D° production in the Fermilab 
experiment. (The identity of the produced D° or ZT° is determined by whether it was associated with 
a TC+ or a iC in a charged D *.) By contrast, a wrong-sign kaon signal due to mixing would grow ini
tially as t2, where t is the time difference between production and decay. 

3.2.4. Branching ratios of charmed particles as measured by the Mark III collaboration136,147 

have decreased by about 20% (for D°) and 24% (for D4) from values quoted earlier.150 As a result, 
the possibility of a "charm deficit" in B decays150 is much less likely.147 
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Detailed Dalitz-plot analyses of three-body charm decays were presented at this Conference.151 

While many of these processes appear to be dominated by quasi-two-body final states, others (such as 
D+ -* K'n^n*) clearly have large non-resonant contributions. Together with the new, lower Mark 
III branching ratios, this observation suggests that one pay more attention to multi-body charm 
decays. 

Branching ratios for Ds decays may be expected soon, as a result of studies by the Mark ni 
Collaboration of DSD^ + D*D3 production in e+e~ annihilation.151" New values of the DJ - Ds 

mass difference,147,151" 

-{ 144 ± 9 ± 7 MeVCARGUS) 
MPJ)-M(DJ) = | 1 3 7 9 ± 2 1 ± 4 3 ^ K {mrk m) (3.4) 

are consistent with an empirical rule152 

M\D - M\0T) = 0.55 - 0.6 GeV1 (3.5) 

obeyed for systems containing at least one light (u, d, s) quark.153 

Final state interactions appear to be crucial in the description of charmed particle decays. One 
can see, for example, by comparing D° —» K~K+, D° —» K°K°, and D+ -> K°iz+ rates that the ampli
tudes for / = 1/2 and 3/2 final states cannot be relatively real.44 The presence of a Jp = 0+ state in 
K~%* phase shift analyses around 1950 MeV4X is another reminder that individual resonance states 
can be important. Even in the limit of overlapping resonances, however, one expects the phases of 
Kit scattering amplitudes to differ in exotic and non-exotic channels,154 and this phase difference is 
likely to persist in individual partial waves. 

As mentioned in Section 2.2.2, if D° —> K~n+ decays are dominated by an / = 1/2 Jp = 0+ 

resonance near the D° mass, one expects 

T(D° -» r»nQ _ 8 /Vx _ 8 ,564 MeV. _ n „ n ,. 

r ( D ° - m ~?(77}" 9 ( 8 w ) - ° - 5 8 (3-6) 

in die limit in which T|' is an unmixed qq flavor singlet Here 

T(D° -> KK) = T(D° -» K-K+) + r(D° -* K°n°) = (6-7%)r(£>°) . (3.7) 

Thus we expect 
B (D ° -» ^°r |0 = (3-4)% (3.8) 

A corollary of / = 1/2 dominance is the relation T(D° -> K°K°) = V(D° -» K"V)/2, consistent with 
present data. 

3.2 J. The P-wave D mesons (with Jp = 0 \ 1+, and 2*) should be showing up in new data 
from ARGUS, CLEO, and Fermilab £-€91. The spectroscopy of these states155 has not made much 
progress since a candidate was reported at 2420 MeV by the ARGUS group.156 

3.2.6. The decays D* -> Dy are worthy of renewed study. At this Conference157 the HRS 
Collaboration presented the value B(D*° -» D°y) = 0.47 ± 0.23, in accord with the published aver
age2 of 0.485 ± 0.076, and an upper limit r(£>*°) < 1.5 MeV (90% c.l.) based on the upper limit 
T(D*° -> D V ) < 15%. [If the D*° were broad enough, one would expect its D+n~ decay to be 
allowed.] 

The tabulated value2 B(D*+ -> D+y) = 0.17 ± 0.11 is of little statistical significance except that 
it affects inferred branching ratios for D*+ -» DK, and hence indirectly influences quantitative esti
mates in much of charm (and even b) physics. On theoretical grounds155'158,159 one expects 
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1% < B(D*+ -> 23+Y) < 5%. It is worth remeasuring this branching ratio! 

4. THE b QUARK 

4.1. bb" Levels 

A recent review of T spectroscopy160 treats the subject in great detail. In what follows we dis
cuss mainly the results reported at this Conference. 

4.1.1. The IS, 2S, and 3S levels of the T family have been seen with excellent mass resolution 
in hadronic production in Fermilab experiment £-605.161 No other narrow peaks have been spotted 
in e+e~ or u.+u.~ spectra up to M - 16 GeV, at a level of a few percent of the Drell-Yan cross sec
tion. The copious observation of the 35 level suggests that if T levels are produced hadronically at 
least in part from electromagnetic decays of %b states, then the %b"($P) level must be below flavor 
threshold, as is expected in potential models. 

The CUSB group162 has presented new values of 5 ^ for the T(15), Y'(25), and T"(35), all 
compatible with <xs(jnb) = 0.17 - 0.18 and A j ^ in the range147 of 120 to 200 MeV. Similar values 
are obtained147 from ratios 

R - r (T->ygg) = . 
Y ITT -> 888) 

(2.93 ± 0.12 ± 0.18)% (ARGUS)W 

(2.54 ± 0.18 ± 0.14)% (CLEO)163 

(2.99 ± 0.59)% (C£/5S)164 

4 ct Ot, 
= ± —f— [1 - 2.8 -±] , (4.1) 

5 <xs(mb) n 

where the correction is evaluated in Ref. 135. Here it appears important to use the photon energy 
spectrum calculated by Field;165 others166 are not in accord with the data. 

4.1.2. The Xb'QP) levels have been studied by the CUSB collaboration,162 with more infor
mation expected soon from a new run of CESR at the Y(35). The preliminary value of 

Af(Y2)-Af(Y,) 
r S w / \ ,,T x- = °-57 ± ° - 0 6 <4-2> 

is less than that (0.67 ± 0.06) observed for the Xb(*p) levels,2 which might suggest a greater role for 
scalar confinement in the (spatially larger) IP states. The expected value for a vector interaction is 
r = O.8.167 

4.1.3. The \lP\ state of bF, for which preliminary evidence has been presented by the CLEO 
Collaboration,168 has been discussed at this Conference.132 The mt mass spectrum in 
T(3S) -> TC% lxPj is predicted to peak at low mm. This is as one would expect if the mc system is 
in a state with Jp =0 + . The transition Y(l~) -> rotfO*) + lPiQ*) then must involve a F-wave 
between the dipion and the 1P j system, favoring large relative momenta between the dipion and the 
lPi state, and hence low dipion masses. A selection of low dipion masses thus might well enhance 
the feeble l1 /^ signal.168 

4.1.4. Prospects for observing 13£> 1,2,3 states depend on the ability of various detectors to see 
the decay chain 

35 —> IP —> ID (10.16 GeV) , (4.3) 
Yi Yz 
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where each photon has about 100 MeV of energy, followed by the decay 

W —» IP (4.4) 
Y3 

or 

10 —» Y , (4.5) 
rot 

where the photon in (4.4) has Ey = 250 MeV. 

A strong centrifugal barrier is expected in the decays 
3£>2>3->(7C7cV + Y , (4.6) 

with 1=2 required between the dipion and the upsilon. Values of Jp other than 0+ for the dipion 
are very unlikely in view of the restriction mm< 0.7 GeV for this decay. Thus, one expects at the 
very least the decays (4.6) to be characterized by extremely low m ^ . In fact, however, the rates 
themselves may be quite low. Billoire et fll. have estimated138 T{l3Dj -> KKT) = 0.07 keV for the 
/ = 1 level as well as for the / = 2,3 levels. The value for / = 1 is substantially lower than another 
that appears in the literature.169 The combination of electromagnetic cascades (4.3) and (4.4) is then 
the favored method for finding the lowest D -wave bb states. These levels are important since (a) 
their center of gravity is predicted to within 10 MeV by potential models,127 (b) their fine structure 
would tell us more about the long-range forces that confine quarks, and (c) the decay 13D t —> /+/~ is 
expected to have a partial width of 1.5 eV,170 making the observation of this state in lepton pairs just 
barely possible in the distant future. It will be important to distinguish this narrow state from a 
Higgs boson, though the property r ( l 3 D ! -> e+e~) = TO-^Dx -> \i+]T)[ = r(l3£>i -» T V ) ] should 
allow this distinction to be made once the state is first seen. 

4.2. B mesons: Evidence for Bd — Bd mixing 

4.2.1. The ARGUS collaboration has presented evidence for Bd -Bd mixing171 at a level far 
higher than originally estimated.172-174 The Bd 's were produced in pairs in the reaction 

e+e~ -> T(4S) -* BdBd . (4.7) 

Three methods were used to conclude that mixing was present. In the first, one B°B° pair was fully 
reconstructed. This represents a tour de force, since both B0,s decayed semileptonically. In the 
second, the rates for same-sign and opposite-sign lepton pairs were compared with one another. The 
observed ratio 

m lWgl,,o->/*/*+-•) m Q22 ± Q09 ± QQ4 

is related to xd = (AM/Y)Bd (in the limit when I A n « l AM I) by175 

r d = x i / ( 2 + ^2) (4.9) 

for BdBd pairs produced in a state with Jpc = 1 . 

A third method used to demonstrate mixing involves the reconstruction of one B and the obser
vation of the semileptonic decay of the other. The signal of 4.1 ± 2.2 events (one additional event is 
ascribed to background) corresponds to rd = (20 ± 12)%. 

Combining the three methods, the ARGUS collaboration concludes 
rd = 0.21 ± 0.08 (> 0.09, 90% c.L), or 
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(AM /DBd2: 0.44 (90% cl) . (4.10) 

The most "standard" explanation of the large Bd - Bd mixing rate is that the t quark is heavier 
than previously thought. Estimates presented at this conference172,173 and elsewhere176 range from 
m, > 30 GeV173 to m, > 100 GeV172 as minimum values able to accommodate the observed mixing 
via W loops. My own estimate is that one requires m, > 70 GeV. It is based on the following 
assumptions. (1) We take 174 

AM 

r 
= 0.035 m, 

40 GeV 
f(mt

2/m$) fs 
100 MeV 

t * 

1.16xl0_12y 

x [ ( l - p ) 2 + n2] 

where / ( x ) is a function which corrects for the finite W-mass,177 

2 1 
x) 2 ( l - * ) 2 

and the KM element V^ has been taken as 

/w4+4<r" 2 
;t2log x 

(4.11) 

(4.12) 
Cc -1 ) 3 ' 

178 V^ = 0.011[(1 - p) - in]; (2) We assume 
fB < 130 MeV,119 xB £ 1.3 x 10~12s;; (3) We take p >: -0.8, and rj negligibly small for the purposes 
of (4.11). This last constraint is compatible with the observed value of the CP-violating parameter e 
in neutral K decays.172 We then find (AMIT)Bd £ 0.5 for m, > 70 GeV. 

The above constraint on m, would, of course, be relaxed if a fourth generation were found to 
exist, since less stringent bounds on I Vtd I would hold. A recent analysis of models with more than 
three generations may be found in Ref. 180. 

At this Conference, Hagiw&ra172 and Hara173 have reminded us of other constraints on B mix
ing that follow from an observation of a signal by the UA1 Collaboration,181 and upper bounds by 
Mark II and CLEO.182 A large value of (fiMIT)Bd may imply too much mixing in the Bs -B~s sys
tem to be compatible with the Mark II limit, which involves some weighted average of Bd and Bs 

contributions. It will be interesting to see the value of xd obtained by the CLEO Collaboration from 
their present run on the T(4S). 

S. FUTURE SPECTROSCOPIES 

5.1. The t quark 

5.1.1. The tt system has been anticipated eagerly over the years as a source of information 
about the short-distance static quark-antiquark interaction.183 More recently, the possibility that tt lev
els may mix with the Z has received attention.184 It now appears that one may wish to wait for the 
discovery of the t quark before proceeding further. Initial reports*of its observation between 30 and 
50 GeV185 have not been confirmed.186 If the t quark is very heavy, it spectroscopy will be difficult, 
as a result of the rapid beta-decay of individual t quarks in the system. 

5.1.2. A heavy t quark may be related to the scale of W and other quark masses. Many pro
grams, notably those based on supersymmetry,187 have made use of this possibility. The t quark 
mass can set the scale for a negative value of u,2 in the electroweak Lagrangian, thereby triggering 
electroweak symmetry breaking. 

5.2. A fourth generation 

5.2.1. Charged leptons L4 of a fourth generation appear to be excluded up to a mass of 
41 GeV,m but only if their corresponding neutrinos v4 are light. Bounds on a sequential charged 
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lepton that would follow from UA1 data if v4 is massive have been explored in Ref. 189. 

5.2.2. Neutrinos of a fourth generation can be searched for in e+e~ -» Zor"uU -» v4V4, as the 
example of Ref. 190 shows, and in real Z decays. 

5.2.3. A charge -1/3 quark b' could be responsible for some unusual events seen at the highest 
PETRA energies.191 If so, it (and the structure of b'b' levels174) will be discovered at TRISTAN. 

5.3. Fermions in superstring-E6 

The known generations of quarks and leptons would belong in E6 grand unified models (such 
as suggested by superstrings) to a 27-dimensional representation, which contains several exotic 
species of quarks and leptons.192 

5.3.1. Charged exotic leptons E± of both chiralities (left and right) belong to weak isodoublets. 
Consequently they do not exhibit forward-backward asymmetries in e+e~ -> E+E~. 

5.3.2. Neutral exotic leptons of both weak isodoublet and weak isosinglet types are expected. 
The weak isodoublets can be easily produced via a virtual Z in e+e~ annihilations, or in real Z 
decays. 

5.3.3. A weak isosinglet charge -113 quark h is expected in E6. It could be the source of the 
unusual PETRA events191 mentioned above. It would form hh levels. 

5.4. Exotic quarks 

5.4.1. Scalar quarks q could form bound states193 qq with a familiar potential but different 
level structure (since they are spinless). The lowest cfi state is spinless and dius is not easily pro
duced in e+e~ annihilations. The P-wave qq states have very small leptonic widths. 

5.4.2. Color sextet quarks are not expected in superstring theories. The negative results of 
axion searches may be used to exclude certain mass ranges of color sextet quarks.194 Thus they are 
particularly interesting to look for directly, as in e+e~ annihilations. 

5.5. Spectroscopies beyond QCD 

5.5.1. The electroweak scale may be a replay of QCD, but at about 2500 times the energy. 
Longitudinal W 's and Z 's and the Higgs boson may be analogous to die low-energy limit of hadron 
physics, involving pions and a a (the old o*-model).19S If that is so, mere may be much more in store 
for us at the TeV scale than just a Higgs particle. We eagerly await the means to explore this new 
scale. 

5.5.2. Quarks and leptons themselves possess a complex level structure every bit as rich as the 
hadrons of the early 1950's. We have no idea what it will take to probe this structure experimen
tally, but center-of-mass energies of at least a TeV seem a necessary, if not sufficient, condition, 
except in the study of certain rare processes like KL ~> (xe. 

6. SUMMARY 

This conference has demonstrated that there is a bright future for hadron spectroscopy at labora
tories around the world. KEK has already given us new insights into meson and baryon spectra, and 
we look forward to the successful operation of TRISTAN as a probe of new spectroscopies in the 
50-70 GeV range. Results may be anticipated as well from SLC, LEP, CESR, the forthcoming Beij
ing e+e~ collider, BNL, Fennilab, and machines that will begin operating in the 1990's. Detailed 
calculations in lattice QCD are just now beginning to confront experimental data on the hadron spec
trum, but it is important to realize that older techniques have not lost their validity. 

— 417 — 



It has been a pleasure spending these three days among people who know what a hadron is. 
Questions that were asked as long as twenty or more years ago are actually being answered, thanks 
to the patient efforts of experimentalists and theorists. We need to be more bold in sharing these 
pleasures with students, for the study of new spectroscopies - just now beginning - builds on the old. 
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H. Ito 
As to new B^ data from CUSBII; How do you think about the theory of the 

leptonic decays in the potential model, especially about the gluonic correction and the 
relativistic correction? 
R o s n e r 

There is work by Snellmann and collaborators, and later by H. Ito, calling into 
question the validity of the van Royen-Weisskopf formula with the correction (1 -
16as/37r -f- 0(v2 /c2)) . I have not had a chance to study the validity of these approaches. 
As to the v 2 / c 2 corrections, Lepage and Machenzie have pointed out that they could 
be responsible for the rather small value of aa(mc)fti0.19 which one would derive from 
ip —»3g decays if such corrections were neglected. For the 7, such corrections still might 
have a small effect , so it is quite possible that a,(mb) might be a bit larger than 0.18, 
and Ajjjg more in the range of « 200 MeV. 
M . C h a n o w i t z 

Would more precise measurements of ij> radiative transistions have sufficiently good 
theory to compare with, given uncertain relatrvistic and perturbative corrections. 
R o s n e r 

For the small M2 admixtures expected in these radiative transitions (particularly 
Xi,2 ~* 7+J /^O one could at least hope tomeasure the charmed quark magnetic moment 
in a crude fashion. The Xi,2 could be produced either in radiative J/tp decays or in pp 
reactions. Present data (Mark Oreglia's thesis, SLAC, 1980) are on the verge of being 
able to see these M2 amplitudes. Such amplitudes are subject to fewer corrections than 
E l ones, but still would be affected by relativistic distortions of wave functions. 
K . L iu 

Why aren't sixtet quarks expected in superstring theories? 
R o s n e r 

E6 models of the simplest type have quarks belonging to 27-plets of E6, which 
contain only color singlets octets, and triplets (or antitriplets). 
C . H e u s c h 

Your suggestion that the suppression of Q(f2)—• 7T7T might be due to a configuration 
mixing with f(uu,dd), this might be attractive also with relation to the observed decay 
3ftp —* wf2. 

But : why then does fa mix even more strongly with f(ss 1525) ? Why doesn't the 
4(^(1460)) mix strongly with even more close-by J p c = 0 ~ + states? I think you may 
have raised more of a problem than you solved! 
R p s n e r 

We await answers from lattice gauge theories (with dynamical fermions included) 
on these questions, meanwhile, a glueball interpretation of 6{i2) certainly does require 
that it mix more strongly with uu + dd than with ss. At present, we have to take our 
dues from the data. 
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A B S T R A C T 

Ve discuss the mass range for the beautiful 
baryons A),, E ̂  and Eg allowed by rigorous 
inequalities which are derived in the frame-
work of potential models but have probably a 
broader domain of validity. Ve obtain at the 
same time lower bounds on the masses of 
other baryons. We also compare the numerical 
prediction of several explicit models. There 
are convergent indications towards a mass of 
about 5.6 CcV for the As. 



RELATIVISTIC MODEL OF NUCLEON AND PION STRUCTURE 

Zblgnleu Dzlembowskl 

I n s t i t u t e of Theoret ica l Phys ic s , Warsaw Univers i ty 

Lech Manklewicz 

N. Copernicus Astronomical Center, Warsaw 

With the basic concepts of the c o n s t i t u e n t quark model 

formulated In the l i g h t - c o n e Fock approach we present a 

r e l a t l v l s t l c model of the nucleon and the plon valence-quark 

s t r u c t u r e ^ ] . Tbe motivation for Che vork Is ( i ) Co demons trace a 

r e l a t i o n between Lorentz covariance and some s u r p r i s i n g feacures 

of the momentum-space valence s tructure of the l i g h t hadrons as 
revealed by QCD sum rules [ 2 ] , ( l i ) to bridge in a wave function 

2 2. 

Che low Q region and the high Q region. 

In order to calculate the distribution amplitudes ua assume a 

simplified model of the light-cone wave function: (a) Hadron 

. states are dominated by valence quark configuration with typical 

£^ constituent masses, m ;; 330 MeV. (b) The valence component is a 
co 

en system with subscancial relatlvistic motion described, for 

I analytical slmplicicy.by Che gaussian form 4>(x,,k,,) = A exp 

{(mH - s ,(•,; +kxj,)/x^)/c<ti }. If the valence states have small 

transverse size (3] (eg. R.P. SS0.3 fm and &*~ «>0.4 fm ) we take 

qqq qq 
°<N~660 MeV and c<Ifi450 MeV. (c) To determine the spin wave 

func t ion , we need some approximation to deal with Che problem of 

the angular momentum in the l i g h t - c o n e dynamics. With che use of 

the Melosh transformation [A] we get the fo l lowing Lorentz-

invar iant l i g h t - c o n e wave func t ions : 

^(*C.*!.{..A.;.) - 4>(x £ .**£.)/t t t<x.c ,k j . i ,A.C>,«here 
Xj{ =[uud> "(.1^(13,2) + J r ( 2 3 , l ) ) , 

J T ( 1 2 , 3 ) = ^ ( m ^ v
r + p l f f j v ^ i r ^ ^ , 

X* =|ud-> T A i ( 0 n . y r + SVs-)vAi . 
Here we fol low the notat ion of Ref ( 5 ] . 

In the paper we demonstrate that the n o n - s t a t i c r e l a t l v l s t l c 
spin wave function * H ,w i t h che coupling becween che r e l a t i v e 
l i g h t - c o n e momentum Xĵ  k l t and the quark h e l i c l t i e s ^ C . a r e 
cruc ia l in an attempt to reproduce the e s s e n t i a l f ea tures of the 
Chernyak-Zhltnitsky ampli tudes . 

Now,with the parameter ispec i f ted above,we can c a l c u l a t e the 

moments of d i s t r i b u t i o n amplitudes.For the pion, we g e t 

< " 5 l > - 0.45 and < ^ ' 1 > - 0 . 2 7 , *§ - X j - x 2 , 

for the nucleon the r e s u l t s are given in Table 1. 

Table 1.Moments of d i s t r i b u t i o n amplitudes V̂  and Cpjj-Vjj-Ajj 

obtained from the r e l a t l v i s t i c wave function.They are compared 

with tbe moments of Ref. ( 21 . 

n l 

1 

0 

0 

2 

0 

0 

1 

1 

0 

u2 

0 

1 

0 

0 

2 

0 

1 

0 

1 

a3 

0 

0 

1 

0 

0 

2 

0 

1 

1 

Model 

.41 

.41 

.19 

.20 

.20 

.05 

.14 

.07 

.07 

RefUl 

.38-.42 

.38-.42 

. 18-.24 

. 18-.25 

. 18-.25 

.08-.12 

.07-.12 

.04-.08 

.04-.08 

9 B 
Hodel 

.52 

.30 

.19 

.28 

.13 

.05 

.14 

.10 

.03 

RefUl 

.60-.75 

.09-.16 

.18-.24 

.25-.40 

.03-.08 

.08-.12 

.07-.12 

.09-.14 

-.03-.03 

Given the above parametrlzat lon of the wave funct ion we 
c a l c u l a t e s o f t and hard e lectromagnet ic formfactors . s tructure 

2 
function and d/u rat io .The model.bridging the low Q region and 
the high Q region can s imultaneously f i t a number of d iverse 

nucleon and plon p r o p e r t i e s . 

[UZ.Dziembowski and L.Hankiewicz, Pol i sh Ac. of S c l . preprint 

171/86 ;Z.Dziembowski,Warsaw Univers i ty preprint IPT/2 -1 /86 . 

[2jV.L.Chernyak and A.R. Zhl tn i t sky ,Phys . Rep .112., 173(1985) . 

[3]S.J.Brodsky,T.Huang and G.P.Lepage,in Quarks and Nuclear 

Jorces ,Spr inger Tracts in Modern Phys ics ,Vol . 100. 

[4]L.A.Kondratyuk and M. V.Terentyev.Sov. J.Nucl.Phys .3_1_,561(1980) . 

!5]Z.Dziembowski and L.Mankiewlcz, Phys .Rev .Let t . 5_5_, 1893( 1985) . 
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We calculate the nucleon electomaguetic properties in a 

previously given [11 the light-cone-wave-function model. It is 

shown that the relativistic valence quark configuration, only if 

augmented by pionlc contributions, provides a satisfactory 

description of the existing data on the anomalous magnetic 

moments and root-oean-square radius of the nucleon. 

The model presented in Ref. [1] is obtained by the 

requirement that it describes three valence quarks with the usual 

constituent masses (m ~ 300 MeV) and the universal hadronic scale 

( ~ 1 fm) and contracts in the nonrelativistic limit into the 

usual harmonic-oscillator model (the correspondence principle). 

Thus, the wave function depends 'on two parameters, viz. the 

constituent quark mass and the bound state scale factor c< , 

which.is to be of the order of the universal hadronic scale. 

We use the fact that the em form factors have exact 

expressions [2] in terms of the light-cone wave functions and 

calculate the first two moments.of the Sachs form factors for 

nucleon, in a wide range of parameters (2S0 MeV < m < 350) and 

(200 MeV < ©< < 400 MeV). Our results Indicate that the valence 

quark configuration as given by the light-cone wave function of 

Ref. [1] fails to reproduce the existing data on U,w and 

The light-cone Fock description can easily accomodate a 

picture of the nucleon which consists of three valence quarks and 

a sea of quark-antiquark pairs. In current phenomenology we 

assume that those qq" pairs with the quantum numbars of the pion 

give dominant contribution for studying large-distance, i.e. low 

momentum transfer properties of the nucleon. Furthermore ue 

assume that the pionic effects are amenable to perturbatlve 

treatment. With methods similar to that of the Cloudy Bag Model 

[3] we construct the (approximate) light-cone wave function of 

the |qqqoc>sector. We then test our dressed-nucleon-wave-function 

by computing the nucleon em properties. The relatively small 

values of the nonvalence component probability Pqqqac £ 0.3 

indicate that the dressed wave function is reliably calculated 

within the lowest-order, perturbatlve scheme. It turns out that 

for (300 <m< 350) MeV and (320 < c< < 360) MeV our relativistic 

model of valence-qunrk structure augmented by pion cloud 

contributions offers a description of nucleon em properties to an 

accuracy of (5 - 10) Z. The pionlc corrections which result from 

our calculations are of the same order of magnitude as the CBM 

ones that use a bag radius in the vlncinity of w 1 fm. 

[1] Z. Dsiembowski and L. Manklewicz, Phys. Rev. Lett. 5_5_ 

(1985) 1839. 

[2] S.J. Brodsky and S.D. Drell, Phys. Rev. D 22 (1980) 2236. 

[31 A.W. Thomas, S. Theberge and G.A. Miller, Phys. Rev. D 24 

(1980) 216; S. Theberge, G.A. Miller and A.W. Thomas, Can. J. 

Phys. .6p_ (1982) 59. 
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We know two different descriptions of quarks: One is the quarks 
(u, d, s , c, — ) , which constitute fundamental representation N_ of 
SU(N)-flavor symmetry. The other is the quarks ( u 0 . , d ' . K , u".» and 
d°.« (a=l ,2 . • • : family index), which are assinged to (2, 1/3, n ) . t l . 
4/3 . n) and U , - 2 / 3 . n) of SU(2KxU(l ) T xsU(n) , . . , •». respectively. TRe 
two descriptions are related as follows : 

U.I.=l>UL..U°kL , U.«=XbUn.l>U°,,I , 
(1) 

d » i . = £ k V i * b d 0 b L t d * K = £ b V i i « b d 0 h E . 

The Cabibbo-Kobayashi-Maskawa (CKM) mixing1 matrix W is given by 

* = ULV L « . * (2) 

Hadron physics has traditonally been treated using broken 
S U ( N ) n . . symmetry. However, in this paper, we attempt to describe 
mesons on the basis of broken SU(2)i.xU(l)TxSU(n) ( . . symmetry. To deal 
with badly broken symmetry, the method1 of "asymptotic symmetry plus 

| the constraint algebras involving the generators of symmetry group" is 
i£> used. As a result, we obtain meson-mass sum rules involving the CKM 
^ mixing parameters W.». 
I In exactly the same way as the well-known relation m./mz=cosS. was 
' rederived1 using asymptotic SU(2K symmetry, our sum rules are obtained 

by inserting the so-called "exotic commutator" which characterizes the 
usual SU(2K symmetry breaking. 

t t » . T>1 = 0 (3) 

(ft=(d/dt)Tt; T»=Ti + iT, is the generatojr of S U ( 2 ) L ) . between the 
physical meson s ta tes <(u.3»)l and | (d a u. )> with ?-">. We use the 
asymptotic relation2 

<a(? ) l f t | b (? )> = - i < a ( ? ) | [ T . . H]|b(?)> 

= ( i /2 l? l ) (ra . 3 - in» I Ka(?)ITjb( i ( )> . (4) 

We assume that the PS-meson with ?•"> is expressed as I (d.u.)>= | (d»Lu.«)* 
(dk*u.L)>, so that the generator T» operates on the s tate l(d>u.)> as 

T,l(d»u.)> = I « . . I (u«i.u.•)>*«. - t . . . * . « l ( d > « 3 c L ) > 

+ W.»E.(A.'-A.,»»)IP»> . (5) 
where IP»> (=l«">, l*>. U'> . U«>. • • • ) are defined by 

_ 2m 

l (q iqi )> = I Ai •* I Pj > , (i i s not summed) (6) 
J - 1 

and q.Hu.= U , c,, t. • • • ) and q . t . s d . = ( d . s . b. • • • ) , [In principle, the 
s ta tes (u.u») and (d.3») with a*b and (u.<T.) can also mix with their 
radially excited s t a t e s . However, for simplicity, we neglect such 
inter-multiplet mixings.] 

Straightforward calculation then yields a sum rule 
E . t ( u . 3 k ) , + ( d d u « ) 1 - 2 ( n ) , ] < ( u . 3 » ) l T . l n X n m i ( d . u L ) > = 0 . (8) 

where ( u . ^ , ) 2 . for example, denotes the mass-squared of the meson 
(u.dk). We obtain, for the case of a#c and b*d, 

t ( u . o ' » ) a + ( u . H . ) 1 - ( u . l I . ) , - ( d ^ ) 2 ] » . , * .» 

= E ^ P O M A . ' - A . ^ ' M A . ' - A . * . ' ! * . * ! . . . (9) 

For the case of a=c and b=d. if W.,*0, we obtain from (8) 

2(u.d".)» = M P - W A . ' - A . * . ' ) * . (10) 

The relation (10) with a=l and b=2 is just the generalized Gell-
Mann-Okubo mass relation1 with I ' - I - I * - » « - • •• mixing. Indeed, under the 
approximation which neglects i * - » - ? ' - » . - • • • mixing, (10) yields the 
well-satisfied (within 10X) Gell-Mann-Okubo mass formula* 2(K*) , = t ( t< ' ) 1 

+ 3 ( l ) 2 ] / 2 . No perturbation theoretic argument i3 used. 
Under the same approximation, we get , from (9) , a new sum rule for 

the Cabibbo angle 

l u l u ( D M M D ' J M I C J M I C ) ' 
- t a n S ' = i ^ r , * [ < . - > M , > ' ] / 2 — • < u ) 

whose right-hand side yields -0.096, corresponding to the prediction 
| tanJ«| i0.31. This prediction may be said to be in fairly reasonable 
agreement with experiment in spite of the simplified treatment of the 
meson s tates (neglecting possible mixings with their radially excited 
s ta tes , glueballs and so on). 

If we express the vector-meson state l (u ,3 \ )> with jNa as 
I (u.La'bi.) + (u.«a'.ii)>, we also obtain sum rules with the same form as (9) 
and (10) [ (u .dk) 3 , for example, reads mass-squared of the vector meson 

(u.a\)). 
The sum rules (9) are also useful to study the CKM mixing 

parameters related to the b-decays e tc . 
This approach based on the broken SU(2hxU(l)»xSU(n)».. S y m m e t r y 

may also shed new light on hadron spectroscopy. A more detailed and 
comprehensive treatment of this approach will be discussed in Ref. 5. 

I. N. Cabibbo. Phys. Rev. Lett. 10. 531 (1963): M. Kobayashi and K. 
Maskawa. Prog. Theor. Phys, 49. "552 (1973). 

2- S. Oneda. H. Umezawa and S.~7.Iatsuda, Phys. Rev. Lett. 25, 71 (1970). 
For recent review, see S. Oneda and K. Terasaki, Prog. Theor. Phys. 
Supplement 82. 1 (1985). 

3. M. Yasue.'S". Oneda and M. D. Slaughter. Phys. Rev. D30. 174 (1984); 
M. Yasue. and S. Oneda. ibid. 032. 317 (1985). 

4. S. Okubo, Prog. Theor. Phys.~Z7. 949 (1962); M. Gell-Mann. Phys. 
Rev. 125. 1067 (1986). 

5. Y. KoTcTe and S. Oneda. Univ. of Maryland preprint No. MdDP-87-162. 
1987. 
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Introduction 

We report on the first Xb' U-e- «•»• 2'P2,1PO states of the bound bB" T system) 
results from CUSB-II, a high resolution bismuth germanate (BGO) 
electromagnetic calorimeter [1] at Che Cornell Electron Storage Ring (CESR). 
We present data on the observation of the electric dipole (El) photons from 
the transitions T(3S)-xb(2P)7 ltl t h e inclusive photon spectrusa at the T(3S) 
peak energy. The data are from a run partially marred by excessive background. 
The presently recovered portion corresponds to an integrated luminosity of 23 
pb"1 collected at the T(3S) peak energy, yielding a total of 1.46x10s dececced 
hadronic events corresponding to = 1.03x10s produced T(3S). 

JL Fine structure of the Xb(.2S) states 

The photon search codes used are based on the 
CUSB-I photon algorithms which use longitudinal _ ,M0 

segmentation for Identifying electromagnetic f 
showers. The acceptance and the resolution J 
function are Chen obtained by adding "EGS" t 

photons to real hadronic events. The | 
preliminary accepcancexefficiency determined I 
for photons of energy 100-200 MeV in decays * 
.T(3S)—r+xb(2P)~r+hadrons is 10±2%, with a^/Z 
=3.9%, corresponding to o-E/E-2.2%/

4./E7(CeV) . 
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Figure 1. Inclusive 
photon spectrum, T(3S) . 

In figure 1 we show the inclusive photon 
spectrum obtained at the T(3S) peak energy, 
plotted in consoane 3% <£y energy bins. It has 
several "definite, distinct structures, standing 
out on top of a large background, as 
shown by curves in the figure. The data were fitted with five energy dependent 
resolution' functions and a polynomial background. Figure 2 shows the spectrum 
obtained after the polynomial background subtraction; the curves are the 
individual fitted contributions. Ue identify the lower three lines with the 
T(33Sl)-»xb(2

3Pj,l,0)7 transitions. The fourth peak at E, of »230 MeV, is 
actually the merged result of two signals of equal strength (15 MeV apart) 
from Xb(2Jpj-i)"* T(2sSt) (seen for the first time in an inclusive photon 
spectrum). The fifth peak falls at an energy which corresponds to the 
Xb(2'P2,l)-» T(l

3St) transitions and therefore suggestive (only =>2o effect) of 
this source. Table 1 lists the fit parameters with CUS3-I values In 
parentheses. In the following analysis, we shall use for fine splitting the 
values M(23P2)-M(2

3P,)-14+0.6 MeV and M(23P1)-M(2
3P0)-24.4+2.3 MeV, obtained 

from combining our exclusive results and the above values. 

Table 1. Fit parameters. 

Transition Energy 
(MeV) 

Events Branching 
Ratio(!) 

33St-2
3P2 

33Sl-2
3P, 

33St-2
3P0 

33St-2
3P, 

33S,-23Pt 
33St-2

3P0 

<E~> 

86.5+0.7 
99.3+0.8 
124.2±2.3 

(84.2±2) 
(101.4±3) 
(122.1±5) 

95.0+0.3±1.0 
<M(23Pj)> 10260.0±0.3+1.0 

23Pj,,-23S1 227.3+5.0 
23P, -13S. 773.0+26.5 

1060+176 12.8±2.1±2.6 
972+158 U.7+1.9+2.3 
441±162 5.3+2.0+1.1 

(12.7+4.1) 
(15.6+4.2) 
(7.6+3.5) 

(94+0.5+1.6) 
(10260.9+0.5+1.6) 

386+141 4.7t+1.7+0.9 
152+31 l.at+1.0+0.4 

t These are the product branching ratios 
BR(33St-2

3Pj7)XBR(23Pj-2(l)3S,7). 

SCO 

Figure 2. Subtracted i spectrum. 

The fine structure provides the first look at the spin dependent part of the 
quark potential, following the foraulatlon of Elchten and Feinberg [2] (EF) it 
is expressed in terms of spin-orbit, spin-spin and tensor interactions derived 
from a vector potential, Vw, and possibly a scalar potential, Vs. Various 
phenonenologists postulated particular Vy's and Vg's. As is seen in table 2, a 
typical selection of relativistically corrected models (CRR[3). MS[4], and 
MB[51) predict similar El transition rates, and cannot be distinguished by the 
data. The predicted fine structure splitting can be compared in terms of 
parameters that describe the spin-orbit (a) and tensor (b) contributions. 
Following Rosner [6] we can write the 3P masses as H(3P,)-H+a-2b/5, 
M(3P,)-M-a+2b,iand Mf

3P0)-M-2a-4b where a-(l/2Hq
a)<3Vv'/R-Vs/R> and 

b-(l/12Mq2)<Vv'/R-Vv '>. Table 3 shows the comparison of data on the 2
3Pj with 

models, and while no one model is singled out, those using "scalar 
confinement* appear to be favored. 

Table 2. El widths in keV. Table 3. Fine structure parameters. 

rEl(J) Experiment CRR KR MJ EXS13.1HEXT 
J - 2 J .3±0,S±0.7 273 277 T T ? » -9 .9±0 .3 
1 - 1 1.0±0.8±0.6 2 .7 2 .J T..U b -2 ,4±0 .3 
J - 0 1.4+0,6+0.3 1.5 1.4 1.0 

U - 2 . 1 . 0 7.7+1.7+1.5 7 .1 6.9 6.0 

10 .7 
1.3 

6 .5 
2 .1 

14 .6 
4 . 2 

9 .2 
1.8 
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Introduction 

Ve have used the CUSB detector at the Cornell 
Electron Storage Ring (CESR) to measure the 
branching ratio into anions, B„„, of the three 
bE sSj bound scares of che T system. It Is 
Important because together with the e+e~ decay 
width It allows the' determination of the total 
decay width and of the partial widths into 
other channels. From B„^ one can calculate 
Tag* and therefore afi, the coupling constant 
of QCD, and Ajjj, the QCD scale parameter. 

The data presented here span a time period in 
which the detector was evolving from CUSB-I to 
CUSB-II (its evolution is described in ref 1) , 
however the basic analysis methods for all 
stages are similar. The CUSB-II detector 
consists of a high resolution bismuth germanate 
(BGO) electromagnetic calorimeter inserted in 
the Nal array of CUSB-I (see figure 1). 

1 The branching ratio for T(nJSl)-»M" 

Figure 1. The CUSS-II 
detector. 

.Ve measure B ^ from the Increase of the muon yield at the peak of the resonanc 
cross section with respect to its value in the continuum. Apart from 
differences due to radiative corrections, muons from the QED process 
e+e~-*/i'tV and from e+e~-'T(3S)-*;i''>i~ have the same angular distribution. Most 
systematic uncertainties cancel if the same detector is used, with the same 
cuts applied to the data. All data are normalized to the actual luminosity 
from large angle Bhabha scattering yields. 

The signature of T-wi consists of two back to back muons allowing essentially 
background free identification, because minimum ionizing particles are 
identified, by their energy loss, five times in BGO (only for CUSB-II), 5 
times in Nal and once in lead glass, over 66% of 4*. The dimuon trigger 
required a coincidence among plastic scintillator muon counters (ofi»29% of 4ir) 
on opposite sides of the detector, plus at least 100 MeV in the outer three 
layers of Nal and BGO. This trigger is 100% efficient for muons entering the 
counters and is dominated by soft particles crossing counters and che BGO and 
Nal arrays. Most background is trivially removed by requiring chat the 
observed energy signals be consistent with two non interacting particles with 
origin at the interaction point. Only events with cwo muon tracks and no other 
energy clusters in BGO or Nal are used for the determination of B„„. The 

remaining background consists of cosmic ray muons, mostly vertical, in 
accidental coincidence with the beam bunch crossing time in the hardware 
trigger acceptance window of = 30 ns. This background is rejected by using muon 
time of arrival and tracking information, we measure the detection efficiency 
for resonance /»+/»" pairs by comparing the number of dimuon events observed in 
the continuum to that calculated from the luminosity and the continuum cross 
section. This gives the continuum efficiency which is corrected, using the 
Monte Carlo of Berends and Kleiss [2] for Initial state radiation. 

From data taken on the T(3S) using the CUSB-II detector, on the T(2S) with the 
CUSB-I detector, and on the T(1S) with a partially upgraded CUSB-II, we obtain 
the B„M values listed in table 1, which are to be compared to the previous 
measurements of (3.3 + 2.0)%, (1.8±0.4)%, and (2.8+0.2)% for the T(3S), T(2S), 
and T(1S) respectively. The new T(3S) value agrees with the indirect value 
obtained from B [T(3S)J- B„„[T)x((l-B„[T(3S)]-BEi[T(3S)]), where B ^ and 
BEx

 ara che branching fractions,for T(3S)-(T(2S)|T»» (3) and T(3S)-«xb(2P)-r 
(4J. Using BM„{T]-0.028±0.002 one obtains B ^ T O S ) J - (1.56 + 0.18) % in good 
agreement with our direct measurement. 

These measured values can be used to find two Important quantities. When 
combined with our measured lepconic widths (Caa(nS) - .39± .02. ,56 ±.03. 1.15 ±.05 
keV for n-3, 2. and 1 respectively [5]) they determine the total widths (see 
table 1), and when combined with the other measured branching ratios for T(nS) 
decays we can calculate Fgg./r^^ (see table U, where r.gg is the 3 gluon 
decay width. This ratio is proportional to a, (q)-(l+c(aj*as(q)/it) where the 
scale q is not defined by the theory. Following the procedure of Mackenzie and 
Lepage (5), then our B values correspond to 
a / ,ou \ n n+0.015 "\ . .„ . n ,,+0.015 , , .„ , „ ..,+0,008. a
s(.48M3s)-0.17_0 012,as(.48M2S)-0.18_0 „12, a^.MH^-O.ll^ ^y 

In the MS renormallzation scheme, Aug Is 148"1"™ MeV, 165^0 H a V> and 

139—21 MeV f r o° Cha T< 3 S J' T<2S>> and T< l s) values for os respectively. 

Table 1. B ^ n S ) summary. 

Resonance Data(pb'1-) Continuum B„„ (Jj r(keV) Taar/Tfifi 
T(1S) 18.8 5 pb"1 2.7 1.28+.14 42.5+4.8 29.2+4.1-3.4 
T(2S) 26 26 pb-1 1.38+.26±.18 40.6+8 3Z.0+8.9-6.1 
T(3S) 41 29 pb"1 1.53+.33+..21 25.5+5 28.6+8.2-5.6 

Acknowledgements and References 

Ve thank Dr. J. Hortskotte. CUSB is supported by the U.S. NSF 
1. CUSB-I:P. Franzlni and J. Lee-Franzini. Phys. Rep. 81(1982)239; 

CUSB-I.5:J. Lee-Franzinl, Phys. in Collision 5, ed. B.Aubert and 
L.Montanec (Editions Frontieres, France, 1985)p.l45; CUSB-II: 
J. Lee-Franzinl, Front. Decec. for Front. Phys., HIM (1986) in press 

2. F.A. Barends and R.Kleiss, duel. Phys. §178(1981)141; Ibid, 
§177(1981)237. 

3. G. Mageras et «1., Phys. Lace. 118B(1982)453. 
4. C. Klopfenstein et al., Fhys. Rev. Lett. 11(1983)160. 
5. J. Lee-Franzinl, XXII Int. Conf. High Energy Phys., ed. A. Meyer and 

E. Weiczorek (Leipzig, 1984)p.l89. 
6. P.B. Mackenzie and G.P. Lepage, phys. Rev. Lett. 47(1981)1244. 



OBSERVATION OF T"-»xb'7-(T')T77-p"
,>~(e+e~)77 

AMD THE HADROMC WIDTHS OF THE *b' STATES 

C Yanagi3awa, J. Lee-Franzini, U. Helntz, T. M. Kaarsberg, 
D. M. J. Lovelock, M. Naraln, S. Sontz. R. D. Schamberger, and J. Hillins. 

SUNY at Stony Brook, Stony Brook, New York 11794 

M. Artuso. P. Franzinl, P. M. Tuts, S. Youssef, and T. Zhao 
Columbia University, New York, H. Y. 10027 

Introduction 

o 

Me report on the first Xb' (!•»• the 2 3P,, l l 0 states of the bound bb T system) 
results from CUSB-II, a high resolution bismuth germanate (BGO) 
electromagnetic calorimeter [1] at the Cornell Electron Storage Ring (CESR). 
He present data on the observation of the electric dipole (El) photon 
transitions from the decay chain T(3S)-*xb(2P)7-[T(2S)]T(lS)77 where the T's 
decay leptonically (refered to as 'exclusive' events). The data reported comes 
from an integrated luminosity of 41.4 pb" 1 collected at the T(3S) peak energy. 
A total, of 2.89x10s hadronic e+e~ annihilation events were observed, 
corresponding to 1.82x10s T(3S) produced. He also collected data, =15.6 pb"1, 
above the b flavor threshold and at the continuum above the T(3S). 

1 Observation of T"-«Xb'r»(T')T7TV"/'"(e+e~)l7 90° 

In figure 1 we give a scatter plot of the 
higher energy photon (E-yhigh) versus the 
lower energy photon (E 7i o v) for ji/177 
events at the T(3S) peak. Regions 
corresponding to the transitions to the 
T(1S) and T(2S) are indicated by dashed 
lines. The vertical dotted line is the E_ 
lower energy cut and the diagonal dotted 
line is the reflection boundary. Doppler 
broadening of up to 35 MeV can occur for 
the second photon for the transition 
T(3S)-*nT The data clearly cluster around 
80-100 MeV for the lower energy 7, and 
either around 230 or 760 MeV for the 
higher energy photon, confirming their 
origin as being due to the cascade chain 
T(3S)-xb(2P)7->[T(2S)JT(lS)77 (a similar 
clustering is visible in the data with 
e +e" in the final state). 
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Figure 1: E^igh vs E^,,,, for 
/J/J77 events at T(3S) peak. 

Figure 2 shows the energy spectrum of L i „ „ (130>E^io„>65 HeV) for 
T(3S)-xb(2P)7-[T(2S)]T(lS)7T*ii77 candidates, i.e. events for which the sum of 
the two photon energies lie between 250 and 375 MeV or between 800 and 920 
MeV. The curves are fits (see table 1) using two Caussians of width 
o-E-1.8%/«./E_(GeV), the resolution determined from Bhabha events and Monte 
Carlo modellings. He also measure the product branching ratios (table 2) and 
the branching ratios from the 23Pj states to the 23S,. 1JS, states. The latter 
BR's are obtained by dividing the CUSB-II product branching ratios by the 

Table 1. Fit parameters. 

Final 
Scaca <M.V) (M.V) d.o f. 

2"fj 
Staea 

Table 2. Branching ratios. 
< BR(J'S,-J*PjT)x W(2'fj-2«S,7) 

B»(2<Pj-.2«SlT) 

<l«St) 85.410.6 2.8 34.5+4.1 6.9 
+(2*S,) 100.1*0.5 3.2 48.717.2 
background l a v t l - 0.5 avenc/2.5 HaV bin 

8.6/22 (l'S,) 85.2±0.7 2.8 22.114.7 
100.6±0.9 3.2 14.513,8 

background laval - 0 avanc 

(2"S,) 85.8±1.1 2.8 12.213.8 6.8/22 
100.411.1 }.2 29.4*3.7 

background laval - 0.5 avanc/2.5 MaV bin 

J-2 
J-l 
J-0 

2"Pj 
Scace 

0.21 
0.25 
0.20 

(1.910.7)1 
(}.a±i.2>« 
(0,)t0.2)« 

BR(2'Pj-l*3l7) 

(1518)« 
(24*.10)« 
(«3)% 

B»(2'rj-l*S,7> 

J-2 
J - l 
J-0 

0.22 (2.01.0.4)1 
0.26 ( l . U 0 . 3 ) « 
0.21 <0.2l ac 901 C.L. 

(1616)» 
(713)1 

<3t ac 901 C.L. 

CUSB-I inclusive transition rates of 3»St-*2
sPj,, ,0 of 

12.7+4.1*. 15.5+4.2%, and7.6±3,5% respectively [2]. 
In the product branching ratio calculations, 
B^Cl'S,}- 0.028+0.002 and B ^ ( 2 3 S , ) - 0.017+0.004 are 
assumed . 

Figure 2: Energy spectrum of E_x o w for 
T(3S)-Xb(2P)7-(T(2S)+T(lS))7r* i*77 candidates, i.e. 
2E- lie between 250 and 375 MeV, or between 800 and 
920 MeV. 

2_ Hadronic widths of the Xb' States 

He used the measured branching ratios for 3Pj •* 3S,+7 
transitions (BRj) together with El rates calculated 
using potential models to obtain the hadronic widths " • » " • • " • ' • " • 
of the P-states, given by r h a d r o n i c(»Pj) - r E 1(J) x **~" 
[l-BRj]/BRj. qCD predictions of the hadronic widths 
by Olsson et al [3] using the lowest order QCD calculations of Barbieri at al 
[4] (with os-0.165) are scaled by us from l'Pj to 2»Pj to give rba<i(2

3P,j) " 
123, 38, 440 keV for J-2,1,0 respectively. The hadronic widths obtained from 
using the El rates for the 2Pj-2S transitions (e.g. 122±78, 50±32, 379±370 keV 
for J-2,1,0 using the GRR [5] potential model) are In general agreement with 
QCD expectations. However, we find an inversion of the relative widths for the 
J-2 to J-l states when we use the measured BR's and model calculations of El 
rates for the 2Pj-lS transitions. This may be due to statistics, larger 
theoretical uncertainties, or perhaps a real effect; if it persists as we 
accumulate more statistics, we may have found one of the faw anomalies in the 
heavy quarkonium systems. 
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Quarkonium Wave Equations with Relativistic Kinematics 

D. B. Lichtenberg" 

Institute of Theoretical Physics and Department of Physics 
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There is good evidence that the quark-antiquark interaction can be approxi
mated by a local potential which behaves at small distances like a Coulomb potential 
and at large distances like a linear potential.' Many authors have used this and sim
ilar potentials in the nonrelativistic Schrodinger equation. There are problems in 
treating light quarkonia in this framework, because, on the one hand, the average 
quark momentum is not small compared to the mass of a light quark, making a rela
tivistic treatment necessary for consistency, and, on the other hand, the relativistic 
two-body problem with strong interaction has not been solved. In the absence of 
such a solution, a whole variety of wave equations incorporating relativistic kine
matics have been used to describe quarkonium. 

In this work we restrict ourselves to the problem of incorporating relativistic 
kinematics into a spinless wave equation. Even this problem is unsolved, as it is 
possible to construct many different wave equations with relativistic kiner. itics, 
but it is not known how to choose unambiguously among these equations. A major 
stumbling block to progress is that at present we are trying to learn about the wave 
equation and the quark-antiquark interaction at the same time. 

Once a relativistic wave equation is used, the properties of the potential under 
Lorentz transformations become an important question. It is commonly believed 
that the short range part of the potential transforms like the time component V of a 
Lorentz four-vector, as would be expected if this part arose from one-gluon exchange. 
The long range or confining part, on the other hand, has been conjectured2 to 
transform like a Lorentz scalar 5. 

The Todorov3 equation for particles of spin zero is an example of a wave equa
tion which incorporates relativistic kinematics. This is a two-body equation which 
is written as an effective one-body equation with effective mass and effective energy. 
Another equation used in the literature is a two-body generalization of the Klein-
Gordon equation.4,5 Both the Todorov equation and the two-body Klein-Gordon 
equation have the property that they can be written in the form of a nonrelativistic 
Schrodinger equation with an effective potential Uc, which is energy dependent. A 
number of other wave equations with relativistic kinematics also have this property. 

The effective potential Ut is different for the Todorov and Klein-Gordon equa
tions. Especially troublesome is the fact that in the Todorov equation, terms in Ue 
which are quadratic in the potentials V and S are weighted four times as heavily 

as the corresponding terms in the Klein-Gordon equation. As a consequence, the 
calculated energy level spectra are in general significantly different in the two cases.5 

Because the V3 terms are negative definite in Ue, neither the Todorov equation nor 
the Klein-Gordon equation is confining unless the long-range part of the potential 
is dominated by a part which transforms tike 5. 

Another commonly used wave equation6 which incorporates relativistic kine
matics is the spinless Salpeter equation. An advantage of the spinless Salpeter 
equation, not shared by the Todorov and two-body Klein-Gordon equations, is that 
it can be generalized to the case of three quarks.6 Because the spinless Salpeter 
equation does not have a V ! term, it is confining even if the long-range part of the 
potential transforms like V. 

The two-body Klein-Gordon equation looks quite complicated for unequal mass 
quarks. However, it has the interesting property that it can be used for successful 
phenomenology5 with current quark masses m, as input. This is because the m, 
enter the equation only in the combination Af( = m, - i S , where S is the long-
range confining potential. An effective, varying, quark mass M, may be a better 
approximation to QCD than a constant constituent mass. If m, is the current mass 
of a quark, the quantity < M, > = m, + ^<S>, where < 5 > is the expectation 
value of 5 with respect to the bound state in question, can be interpreted fs the 
constituent mass. With this interpretation, the constituent mass of a quark depends 
on the hadron in which it is bound. 
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Cffect of Quark Colormagnetic Interactions on Baryon Masses 
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We examine the effect of the colormagnetic interaction between quarks on the 
masses of baryons. including baryons containing one heavy quark. We obtain a 
number of inequalities among the baryon mass differences. These inequalities are 
either in agreement with experiment or have not yet been tested. 

Our work is based on the paper of De Riijula, Georgi, and Glashow,1 but we 
relax their assumptions in several important ways. First, we allow the eigenvalue 
of the unperturbed Hamiltonian to depend on the quark masses because the kinetic 
energy term in the Hamiltonian depends on mass. Second, we include the colorelec-
tric interaction in the unperturbed Hamiltonian rather than in perturbation theory. 
-Third, we allow for the variation with quark content of matrix elements of two-body 
operators such as l/rtJ and S{T,}). This implies that the matrix elements of two-
body operators depend on the masses of all three quarks in a baryon. A related 
approach has been used previously by Cohen and Lipkin,3 but we believe that our 
considerations are more general. Also, we treat baryons containing heavy quarks. 

Here we concentrate on the contribution of the colormagnetic interaction to the 
mass differences among baryons. (In another paper3 we discuss the further mass 
differences which arise because of electromagnetic 'effects. In that paper we also 
discuss the consequences of our model for mesons.) We include in our discussion 
baryons which contain the quarks of the standard model with three generations, 
including the £ quark. We confine ourselves to those ground-state baryons which in 
the simple quark model have no orbital angular momentum, namely, the baryons of 
spin 1/2 and 3/2. 

Our framework is a flavor-independent potential model with constituent quark 
masses. The unperturbed Hamiltonian of the system includes the rest energy of 
the quarks, their relativistic kinetic energy, and a spin-independent potential which 
includes a term arising from one-glaon exchange and a confinement term, which pre
sumably arises from multi-gluon exchange. The perturbation includes a Coulomb 
term . a magnetic term and Fermi-Breit corrections to the one-gluon-exchange po
tential and to the confining potential. These corrections include a hyperfine or 
colormagnetic term, the existence of which is well established empirically. Because 
we restrict ourselves to those baryon ground state which (to a good approximation) 
have zero orbital angular momentum, we can omit the spin-orbit and tensor terms of 
the Fermi-Breit interaction. We also omit the spin-independent term, since its form 
is highly model dependent and its existence has not been established experimentally. 

We do not evaluate these terms in any specific model. Rather, we use rather 
general properties of the behavior of the various terms in the Hamiltonian as a 
function of quark masses to obtain inequalities among the energy eigenvalues and 
among matrix elements of the perturbations. These inequalities, plus plausible as
sumptions about the symmetry of the baryon wave functions,4 are sufficient to allow 
us to obtain a number of inequalities among the masses of baryons. If we neglect 
the Coulomb and magnetic contributions, we obtain the following inequalities (our 
notation is that the symbol for a baryon denotes its mass): 

= , - = > i : * - s , (i) 

E ' - A > ( 3 A - E - 2 J V ) / 2 , (2) 

E - y > = - S, (3) 

S t - Ac > S - A > 0, (4) 

=1 - =<A > =fc - =!>A > =e - =cA > 0. ( 5 ) 

r - z > E; - sc > sj - s6 > s; - s„ (6) 
S, - A, > Si - A6 > S c - Ac, (7) 

= ; - = , > = ; - = » > = ; - = , . (8) 

= c - = r v > s c - s c > = ; - = , . (o) 

We have omitted additional inequalities which involve baryons containing two or 
more heavy quarks. 

The inequalities (l)-(4) are in agreement with experiment, as can be seen 
from the baryon table of the Particle Data Group5. The remaining inequalities 
are untested, but we believe that our considerations are so general that they will 
hold without exception. 

I should like to thark E.M. Henley, W-Y. P. Hwang and G.A. Miller for helpful 
comments. I am grateful to the members of the Institute for Nuclear Theory at the 
University of Washington for their kind hospitality and to Indiana University for 
partial financial support. This work was supported in part by the U.S. Department 
of Energy. 

"On leave from Indiana University during the 1986-87 academic year. 

1. A. de Rujula, H. Georgi, and S. L. Glashow. Phys. Rev. D 12, 147 (1975). 
2. I. Cohen and H. J. Lipk'tn, Phys. Lett 160B, 119 (1981). 
3. D. B. Lichtenberg, Phys. Rev. D, to be published. 
4. J. Franklin, D. B. Lichtenberg. W. Namgung. and D. Carydas. Phys. Rev. D 

24, 2910 (1981). 
5. M. Aguilar-Benitez et al.: Particle Data Group. Phys. Lett. 170B, 1 (1986). 



PIRST MEASUREMENT OP THE SPOT ROTATION PARAMETERS 
R AND A T&Jtp ELASTIC SCATTERING IN THE REGION 

OP LOW-LYING PION-NUCLEON RESONANCES 

V.S.Bekrenev, Yu.A.Beloglazov, E.P.Pedorova-Koval, 
E.A.Pilimonov, V.G.Gaditsky, A.I.Kovalev, N.G.Kozlenko, 
S.P.Kruglov, A.A.Kulbardis, I.V.Lopatin, V.V.Polyakov, 

V.V.Sumachev, I.I.Tkatch, V.Yu.Trautman 

Leningrad Nuclear Physics Institute 

Gatchina, Leningrad district, 188350, USSR 

In this experiment the measurement of the spin rotation 
parameters R and A in pion-nucleon interaction-gere performed 
for the first time In the region of low-lyingJCAf resonances. 
An interest to investigation of JF/3 scattering in the resonan
ce region has increased last years due to development of various 
quark models predicting spectra QtJfjV resonances. The measu
rement of the parameters R and A is a part of the LNPI program 
for studying Sffi interaction. 

The first experiment was carried out in the region of the 
splitting resonance P.,. (1440) /1/ at the energy of negative 
pions 450 MeV. Main partB of the experimental setup /2/ are a 
longitudinally polarized target (PT) inside a short supercon
ducting solenoid and a carbon-plate polarimeter (POL) consis
ting of optical spark chambers with television read-out (28 
spark gaps in total). Wire spark chambers with magnetoatrictive 
read-out (MSC) are used for the determination of scattered 
pions trajectories. 

Preliminary results of the experiment are presented in 
Pig.2; only statistical errors are shown. It is of importance 
to emphasize that the polarization parameter P also was deter
mined simultaneously with the parameters R and A during the 
processing. The obtained values of the parameter P agree wit
hin experimental errors with results of our group /3/ on a 
transversely polarized target. 

Shown by curves in Pig.2 are the predictions of recent 
partial wave analyses /4,5/« As can be seen, at the energy 
450 MeV for which the results of both analyses mutually agree, 
our spin-rotation data provede the first direct confirmation 
of these analyses. Next experiments will be carried out in 
energy region 530 •• 600 MeV for which essential discrepancy 
between the predictions of different partial wave analyses 
exists. 
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Pig.1. Experimental layout* 

Pig.2. Results of the measurement of the spin rotation 
parameters in &"~f> elastic scattering at the 
energy 450 MeV. 
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Previously the present authors have discussed the ground 
scace static properties ' ' and Che positive parity mass 
spectrum ^ ' of the excited baryon states using a semi-
phenamenological relativistic quark model. This model has the 
following properties, i) The baryons are color singlets; 
ii) .Each quark is confined by a flavor independent relativistic 
scalar plus vector potential, which in the center of mass 
system takes a form of an average central potential U(r) * 
» V(r) (l+8)/2; iii) SU(3) flavor is broken by taking the 
strange quarks mass different from the u-quark and d-quark 
masses which are considered equal; iv) the mass spectrum is 
correted taking in consideration gluon interactions in first 
order. In this paper we discuss the mass spectrum of the 
negative parity excited states using V(r) - V, + 1/2 kr2 for 
the confining potential. 

In the independent particle approximation, the negative 
parity first excited states would have two quarks in the ground 
state (S1/2) and one quark in the first excited state (P1/2) or 
(p3/2)* In the SU(6) limit these states can be accomodated 
in a (56,1") and_in a (70,1") multiplets. It turns out 
that the (56,1 ) corresponds to che spurious center of mass 
excitations in the non-relativistic limit and therefore are 
not considered as physical states. 

One gluon corrections are considered for both exchange and 
self energy diagrams. The resulting hamilconian is diagonalized 
and the mass spectrum is shown in the fig. for the following 
parameters: lOy-SSMeV, ms-212MeV,o,;/ir-0.505 jV,,-219MeV; V, -
• S70MeV. The first five parameters are the same used in 
previous calculationsC1) for the ground state. He assume that 
the ground state S-wave quarks "sees" a potential V0+l/kr

2 

while the p-vave quarks sees a shifted potential 
V! + 1/2 kr2. 
0 * * 
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Heavy Particle Materialization in Bound State Picture 
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The problem of the materialization has been one of the central Issues In 
the multiple production processesCll. One of most difficulties lies In that 
each materialization process belongs to the nonperturbatlve region of the 
quantum chromodynamics. The key clue to solve these problems may underlie the 
transition from parton to hadron system. So far, there have been two 
distinctive stand-points to interplet the materialization problem. (i)Host of 
the stochastic madelsC2] approach the problem by starting at the parton stage 
and eventually, ending in the hadron system. (il)Alternatively, the nsodels 
which approach the problem by taking into account the bound hadron VZ'.-M, 
have not yet been investigated well. 

In this paper, ve take the latter stand-point and develop the method to 
describe an n-body production amplitude by using the wave functions of 
outgoing hadronsC3]. The production amplitude at high energies should be 
described relativistically so that we employ the Bethe-Salpeter(BS) amplitude 
for the wave function. In doing so we expect to take into account an Important 
part of the nonperturbatlve effects In the materialization processes. 

As for the pions or other light particles, we do not have any reliable 
knowledge_about the wave functions. However, the dynamical treatment for bound 
states QCKJ/0 , T , . ..) or Qq(D,F,B,...) composed of heavy quarks have been 
successful and the wave functions are well known in good accuracy[43. Here, ve 
consider the processes involving heavy hadrons. If one describes the heavy 
hadron productions, one obtains a remarkable feature in their energy and 
momentum distributions; all heavy hadrons have an equal velocity In a jet. 
This rule derived generally from the Lorentz transformation properties of the 
BS amplitude that is well described by an Instantaneous approxlmatlon(IA) for 
the nonrelatlvlstlc system Inside a heavy hadron. 

First consider the Lorentz transformation property of the hadron's wave 
functions in IA. Suppose that the relative momentum k In hadrons at rest 
distributes Ins.ide I "KI SsA where A might be the order of magnitude of the 
momentum transverse <PT> to a jet axis. When a hadron with mass H moves with 
energy E and momentum pi the refative •omentan in a moving hadron is confined 
in a deformed region,V (Ek,. /M-pk 0/Mf+kt.SA which results In k /E=k|./ I"P*I 
This shows an important property that the Internal momentum k inside a heavy 
particle distributes sharply parallel to it's external four momentum^,"?). 

Now let us take an_n-bady production in e e annihilations in the one-
loop level(Flg.l), e e"->p.+p,+,:--,*p . This diagram leads to the overlap 
Integral of the wave functions In the production amplitude In the relative 
momentum space. 

I =\d 4K (F([k,2]„)FUk,2l„)---F(Ck 21 ))XTrace> 
n J 1 P, Z Pj. n E* 

where F Is made up from the BS wavefunctlon In IA. Trace represents the 
trace factor composed of quark propagators and the spinor parts of F. When one 
neglects p_ compared with p.., the requirement of the maximal overlapping 
leads to the results that the center of mass four momenta should be parallel 
one another as much as posslble(Flg-2). However, all four momenta cannot be 
parallel because of the energy momentum conservation. Thus, we obtain that 
hadron momenta split into two parallel series of momenta, leading to 2-jet 

struc 
momen 

ture;(I) p,,p,,"',P0 II K . U D p " , , p,,— ,p II' 
ta in eacfi Jet distribute p&tallel one another, 

X , and that the four 
predicting an equal 

velocity rule,v,=v. for any I,J In a jet. This rule predicts that a produced 
hadron has the following energy fraction z and f with the highest 
probability, z ,s2E.//"s=M, Cl*(HT-M':)/s]/M, £ ,SE./(E,+E_+~- - E _)=K./M 
where M«H,+M,+-" *M and J?=3.*jL*---*H . These formulas which 1>ave SO unknown 
parameters will be definitely tested experimentally. Furthermore, one expects 
to observe the rule even If the light particles such as pions are Included in 
a jet in addition to the heavy particles. Since the overlapping of the heavy 
particle's wave functions results In an equal velocity rule, we expect (E.-
E.)/(E.*E.)=(M.-H.)/(H,»H.), for any two heavy particles In a jet. The equal 
velocity rule states tnarfour-ooaenta of heavy particles In a jet distribute 
in proportion to their own masses. It is Interesting to test this rule 
experimentally because it is derived on a quite general basis, not depending 
on a specific form of their wave functions. 
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Fig.l Quark' loop diagram for 
meson production in e e -> _n 
mesons, p. , "p. and X ' , K 
denotes the momenta if the 
produced mesons and the integral 
quarks, respectively. q stands 
for the momentum of " r " . one 

Fig.2 Overlapping of all the Lorentz 
contracted regions of FCtk 3 ) and the 
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RESULTS IN i* SPECTROSCOPY FROM THE CERN HYPERON BEAM 
EXPERIMENT 

Philippe ROSSELET, 

University of Lausanne, Switzerland 

1. Introduction 
In an experiment (WA42) carried out at the CERty-SPS charged hyperon beam 
with incident H~ of 116 GeV/c, we have observed Z resonances in the diffractive 
channels AK", 2°K" and i~ir+ir_, and in the inclusive channel AK"°. 

2. The Experimental Apparatus 
The apparatus included a DISC Cherenkov counter to identify the incident Z~ hy-
perons, an 83 mm long Be target, a magnetic spectrometer consisting of two magnets 
and clusters of multiwire proportional chambers and drift chambers, a threshold 
Cherenkov counter providing ir/K separation, a lead glass array and a liquid argon 
detector to detect photons. A very open trigger was used, demanding only an inci
dent Z~ and at least two charged particles through a multiplicity counter situated 4 
m downstream of the target. Our total data sample consists of 18»106 triggers, cor
responding to 82-106 incident Z~. 

3. Selection of Diffractive Events 
The initial event selection demanded a A decay identified as such, and at least one 
other charged particle completely reconstructed ; 1.36-106 events were thus selected. 
We defined diffractive samples by the conditions 110 < p, < 122 GeV/c and pT

2 

< 0.50 (GeV/c)2, p. and p T being the total longitudinal and transverse momentum 
of the outgoing particles. 

For the AK" diffractive subsample, events were required to have exactly one 
completely reconstructed negative particle in addition to the A decay products. 

For the 2°K~ subsample, events were required to consist of a A, an additional 
negatively charged particle, and a single photon shower in one of the neutral particle 
detectors. The Ay effective mass had to be consistent with the 2° mass. For both 
subsamples, the information from the Cherenkov counter was used to identify the 
negative secondary particle as a K~ meson. 

For the Z~v*v~ subsample, events were chosen with exactly two negative and 
one positive reconstructed charged particles in addition to the A decay products. In 
addition to tight "geometrical requirements, we demanded the Air" effective mass to 
be consistent with the Z ~ mass. 

Our three diffractive subsamples consist of 4036, 787 and 1157 events in the 
channels AK", 2°K~ and i~ir+ir~, respectively. 

4. Resonances in the Diffractive Channels 
The AK" Channel : A narrow enhancement is seen at 1690 MeV/c2 and a broader 
one at 1820 MeV/c2 in the AK" effective mass spectrum. The following values are 
obtained for the parameters of the peaks : 

M = 1691.1 + 1.9 MeV/c2, T = 10.7 ± 3.6 MeV/c2, 104 ± 24 events, 
M = 1819.4 ± 3.1 MeV/c2, T = 24.6 + 5.3 MeV/c2, 280 ± 50 events. 

The statistical significance of the two peaks corresponds to 6.7 and 8.7 standard 
deviations, respectively. Less significant effects are seen at 2020 and 2175 MeV/c. 

The 2°K~ Channel: Several peaks are observed in the 2°K~ mass spectrum, 
with the following characteristics : 

M = 1785 + 3 MeV/c2, T = 1 + 13-1 MeV/c2, 21 + 10 events, 
M = 1820 MeV/c2, T = 15 MeV/c2, 16 ± 10 events, 

M = 2039 ± 9 MeV/cJ, r = 51 + 17 MeV/c2, 73 + 16 events, 
M = 2234 ± 6 MeV/c2, r = 20 MeV/c2, 19 + 7 events. 

The statistical significance of these effects is between 3.0 and 4.3 standard devi
ations. 

The i"ir+ir~ Channel: The Z~v* effective mass spectrum is dominated by the 
3(1530) which is present in 56% of the events, with the following characteristics : 

M = 1532.7 + 0.5 MeV/c2, T - 11.6 + 1.4 MeV/c2. 
A broad bump near 1950 MeV/c2 is also visible. 
The Z~v*n~ effective mass spectrum shows a complicated behaviour, probably 

due to the presence of several resonances. The following parameters are obtained for 
the most significant peaks : 

M = 1782.6 + 1.4 MeV/c2, T =- 6.0 ± l J MeV/c2, 27 ± 10 events, 
M = 1831.9 ± 2.8 MeV/c2, I* - 9.6 ± 9.9 MeV/c2, 21 ± 15 events, 
M - 2J89 + 7 MeV/c2, T - 46. + 27 MeV/c2, 66 + 32 events. 

Comparing the three diffractive channels, we notice that the well known £(1820) 
which dominates the AK" diffractive channel, is present in the i « r channel, though 
at a slightly different mass, and also weakly in the 2°K" channel. The £(1680) 
which appears as a clear narrow peak at 1691 MeV/c2 in the AK channel, is not 
seen in 2°K~. In the 3™ channel, a cluster of four events near 1690 MeV/c2 could 
represent an alternate decay mode of the same state. There is evidence for the 
known 2(2030) in AK" and 2°K ~, and for two new states : one at 1783 MeV/c2 in 
2°K" and 3irir, with a width compatible with the experimental resolution, the other 
near 2180 MeV/c2 in both AK" and 3irir. 

5. The AK° Inclusive Channel 
Events with one identified A—pir" decay and one identified K — ir*v~ decay were 
selected. Since the initial state has strangeness - 2 , we expect the majority of the K 
decays to result from K"° mesons rather than from K° mesons. The contamination in 
K° is estimated to be of a few percent. Our sample consists of 4192 events. 

In the AK~° effective mass spectrum, excesses are visible at 16S0, 1750, 1820, 
1960 and 2180 MeV/c2. The structures in the upper mass range are enhanced when 
cuts are applied on the longitudinal momentum of the A and K° ; the following pa
rameters are obtained for the peaks : 

M = 1826 + 3 MeV/c2, r = 12 ± 14 MeV/c2, 54 + 17 events, 
M = 1963 + 5 MeV/c2, T = 25 ± 15 MeV/c2, 63 + 24 events, 
M = 2181 ± 7 MeV/c2, r = 30 + 13 MeV/c2, 43+11 events. 

The statistical significance of these effects corresponds to 4.4, 3.6 and 3.0 stan
dard deviations, respectively. The peak at 2180 confirms die effects seen in the AK" 
and iirir diffractive channels at nearly the same mass. The signal at 1963 MeV/c2 is 
the first unequivocal observation of a relatively narrow resonance in the AK" channel 
in the 1900 - 2000 MeV/c2 mass range. . 

We have investigated the angular distribution of the decay chain 3 — AK~°, 
A—pir" in the 1820 and I960 MeV/c2 mass regions, using a double moment for
malism. This analysis indicates a spin-parity of J" for the EM820) resonance, and a 
spin of \ or greater in the natural spin-parity series for the 3(1960) resonance. 

6. Conclusion . 
We have observed five 3 enhancements of varying statistical significance in the 
diffractive dissociation of I" hyperons in three different channels ; two of these 
states are new, at 1780 and 2180 MeV/c2. 

In the AK° inclusive channel, we have determined the spin-parity^of the 3(1820) 
as j " , and we have observed a new, narrow state at 1963 MeV/c2, of spin \ or 
greater in the natural spin-parity series. 

Part of these results will appear in Zeitschrift fur Physik C. 



STUDY OF THE K+ K" TT+ TT~ SYSTEM CENTRALLY 
PRODUCED 

IN THE REACTIONS TT+ p -* TT+ ( K+ K" ir + W ) p 
AND 

p p -* p ( K+ K" TT+ IT- ) p at 85 GeV/c 

WA76" Collaboration 

A t h e n s - B i r i - B i r m i n g h a m - C E R N 

T.A. Armstrong '•">. IJ. Bloodworth * ) . J .N. C i m e y 5 , B.R. French ' ) , B. Ghidini 3 ) , 

J.B. Kinson 2>, V. U n t i 3 ) , A . PaJano 3>. I X . Print 2 ) . G. Vassitiadis 4 ) , 

O. Villaloboi Baillie 3 , M.F . Votruba 2 ) , G. Zito 3> and It. Zi loun 5) 

Contaccman: J. B. Kinson 

I Experiment WA76 at GERN was designed to study centrally produced 
|£ exclusive final states, and to search for new nesonic states Including 
~̂ 1 gluniiliini. Evidence haa already been preaenced for <*$ production in the 
I K+ir*K"K~ final state('). in this paper we give results Indicating 

associated K*K* production. 

The reactions 

**"/p p " +lft (K-hc-i+O p3 (1) 

have been Isolated fron the sanple of events utth six outgoing tracks. The 
scatter dlagran of M(K~«+) vs M(K+»"J shown In Fig. 1 shows an accumulation 
of events where the K*° bands overlap. 

• A Channel Likelihood FleC2' gives the results shown In Table I. 
Evidence Is found for •*+«- ( « ) and p°K+K- (7X). An Important fraction of 
the channel goes through K*°(890) production (37X). Evidence Is found for 
associated K °K*° (6.4 t 1.1)1 with a cross-section ten times higher than 
that found for associated 4}* production In the same experiment. 

The K K nass spectrum Is shown In Fig. 2 where dashed histogram 
Indicates Che estimated background. The excess of K*tC* events Is 
concentrated In a relatively narrow enhancement near threshold. 
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The 1(1440) is a glueball candidate, but the situation Is confused 
because of ambiguity with the E(1420). A spin-parity analysis has already 
been published^') on Che resonances found In the centrally produced 

exclusive KiK~ir system, Indicating that the spectrum Is dominated by two 
!*•*• ohjects: the D and E mesons. This paper reports a more detailed 
analysis. 

The reactions 

**-/p p * * y P f CK?K±n*)ps (1) 

have been Isolated from the four-prong events with an additional 
reconstructed VO. 

FIR. la shows the K1K~it mass spectrum for events where one track Is 
Identified as K or ambiguous K/p for Cherenkov Information. D and E/i 
signals are observed with little background, and the E/i Oalltz plot 
(Fig. lb) shows well defined K* bands with little Indication of 5(980). 

We have fitted the Dalltz plot for 40 MeV slices of the K°K"n+ mass 
spectrum using several amplitudes In various combinations Including I*"1- K*rf, 
CT+i*, O-^K*? and 1+~K*K. Fits have been performed on the two separate 
reactions (**" and p Incident) and on their sum. Results are shown In 
Fig. 2. The 1*+ KTC Is the dominant wave, and almost the full E/l signal 
can be Interpreted as the sunt of l̂ *"(K K) and phase space. A small amount 
of 0"+ wave Is required (mostly K*K). If we Interpret this signal as due to 
the i It represents about 141 of the signal. Insertion of a IT" wave leaves 
the l++ K*K signal Intact and the V~ wave shows a smooth structureless 
behaviour. All other waves are consistent with zero. 
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BARYON ANTIBARYON PRODUCTION IN THE 
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Experiment HA76 Is a search for gluonlun states centrally produced In 
I exclusive reactions. This paper reports results for states involving baryon 
I anclbaryon pairs. The 83 CeV/c beam contains equal numbers of it*" and 

. {^ protons; details of the experiment have been given in a previous 
<o publlcatlonO). 

The reactions 

**-/p p * ir»-f/pE (P7) ps (1) 

have been selected with little background from the sample of events with 
four outgoing tracks. The pp mass spectrum is shorn In Fig. 1. Ho 
structure exceeding the 30*level-Is seen, and upper limits for production of 
the 5(2220) are lnb (tr4- incident) and 2.5 nb (p Incident). 

The reactions 

**7p P * "VP- ( " ̂ ""iPs <2> 

have been Isolated front the sample of events with 6 outgoing tracks. The 
pp trl"«~ mass spectrum (Tig. 2) shous_no significant structure and no 
evidence is found for associated o + +A~ production. 

Events with two outgoing tracks and two reconstructed V°s provide a 
clear sample of Che reactions 

**7p p - * y p f
 < a ) p s ( 3 ) 

The p""(pf*) effective oase_for the Vos shous a clear A(T) peak with little 
background (Fig. 3a). The AA effective mass distribution Is shown In 
Fig. 3b; the majority of events are concentrated In the threshold region. 
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Several problems s t i l l remain unsolved about the baryon spectroscopy in 
the potent ia l nodels (1). Tbe r e l a t l v i s t l c correct ions to the central forces 
have not yet been studied comprehensively for various baryonsC2). There have 
been some discuss ions about tbe Lorentz s tructure of tbe confining potent ia l s 
In tbe baryon systems (3). Moreover, the mass l e v e l s for even and odd parity 
baryons have been ca lcu lated h i therto by using d i f f erent po tent ia l parameters. 

In the previous paper'4) , taking Into account the r e l a t i v l s t i c 
correct ions as accurately as poss ib le and taking the confining potent ia l , 
V<r)=«(r/a*+b) for vector , S(r) = U - « ) (r/a*+b) for s c a l a r , we studied the S 
s t a t e s of various baryons and'obtained a remarkable resu l t that tbe confining 
po tent ia l for qq in the baryons is predominantly of vector type (f=0. 83375) 
opposite to tbe case of QQ mesons. This suggests s trongly that baryons might 
be e s s e n t i a l l y d i f ferent systems from QQ and we need an extra sca lar potent ia l 
which does not a f f ec t S s t a t e l e v e l s but can reduce the complicated sp in-orbi t 
forces in tbe baryons In order to reproduce tbe P s t a t e s simultaneously. 

In this paper, we are concerned with the e f f e c t of the extra potent ia l to 
S and P s t a t e s . As an example of the extra po tent ia l , we Introduce the 
following non-local scalar p o t e n t i a l , 

SHU = X. SHLCT I j , 1 M , 1?J) , 

SHf.Cnj. •?!. ? j ) = < r . j * , ACJV + P V ) + B C P V P J ) ) / ^ . CD 

SNiCru, ? i , ?,) = ( n j . ACpV *?,*) * B C f r t i ) ) ^ , (2) 

S» i< ru , • ? ! , ? ! > = A l ' ? r i j p + B I "?<r.,P.. C3) 

S» t = ACK. .1 p i * } + B i ?.K?i . with K = I |7i-?al C4) 

where A and B are arbitrary constants , and ro i s the center of gravity of tbe 
baryon. Eqs. <1), (2) and (3) represent two-body potent ia l while aq.(4) does 
three-body po ten t ia l . Eg,. (1) was o r i g i n a l l y introduced by Crones(5) to 
explain the mysterious s p i n - o r b i t force in baryons. 

To see what happens to S and P s t a t e s when we swltc'j on an extra 
po tent ia l , we ca lcu la te the contribution of the extra po tent ia l In tbe 
framework of tbe harmonic o s c i l l a t o r model. Tbe sp in-orbi t Ham 11 ton Ian due to 
the extra potent ia l Is given as HfJ = .1 C ? r ? i ) . ? i = -C V ,S»i>fi) /2miJ . From 
the general considerat ion (5) , one can express the contribution of SKI to >' 
s t a t e s In terms of two independent matrix elements defined as F = W t | ( F j ) a U i > 
and G = <y>i I<F») i | / i > , where /> = <?i -?a) /v2 , -l = C ? I + ? J - 2 7 I ) / J S . Furthermore 
we find tbe sp in -orb i t forces can get small wben both F and C are negative. P 
and C are presented In Table 1 together with the expectation value <SHL>I for 
an S s ta t e . 

For the cases of ( I ) , (2) and (4 ) , when A and B are s e t to have tbe small 
magnitude of <Sni>s, namely not to a f f ec t the good f i t t i n g to S s t a t e s with 
(=0.83375. both F and G can be taken to be negative. The resu l t s are 
presented in F i g . I , together with the case without the extra potent ia l and the 

experimental data. For the case of (3) , tbe s i t u a t i o n Is d i f f erent from the 
other cases and undesirable. 

Though the c a l c u l a t i o n in the present paper Is model dependent, the 
r e s u l t s >i« very encouraging. 

Table 1 e x p l i c i t express ions of F, G and <SHI>I . m and « denote u quark 
mass and the parameter respresenting the range of tbe wave 
function, r e s p e c t i v e l y . 
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Recently an excited state of charmed mesons 2J**(2420) has been observed[l]. 
It is very interesting to study whether this experiment gives us any important 
information on quark physics. _ 

Up to now heavy quarkonia QQ have been observed satisfactorily well by the 
non-relativistic Schrodinger equation with the Breit-Fermi correction. However, for 
the bound state of a heavy quark Q and a light antiquark q, q should be treated by 
the relativistic equation. Starting with the Fermi-Yang equation[2] with the 
retardation of the "Coulomb" term and applying the Foldy transformation to the 
heavy quark Q, we obtain the following semi-relativistic equation for the atamlike 
meson Qq, 

whereas are given as, 

^0=Vp + e» tVS)+v' ( la) 

Sl = ntQ + pJ/2mQ - B^SPfom* + VsV/8m* - p'l&m^, 

(10 

(Id) 

(Je) 

where p = p = —p? and P = (p + p,')/2 = (p + p')/2. Notice the different spin 
dependent forces of Qq systems from heavy quarkonia QQ. The wave function * is 
generally described in terms of the scalar and vector spherical harmonics as , 

<6Cr,Q) = A(r)YjU(a> + BMo-X^Cffl + CWa-Yj£,(Q) + JXrJo-Y^O). ( 2 ) 

where A, B, C and D are two component Applying the unitary transformation with 
the unitary matrix, 

1 fJ+1 J 
~ V2J+1 I -J J+l 

to eqs.(l) and (2), and taking the new combinations of the components of the wave 
functions, one can reduce eq.(l) to the following eigenvalue equation, 

1 1 dS dV 
2 4m*'- dr 1 dr ? 

1 i d 
B,= V a - p - V a - n — -

» 2 m . 1 r Zm„ 1 dr 

1 dV 
4 4m„rfr * << 

i dV 
—a -n, 

2m„<£r « 

I K2 Ba+Ki\\VB I \VBV 
(3) 

where HQ, KI and K2 are 2X2 matrices and Ki is composed of the sum of Hi, Hz and 
the diagonal part of Hz, H4, and Kz the off-diagonal part of Hz, B4. 9 is newly 
constructed wave functions written as, 

JM 

where + > 1 -** 

'±1 

W) 

JM 

lyJU = u o-Xi 

JU o-Y 

o-Y y 

(5) 

J(-) 

ssssgsoo. 

2505 
g'gt 0 * * £211201 

Since the singletitriplet) component 
is dominant in y^ly*?11) as shown 
from eq.(5), the state yjJ"(y2

,'M) is 
specified as "1VJf'

3Vj) 
Taking the "Coulomb" plus 

linear potential, V = — 4as/3r, S = 
r/a*+6 as a typical example we have 
calculated the mass levels of D(D*), ^ Jg 
F(F*) and B{B*). The potential > 
parameters a5, a and 6 are set to s. 
reproduce the level spacing of w ° 
2J*(2010) and D(1870), the slope of the <" 
Regge trajectory, and the mass of en 
ZJ(1870), respectively. Quark masses s 

are taken from ref.[3]. The results 
are extremely satisfactory. Here the 
results are presented for DGD*) in Fig. 
1. FigJ. shows that X>*«(2420) is 
likely one of the \XVX^??X or l*Pa 

states. 

Encouraged at the remarkable 
success of the present work, it is 
interesting to examine the model 
more intensitively by applying it 
various phenomena concerned with 
Qq mesons. 
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Can i(1440) be a pseudoscalar glueball which 

appreciably mixes with n'(958)7 
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Abstract 

It has already been some time since an argument uas made that i(1440) 
PC —+ 

observed in the radiative decay of 3Hi could be a J "0 glueball. Even if 

t(1440) indeed has a genetic origin in glueball. it can also acquire 
-+ -

qq-component through Che mixing wlch Che 0 qq-tnesons. However, recenCly 

the width of i * YY is found Co be small as T(i * YY)B(i » KKn) < 1.6 keV 

by the high statistics TPC/2y experiment. Does this fact contradict the 

rather large width of i •*• py decay inferred from Che J/<» •+ pyy decay and 

exclude appreciable qq contamination in i(1440)? 

Some time ago we have scudled the n-n'-i mixing by using the 

Gell-Mann-Oakes-Renner type approach to the chiral *J(3)xU(3) and also 

U(4)xU(4) algebras involving anomaly and pointed out that n'-i mixing could 

be appreciable. The model also found (by using PCAC and also a simple quark 

counting argument) a range of solution in which the rate of i * YY is 

relatively small £, IkeV, while T(i •* py) is rather large a lMeV. 

In this paper, we study the t * yy and i + PY decays by using the 

method of "asymptotic flavor SU(3) symmetry plus constraint algebras 

involving the generators of underlying symmetry groups of QCD". Instead of 

N> 

the chiral algebra involving anomaly, we use the well-known chiral 

SU,(3)xSUf(3) charge-charge and charge-current algebras which are valid in 

QCD.- Flavor symmetry breaking can Chen be characterized by Che presence of 

so-called "exotic" commutators. The hypothesis of asymptotic flavor 

symmetry implies that the linearity of St).(3) transformation can still be 

maintained (including, of course, Che possibilicy of parcicle mixing) in 

broken symmetry, if we deal only with the states of hadrons with Infinite 

momenta. For the n-n'-i mixing, we then find a solution which again 

indicates that the n'-i mixing is appreciable at least in the framework of 

SUf(3), i.e.. 

0.987 0.160 -0.001 

-0.148 0.917 0.379 

0.062 -0.374 0.926/ 

/ 0.701 -0.714 -0.001 \ I N 

0.661 0.648 0.379 I S 

0.270 -0.266 0.926 / \ C0/ 

The results for Che t •» YY and i + py decay widths from chls approach are 

found to be reasonably compatible wich chose obcained in Che previous 

Gell-Mann-Oakes-Renner cype approach. 

There are other confusions about i(1440): In various irp production 
PC 11 

processes, some groups find J -1 peak around Che mass 1420 MeV called 
PC —+ 

E(1420), while others observe J -0 peak around the same mass which is 

presumably Che l (1440) found In J/<f» -*- ly decay. From our above analysis of 
PC —+ 

the i + YY and » "*• PY decays and the recent confirmation of I"0 J "0 

n(127S) by KEK group in Che * p •» X n reaction, we conclude chat present 

experimental situation may be understood with the presence of two states, 

0 and l** I»0 states,tn Che mass range 1420-1440 MeV. The l*4" meson is 

E(1420) which has a structure close to pure ss scace. 
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Abstract 

The present paper addresses the possibility of a periodic table of hadrons. 
The evidence of Q*©2, mfcsoniums in Tf reactions, pn annihilations3- , and ha-
dronic collisions °~M are reviewed. We predict that there is a sizable p~p 
decay from the mesonium Xo(14B0) in pn -* vhLjClASO) •» n

+o"p~. If detected, it 
would betray the exotic isotensor quantum number of the mesonium explicitly. 

Evidence for narrow states produced by 130 GeV/c Z beam on a berylium 
target has been obtained by the experiment WA6212 at the CERN SPS. They obs
erve peaks in three charge states Apir ir , Apir+ir+ir", and Aprr ir~ at 3100 MeV. 
The widths of these peaks are compatible with their 24 MeV FWHM resolution. 
During the Berkeley Conference BIS-213 also reported seeing the X(3100). They 
used a 40 GeV neutral beam composed mainly of neutrons, incident on H2, C, Al, 
and Cu targets. 

If these narrow (< 30 MeV) states are real, they are exotic and would re
quire at least a four quark structure. For example Apir rr would have a mini
mum of su3d structure. The fact that there are three charge states X , X°, and 
X" suggests that these mesons have I»3/2 or 5/2. 

Upon interpreting the X(3100) as the bound states of ApX (1480) and the 
ApX1(1470), we can understand their narrow widths at such a high mass. Based 
on this interpretation, we calculated the ratio R»o(Apit+n~)/a(Apir+7r+) to be 
3.1 for centrally produced events. This agrees well with the experimental 
findings. With this picture, we also predict that the width of X~(ApW") is 
less than that of X+(Apir+ir+). This is again in accord with experiments. 

With experimental evidences for Q2Q mesoniums and the possible can
didate X(3100), we are beginning to explore the periodic table or hadrons 
which is actually a superlattice in the quark number and flavor space. 

Acknowled gmen t 

This work was supported in part by the U. S. Department of Energy at Lex
ington (DOE Grant No. DE-FG05-84ER40154), and at Honolulu (DOE Contract No. 
DE-AM03-76SF00235). 

References 

1. M. Althoff et al. (TASS0 Collaboration), Z. Phys. C16, 13 (1982); R. 
Brandelik et al. (TASSO Collaboration), Phys. Lett. 22?' i i 8 (1980)! 
D. L. Burke et al., Phys. Lett 103B, 153 (1981); CELLO Collaboration, 
H. J. Behrend et al., Z. Phys. C21_, 205 (1984); PEP4/PEP9 Collaboration, 
W. Ko, Proceedings of the International Conference on High Energy Phy
sics, Leipzig, 1984. 

2. P. M. Fatel, contributed paper to the XXIII International Conference on 
High Energy Physics, Berkeley, 1986. 

3. B. A. Li and K. F. Liu, Phys. Lett. U8B, 435 (1982), and 124B, 550(E) 
(1983); N. N. Aachesov et al., Phys. Lett. 108B. 134 (1982). 

4. B. A. Li and K. F. L iu , Phy3. Rev. L e t t . 5 U LS10 (1983) ; 
B. A. Li and K. F. Liu, Phys. Rev. D30, 613 (1984). 

5. D. Bridges et al., Phys. Rev. Lett. 56, 211 (1986). 
6. D. Bridges et al., Phy3. Rev. Lett. 56, 215 (1986). 
7. K. F. Liu and B. A. Li, Stony Brook preprint ITP-SB-86-48. 
8. A. Etkin et al., Phys. Rev. Lett. 40, 422 (1978); T. Armstrong et al., 

Phys. Lett. 121B, 83 (1983); M. Banbillier et al., Ibid. U8B, 450 
(1982); D. R. Green, Report Ho. Ferrailab-81/81 Exp(p) (unpublished); 
T. Yamanouchi et al., Phys. Rev. D23, 1514 (1981); C. Daum et al., Phys. 
Lett. 104B, 246 (1981). 

9. J. Badier et al., (NA3 Collaboration), Phys. Lett. U4B, 457 (1982). 
10. B. A. Li and K. F. Liu, Phys. Rev. D28, 1636 (1983). See also however 

R. Sinha, S. Okubo, and S. F. Tuan, Phys. Rev. D35, 952 (1987). 
11. B. A. Li and K. F. Liu, Phys. Rev. D29, 426 (1984). 
12. a. Bourquin et al. (WA62), Phys. Lett. 172B, 113 (1986). For a review of 

WA62 experiment, see S. Cooper, SLAC-PUB-4139, Plenary talk at Che XXIII 
International Conference on High Energy Physics, Berkeley, July 1986. 

13. A. N. Aleev et al. (BIS-2), contributed paper (No. 11207) to the XXIII 
International Conference on High Energy Physics, Berkeley, 1986. For a 
review, see S. Cooper, SLAC-PUB-4139, Plenary Calk at the XXIII Interna
tional Conference on High Energy Physics, Berkeley, July 1986. 



Antiproton-Proton Interactions studied from Cross Section Data 

at Small Momenta 
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Abstract: Antiproton-proton cross sections for elastic scattering, charge-

exchange reaction (pp — Tin), and annihilation have been measured at 

LEAR in the beam momentum range between 200 and 600 MeV/c. The 

cross sections are analysed with a potential model, and ranges of inter

actions of these reaction processes are evaluated. I t is shown that 

annihilation takes place at the antiproton-proton distance of about 1 fm, 

while the charge-exchange reaction is sensitive to the region up to 4 

fm. The former corresponds to the range of quark-rearrangement from 

baryons to mesons, and the latter is the range of pion exchange. It is 

then discussed that measurements of antiproton-proton cross sj,;tions at 

small momenta can be a new approach to study proton (and antiproton) 

structure and the strong force. 

505 MeV/e (o) I 

•-'L. 

Fig.2 Fit to charge—exchange (J5p — Hn) cross sectionj. 

Fig.l Fit to pp elastic cross sections. 
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Fig J Different tennj of the potential. The model consists of a short-range complex Woods-Saxon 
potential, Vn + 1W, and one-pion-exchange potential Vrjpgp. Vgpgp is made of spin-
spin term VJ3 and tensor term Vf. 

-W IR,l2<kr)2 

o) 

0. ^ 

0 

-s 

Mp, _ Up ReC-jjVR.^kr)2) 

t ((m) 

b) 

Fig.4 (a) The radial dependence of the annihilation probability for 1 3P|, (b) The ijospin difference of 
the real parts of the scattering amplitudes for ->P|. The isojpln difference determines the 
charge-exchange cross sections. 
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The search for glueballs has led to Che observation of ac lease two 

^ candidates; the v and the 9. Tina evidence ior the glueball nature ot 
,^ these signals Is still lacking, the aaln difficulty being how eo recognise a 
Ol • glueball from an ordinary qq meson, tt Is clearly of Inceresc CO scudy a 
~ range of processes where one can expect gluonluo pcoductton Co be favoured, 

as Che observation of either of Che above candidates In such new processes 
would strengthen i t s Interpretation as gluonlua. 

Recent QCD calculations' ' suggest chat direct aeson production via 
higher culsc mechanisms, as In Figs. l (a , b) , Is an Important source of both 
quarkonla and gluonla* 

Experiment VA77 Is lncended Co scudy high p- hadropcoducclon of taeson 
scates. Evidence for higher twist production of P° nesons at high p_ ha8 
been published!2). In this paper we present the results of a search for Che 
glueball candidates 6(1720) and 1(1440). These results are compared with 
the predictions of Ref. ( I ) . 

We note that In the direct process the aeson picks up the ful l momentum 
transfer carried by the exchange Instead of sharing It with the other 
fragmentation products. This feature Is exploited In a multl-partlcle 
trigger*. 3>, which favours events In which a high n_ meson recoils agalnsc 
one high p. particle. 

Search for the 8(1720) 
The data presented here are based on a sample of 266611 reconstructed 

events with 3 trigger cracks, where a pair of opposite charge la opposite In 
azimuth to the third track. In addition pr(palr) > p_(oppoalte), and 
p t ( p a l r ) > 2 GeV/c. 

The mass spectrum far pairs of high p. parclclea, assumed Co be kaons 
Is shown In fig. 2. A clear signal Is seen In the 4(1020) region, togecher 
with K*, P°, f° reflections'. The shaded region shows the K*X" mass spectrum 
where a kaon has been Identified In Che Cerenkov counters. No structure Is 
seen In the 0 region, and an upper limit of 0.03 ub compares with a 
prediction of 0.71 ub('). 

Search for 1(1440) * K°K~K 

The high p_ Kite's* sample Is obtained from events with two 
reconstructed ver t i ce s and three tr igger tracks with o^> 0 .9 CeV/c. 

Requiring PT(K°K/V) > 2 GeV/c, and pT(K°lC»*) > pT(oppoalte) glveB 
4157 K°K i»%ntrles from 2615 events . The mass spectrum (Fig . 3) shows no 
obvious t s i gna l . Our upper U n i t of 0.16 lib compares with a prediction of 
0.13 ubf 1 ) . 
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In the framework of QCD, high n. parttcles are mainly produced 
"Indirectly" via parton scattering and fragmentation (Pig. la). Direct 

• meson production, via a higher twist mechanism such ts Pig. lb, la also 
I predicted to exist and to he detectable In Che medium p. range. Such direcC 
•fv processes have not yet been Isolated experimentally. 

G> To recognise a dlrecc from Indirect production process one may rely on 
[ the following feature: In the direct process (Fig. lb) Che P° picks up Che 

full momentum transfer carried by che exchange, while In the lndlrecc 
process (Fig. la) Che P° picks up only a fraction of le and leaves what 
remains co the other fragmencaclon produces. Our trigger selects events 
with three particles having p. greacer Chan 1.0 CeV/c, I.e. a pair of 
opposlcely charged particles produced opposite In azimuth to a third one 
(Pig. lc). 

A «~ beam of 300 GeV/c IncldenC momencum interacts in a 4.8 en Be 
CargeC. The fl' mulclparclcle speccromenter detects che charged tracks in 
Its 15 multlwlre proportional chambers and two drift chambers In a magnetic 
field providing a bending power of 5.8 Tm. The trigger was provided by cwo 
hodoscopes (HZ1, HZ2) and two MWPCs with cwo planes each (HY1. MY2 and MY3, 
IIY4) specifically designed for che decectlon of high p_ particles. The 
hodoscopos have four quadrants, each made of 15 horizontal slabs. The 
senslclve region of che hodoseopes has a "butterfly" shape (Pig. I) which 
lies outside che reach of parcicles with p. <0.6 CeV/c. Further details 
are given In Ref. 1. 

The data presented here are based on 266 611 reconstructed events which 
satisfy the requirements 

PT(palr) > 2 CeV/e, ^(opposite) > 1 GeV/c, and - 0.45 < Y 0 1 4. 0.45 

The mass speccrum Cor pairs of high p. parcicles assumed to be plons shows 
clear signals in the po (770) and fo (1270) mass regions. The production 
mechanism for the P° has b«en studied In terms of the variable x_ « 
PT(opposlte)/pT(palr). The mass speccra for cwo x. regions, 0.5 ^ x_ < 1 
and x. < 0.5, are shown in Pig. 3. There Is a clear Increase In the P 
signal relative Co background as x„ decreases. The p° signals have been 
determined from the fits shovn in the figure; their behaviour aa a function 

of XL la not well reproduced by che Lund model, which encompasses leading 
order QCD and fragmentation (rejection 0.XX level by contingency table 
test). In contraac che behaviour of the •' background i m 1 T interval 
abouc che p peak (corresponding co production of random si pairs which 
happen co have an effecclve mass in che P region) is well reproduced by the 
model. 

Mew detailed calculations by members of our collaboration (*) have been 
Incorporated Into a higher twist Monte Carlo, In which higher twist meson 
production at the parton level has been combined vlch Lund fragmentation for 
parton fragments. Combining che minimum twlat and higher twist 
contributions for P° production in a proportion fixed by che predicted cross 
sections for che two mechanisms gives a good description of the x. 
dependence of the P° signal, we Interpret this as evidence for /irecc p° 
production via QCD higher twist processes. 

It Is predicted that under our exerlmental conditions the ratio of 
higher cwlsc co minimum twist production for the P° should increase as the 
beam momentum decreases. This prediction will be tested In a run at 
150 GeV/c scheduled for 1937. 
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CRYSTAL BARREL COLLABORATION 

The main motivation for the Crystal Barrel project is to search for glucballs and hybrid mesons in pp 
annihilation at LEAR. Although most annihilation channels will be fully reconstructed, the chief in
terests lie in multineutral final states for which little or no data exist. We will look for new states asso-

| ciated with the emission of one or two pions in pp annihilation at rest or in flight and decaying into 
4̂ - various final states like uw°, ij«, TJIT0, T^, JTC'I W°W°TI and u*ir~i|. 
- 3 

| Proton—antiproton annihilation has been extensively studied in bubble chamber experiments and, 
more recently (1), in hydrogen gas at LEAR. Thus far however, owing to the experimental difficulty in 
detecting multiphoton events, essentially final states with at mast one missing "° or T| have been inves
tigated. Channels with several neutrals represent 60 % of all the annihilations and have not been stud
ied. In this project most of these multineutral final states will be reconstructed by measuring the lone-
matical quantities of all emerging charged particles and photons. Kinematical constraints will then 
reduce the backTOund contamination substantially. In fact, in bubble chamber experiments, even 
channels with only one missing i| (t.g. v'<r'i} or IV^IV'TD cannot be reconstructed cleanly owing to 
the huge background from multi—JT° events. We believe that multineutral final slates or final states 
including Vs will provide an essential input to the study of pp annihilation and to the search far exotic 
states: 

1. Ghieballcandidales (f„(1590) andf2(1720)) decay into wn and ipi'. The E meson, first discov
ered in pp-'EWu" (E-»KKw), possibly identical to the glueball candidate TJ(1440), is also ex
pected to decay into TITTV. Some hybrid mesons decay into complicated final states involving 
ii's or two neutrals. For example: 

pp - H±ir+, H± - bI°(1235)ir±, b,° - u*0 or 

pp . . H±ff+, H i - f,(128S>±. f, - 7 i»V 

where H(1900) is a predicted hybrid state (2). We will also search for the missing h,' (—UTJ) 
and for the radial excitation of the V-

2. The channels uir, UJJ and IJT couple to exotic (non qqj quantum numbers. 

3. Provided that good y energy resolution is achieved, so that v"'s can be identified unambigu
ously, channels with several v"'s lead to a much reduced combinatorial background compared 
to channels with charged pions only. 

4. ir'u" does not couple to J P C D 1"". Thus channels like TUTV are easier to analyze than 
uTtr"7) owing to the absence of the p which overwhelms pp annihilation. 

A sketch of the detector (3) is shown in Eg 1. The Crystal Barrel detects and identifies charged and 
neutral particles over nearly 4tr with a detection efficiency close to 100 %. The anuprotons enter a so-
lenoidal magnet (1.5 T) and stop in a hydrogen target. For pp annihilation with initial angular mo
mentum Upp) = 0, and for annihilation in flight, a liquid hydrogen target is used. Two cylindrical 
PWC's provide the trigger for charged outgoing particles. The charged particle momentum is measured 
by a jet drift chamber. Charged ir/K separation below 500 MeV/c is made by ionization sampling. 
Photons are detected in a barrel shaped assembly of 1380 Cesium Iodide crystals with photodiode 
readout For pp annihilation at rest with initial L(pp)= l we use a gaseous hydrogen target and the 
PWC's is replaced by an X-ray drift chamber. The atomic X-ray transition to the 2p level of the 
antiprotonic atom is'detected. The 2p — Is transition occurs with a probability of =* l % (4) so that 
most p annihilate from the 2p level (L = l). (This technique has already been successfully used in the 
past by the ASTERIX collaboration at LEAR). A fast on-line trigger selects specific final state con
figurations. ir°'s and i)'s are reconstructed on line. The project has been approved by CERN and is 
now funded. First data are expected in the course of 1989. 

Fig.1: 1-Yoke, 2,3 Coil, 4-CsI barrel. 5-Drift chamber, 6-PWC, 7 -LHj target 
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A Study of Kg System 

in the Reaction K"p -* KKA at 11 GeV/c 

LASS E13S Collaboration 

A 4.1 eventsmb sample of 11 GeV/c K~p attractions in me LASS 
spectrometer at SLAC has been used in the analysis of ttui exclusive K̂ K̂ A and 
K+K-A final states. 

In fg.-l raw mass spectrum of K+K" is shown. Also for the comparison, 
acceptance corrected mass specaum of K?K? is shown in fig.-2. K+K" is suffered 
by a strong diffracrive background, mass distribution with the requirement of? 
M(K+L) > 2fJ GeV is superposed. In fig.-l, we can see a strong peak of p, clear 
peak of f2(1525), and an evidence of te(1360). On the other hand, K?K? is 
relatively background free, and only couples to the even spin object due to Bose 
statistics. In either case, f2(1720) [was 8] is not seen, suggesting 8 is likely to be 

I an unconventional object 
en 
°? For K+K", Yha moment analysis shows the structure at 1.86 GeV in the <00> 

upto <60> moments, suggesting the spin parity of 1.86 GeV to be 3". Tins has to 
be confirmed by amplitude analysis. Rg.-3 shows the results of subsequent 
amplitude decomposition on F-wave. BW fit gives the resonance parameter as M 
= 1859+17 MeV and r = 144+55 MeV. 

Globally, the acceptance corrected K?K? mass distribution (fig2) is well fit by 
f2(1270) and f2(1525) widwut f2(1720) below W GeV. The spectrum is 
dominated by 4(1525), and resonance parameters are consistent with other data, 
and upper Sore of f2(1720)[8] cross section times BJl to K?K? is given as 91nb 
at 95% confidence level There are some excess events clustered right above the 
threshold. This is consistent with S2<988) Au and Pennington suggested its 
narrowness in their analysis of CERNISR data. 

Some structure exists where MARKIII claimed the existence of X(2200). Hg.-
4 shows the comaprison with MARKIII and LASS data around 11 GeV, 
indicating the resemblance of mass spectrum, namely existence of structure on 
the top of broad enhancement Our peak events shows forward (backward) decay 

angular distribution, Le. J > 2. Also <2D> and <40> moments are associated with 
this structure. 

Another question is if we have 0+ in the f2(1525) region. Amplitude 
decomposition is done in the f2(1525) regioa Obviously this region is dominated 
by D wave, but within our experimental limit, existence of S wave contribution can 
not be ruled out 
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Wave Function at the Origin in Qq Quarkonium Decays 
Described by the Dirac Equation 

Hitoshi Ito 
Department of Physics, Kinki University 

Higashi-Osaka 577, JAPAN 

One of the important quantities in the quarkonium phenomenology is the 
annihilation-decay(electromagnetic or weak) width r. In non-relativistic 
models, it is given by the van Royen-Weisskopf formula(l) 

r=const.|*(0)|2 

through the quarkonium wave function *(r). The perturbative correction due to 
the gluon is sometimes added to it.(*) In relativistic models, the wave 
function at the origin becomes a divergent quantity owing to the Coulombic 
gluon exchange. And it had constituted some obstacle to the quarkonium phenome-
nologies. The difficulty was overcoms when one recognized that the diver
gence here is the same kind as that of the vertex functions(3,4). We have 
investigated, in previous papers(2,3), the electromagnetic annihilations of 
the equal-mass quarkonia by using the instantaneous BS equation(5) and the 
corresponding vertex equation.(**) 

Afterward Malenfant investigated leptonic decays of a heavy leptonium 
and said that the wave function at the origin(WF0(***)) divergence is canceled 
by the wave-function renormalization constant Z_ of the heavy lepton(7). He 
used, as the unperturbed solution, the Barbieri-Remiddi wave function(S) 
which has no WFO divergence. Divergences appear only in the corrections to 
the lowest approximation. Accordingly, what he considered is not a genuine 
WFO divergence. We need, in the quarkonium, to use the equation with the 
relativistic kinematics for describing the unperturbed system. The genuine 
WFO divergence appears in this equation and it is of the same kind as that 
of the vertex function as was already shown in Hef.tS). The VIFO divergence 
is canceled not by Z- but by Z (vertex renormalization constant). The Ward 
identity does not hold in the ladder vertex model which corresponds to the 
annihilation vertex of the bound qq. 

Durand and Durand(9) and Gupta, Radford and Repko(lO) proposed another 
2 2 1/2 

kind of semirelativistic bound-state equation which has 2(p +m ) for 
the free Hamiltonian. The WFO divergence appears also in this equation. 
We cannot, however, remove the divergence in that equation by Z because 
the vertex equation corresponding to it does not include the crossed channels 
in itself and we can set no reasonable renormalization point. The semirela
tivistic equation has a defect in this sense and they were obliged to introduce 
a cutoff. 

») We note that the usual correction factor of l-16a /3» is incorrect 
for the cc or bb system(2). 

•*) See Ref.(2),(6) and the references therein for the quarkonium 
phenomenology based on the instantaneous BS equation. 

»**) We follow Malenfant in using a convenient abbreviation WFO. 

In the present paper, we will investigate the renormalization of the 
WFO in the weak decay of the pseudoscalar quarkonium which is described 
by the Dirac equation(ll). We need to consider the infrared problem because 
the perturbative expansion of the ladder vertex function suffers from infrared 
divergences in this case. The infrared problem appears only as the phase 

distortion of the asymptotic wave function since it comes from the static 
Coulombic force in our case. We get the vertex function from the Green's 
function in the repulsive force. Although there is no normalisable wave 
function in the threshold limit(renormalization point)(11), we still have 
the Green's function in this limit. 

The bound state is governed by the Dirac equation. If the potential 
—1-fY 

includes the Coulombic part -a/r, the S-wave function behaves like 1»(r)-r , 
2 1/2 

ir=(l-a ) , near the origin. We remove this divergence by Z : we replace 
(i(0) in the van Royen-Weisskopf formula by 

*R(0)=lira Z (r)v(r), 
r-0 

where r is a cutoff parameter Introduced in the vertex function. 
We set the vertex equation with the Coulomb potential to determine 

Z,(r). We choose the transition <J(at rest)-q(at rest)*W as the renormalization 
point. The result is 

Z1(r)"
1=l-K»2/t2f(l+T))+r(l-r)r(l+-r)a

1*1f(2mr)T"1/r(2T-i-l). 
Thus, I have again identified the WFO. 
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EFFECT OF QUARK SELF-ENERGY ON EXOTIC SPECTRA 

Earle L. Lomon 

Center for Theoretical Physics, Massachusetts Institute of Technology 

Cambridge, MA 02139, U.S.A. 

Calculations of the cavity correction to the quark self-energy have led to 
very different results. .An .exact cavity calculation ignoring center-of-mass 
recoil [1] predicts a large positive (repulsive) self-energy, but an approximate 
calculation including center-of-mass recoil predicts a much smaller value [2]. 
One is led to expect important, but not theoretically determined, contributions 
to the energy of quark systems calculated in bag models. Host bag models ignore 
this correction [3,4] to the quark free energy, buc in the model of Carlson, 
Hansson and Peterson (CHP)[5] it is phenomenologically included in the form 
-en./R. Given their constraint of a large volume energy constant B (determined 
by an approximate theoretical calculation [6]) the fit to the hadron spectrum 
requires that e-0.6 GeV-fm. corresponding to a large attractive contribution. 

The hadron spectrum is equally well compatible with ignoring the quark 
self-energy cavity correction but including a gluon self-energy cavity correc
tion -Zo/R, (as in the well-known M.I.T. [3] and Cloudy [4] Bag Models) or by 
including the quark and ignoring the gluon term as in the CHP case [5]. However 
the results are very different when these two types of bag model are applied to 
two-hadron systems using the R-matrix method [7], In the hadron case the factor 
of 1.5 increase in self-energy attraction, for 3-quark baryons compared to 
2-quark mesons, is compensated by the large increase in volume energy with 
equilibrium radius Re. due to the larger B. In the 6-quark two-baryon case the 
extra attraction is not compensated and in the two-nucleon case the CHP [5] 
result collapses to a much smaller Reg. 0.85, Chan the 6-quark bags of Refs. 3 
and 4 (1.4 fm. and 1.1 fm. respectively). 

Consequently Ref. 5 predicts [7] two-nucleon S-state resonances within two 
hundred MeV of threshold, contradicting experiment. On the other'hand the 
M.I.T. Bag Model Re„ is too large, leading to too fast an increase of repulsion 
with energy in the *S0 and ^Sj two-nucleon channels [7]. The smaller Re<, due to 
pressure from the pion cloud of Ref. 4 (which we refer to as CBM) does permit 
a fit to the detailed data with a boundary condition imposed at the internucleon 
separation r0» 1.05 fm [7]. That value of r. approximately corresponds to an R 
about 15% smaller than R-a, allowing the use of asymptotic freedom in the 
interior. The interior quark states impose poles in the boundary condition which 
imply 6-quark resonances in the Ŝi and 'S two-nucleon states at 2.63 GeV/c* 
and 2.70 GeV/c2 mass respectively [7,8], and a !D 2 resonance at 2.88 GeV/c

2. 

The quality of the fit to the two-nucleon data with r0 " 1.5 fm, as required 
by the CBM, is not as good as obtained with the smaller value ro»0.75 fm[9]. 
The fit to the deuteron magnetic form factor is also better with the smaller 
boundary radius [10], The implication is that a quark model which explains the 
single hadron spectrum but leads to slightly smaller 6-quark bag radii than the 

CBM would be a more precise fit to two-nucleon data. An attractive cavity 
quark self-energy term, e>0, a fraction of the magnitude required by Ref. 5 
leads to such a result, when added to the other terms of the CBM Hacdltonian 
(including the ZQ/R term). For small values of e the energy of the predicted 
6-quark resonance will change very little because the decrease in the poten
tial energy will be largely compensated by the increase in the Kinetic energy 
due to the smaller Req. The agreement of the 'SQ resonance prediction with an 
experimental structure [8] may persist. 

The resulting modified CBM parameters are being fitted to the hadron 
data for different choices of e. The consequences for the nucleon-nucleon, 
A-nucleon, AA and K*-nucleon are being calculated. 
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FXOTIC QUARK STRUCTURES IN TWO-HADRON SYSTEMS 
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Bi-hadronic, exotic quark systems can be quantitatively treated with the 

R-matrix method if the region of asymptotic freedom for quarks touches the 

region of hadronic clustering due to confinement forces [1,2,3]. Detailed predictions 

of observables have been made for the three lowest lying dinucleon resonances 

formed by 6-quark states' [2,3]. Some evidence has been found for the existence 

of the S- dibaryon in Ao, data [4] (see Fig.i) and in C, , data [3]. 

Use of the R-matrix method 

requires a model for the interior 

which incorporates asymptotic free

dom. Up to now bag models have 

been used, but consistent quark mo

dels or even lattice QCD can 

be used. The M.I.T. [5] and C.H.P. [6] 

bag models fail to fit the abundant 

2-nucleon data for T,< I GeV, but 

the CBM [7] is successful and produ

ces the prediction of Fig.l. For the 

long range hadronic interaction 

a realistic mescn exchange potential 

is needed, which has long been avai

lable for the NN interaction [8]. 

They are now available for the 

K+N [9] and AN [10] systems. 

Resonances in either system must be 

exotic (the KfN because of positive 

strangeness and the A N because it 

has baryon number 2) and can 

not be confused with non exotic quark 

systems. 

2.0 
TL (GeV) 

Fig.l - Oi-nparison of Ac, data [4] with 
riodels coupling 6 Tree-quarks in the 
interior to NN, NA , A A and NN* 
channels in the exterior [3]. The two 
curves represent models differing in 
the details of their fit to the data 
for TL<1 GeV. 

Because of the energy range necessary to discuss the exotic structures, 

inelastic thresholds must be treated correctly. The results of Refs. 9 and 10 have 

been converted to configuration space potentials representing the coupling of 

KN, K N, K A and K A channels and the coupling of A N, t N and IA channels. 

The properties of the lowest energy exotic states (qq and q respectively) will 

be described, including positions, widths and sensitive observables. In addition 

bounds on the mass of the di-lambda (H-particIe) will be discussed. 
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Radiative Decays of Mesons: 
New Constraints from the Heavy Quark Sector 

Erwin Sucipto and R. L. Thews 
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Radiative transitions between vector and pseudoscalar mesons are analyzed in a model 
utilizing SU(N) flavor symmetry plus perturbaiive symmetry breakings from unequal quark 
masses, gluoa annihilation channels, and particle mixings. The goal is to obtain the best 
possible description of the present data and to extend the phenomenology to include the 
heavy quark sector. 

The decay amplitude for the VP7 transition is calculated from an effective interaction 
Lagrangian 

4? - g, Tr(P[Q.V]) + I Tr((M.P} {V.QI) + j Tr([M.PJ [V.Q]) 

+ g. Tr(P) tr(VQ) + gs Tr(V) Tr(PQ) 

ilx The first term corresponds to the SU(N) symmetric coupling. The magnetic dipole transition 
j 2 model is recovered by this term if we replace the charge matrix Q by the dipole matrix 
I /i ex Q/M. The second and third terms can also simulate this model if we set g2 - gj and 
' impose the mass matrix constraint M, - (g,A)/2g, (mlm,-\). The flavor changing decays are 

parametrized by the last two terms, which represent the quark annihilation into two and 
three gluons. respectively. Another source of flavor-changing decays is through direct 
particle mixings parametrized by (n-lXn-2)/2 real mixing angles for each SU(N) multiple!. 

In using this model to fit the data, we assume that g3 through g, are much smaller 
than gj, consistent with the idea of corrections to an underlying symmetry. First, we fit the 
light quark SU(3) sector alone. The charm quark is decoupled and the mixing is 
characterized by the usual SU(3) mixing angles. We perform a least-squares fit to 10 
measured decay widths with 7 parameters (5 g's and 2 angles). The overall coupling g, is 
the only contribution to the p decay, so that is is tightly constrained. To account for the 
large u decay (factor of 14 over p. SU(3) predicts 9), the term involving g, tries to become 
large, but it is prevented from getting too large by its contribution to the 0 - irr rate. The 
ratio of K* decays is fit very nicely by using both the g, and g, couplings independently. 
The vector muting angle comes out very small, again a compromise between large u and 
small # decay widths. The pseudoscalar mixing angle was fitted at about -39°. very close to 
that which comes out of broken symmetry mass formulas and strong decay amplitudes. 

The inclusion of the four tS decays adds four additional mixing angles for SU!4) and 
one additional mass matrix parameter, the ratio of charm to strange mass. The # decay is 
fit almost exactly, due to the additional freedom from the mixing angles. The predicted D* 
decay ratio using the results of this fitting is still too small compared with the indirec" 

experimental evidence. On the other hand, the fitted value of gs 13 propagated into the 
charm sector giving rise to a huge (exceeding the total width) nc decay rates, due to the 
large phase space factors. Hence, we imposed some additional constraints on the ijc decays. 
Using one percent upper limits for each IJC mode, and rejecting solutions for which the D* 
ratio fell outside the range 0.1 to 1.0. we have 17 experimental constraints and 12 
parameters from the full mixing scheme. The results of this fitting are higher X* values and 
saturation of upper limits for each % decay mode. Further attempts using sets of 
"manufactured" experimental values assigned to i)c decays give good fits for i)e decay, but 
the fit to the u - ny and other decays in the light quirk sector is seen to suffer. An 
examination of individual contributions of each coupling term reveals that a typical 
suppressed (by gluoa annihilation and mixing) decay is made up of several different large 
terms with delicate cancelations. 

Results of these fits lead to the following general statements on the present 
understanding of quarkonium radiative decays: (i) the simple magnetic moment model is not 
general enough to explain the ratio of charged to neutral modes in the K* and D* decays: 
(ii) the u/p ratio is still a major difficulty for simple broken-symmetry predictions; (iii) 
propagation of parameters from fits in the light-quark sector into the charm sector can give 
disastrously large predictons for some flavor-changing decays. To pull it down to 
reasonable experimental numbers, we need an intricate fine-tuning of parameters; (iv) the 
extension to the t- and b-quark sector is likely to involve similar problems. Some strongly 
mass-dependent mechanism must exist to avoid propagation of correction factors from the 
light sector; (v) the absolute decay rates for D and D* allowed radiative decays would 
place severe constraints on parameters wiihin the charm sector. 



EVIDENCE OF MESONIUMS IN PH ANNIHILATIONS AMD TY REACTIONS 

K.F. Liu 
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A new resonance at 1480 MaV with a width of 110 MeV is found in pn 

annihilations1 in the channel pn + 1-3^(1480) -• *~p p in Fig. 1. Its mass, 

width and spin-parity are shown to be consistent with the p p enhancement 

observed in YY reactions^"!? (Fig. 2). Together with the suppression in the 

YY+ P +P~ data which requires the admixture of an isotensor structure, this 

p p resonance in pn annihilation and YY reactions and their small mi 

branching ratios represent the best evidence yet for the C^Q2 nature of the 

the mesoniums. A p~p~ resonance in pn annihilations which would betray the 

exotic isotensor nature of the resonance is predicted. 
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Fig. 1. The resonance 5^(1480) with a width of -110 MeV observed in pn • 
n"3^(1480) • »~P P *n t n e difference spectrum between it- and n+. 
The fit is made with n " ^ 1480). 
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Fig. 2. The calculated Xo(14S0) and X2U650) tnesoniums contribution to the 
YY • 0 p cross section (solid line) and the YY • P +P~ cross section 
(dashed line) in comparison with the experimental data. This is 
taken from ref. 8. 
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TESTING GLOEBALL CANDIDATES IN J/T DECAYS 

K.P. Liu 
Dept. of Physics s Astronomy 

University of Kentucky 
Lexington, KY 40S06 

ABSTRACT 

Experimental daca from J/41 decays, hadconic collisions, and yr reactions 

ace employed to show that 6(1700) is vecy flavor independent and has little 

valence quacks. Upon interpreting it as the tensor glueball, the calculated 

J/ti radiative decay branching ratio based on the lattice gauge Monte Carlo 

evaluation of the glueball matrix element agrees with the experimental daca. 

These suggest that 6(1700) is the prime candidate foe a tensoc glueball. 
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We have measured the reaction ir~p * KsK3n at 22 GeV/c obtaining 82111 
events. In a prior expertnent we studied the same reaction at 23 GeV/c with a 
data sample of 29381 events [1]. Many of the same analysis techniques of 
Ref. 1 are used. A partial wave analysis has been performed <islng 40494 
events with It'l < 0.1 GeV2 , from which the So, Do, Go Argand amplitudes are 
obtained. The purpose of this work is to determine the masses and partial 
widths of mesons which have an important pseudoscalar-pseudoscalar coupling. 
For this paper we consider the three amplitudes, which describes the 
production and decay of I » 0+, J • 0+"*", Z*"*", 4 + + via it* * KgKg. In order 
to obtain a global view of the number and properties of these mesons, we 
incorporate other amplitudes »» + irix [2-7], *ir • nn [8], irn * nn' [9], and K+ 
K~p * K'X" [10]. The channels pp + pi+iTp [11], J/« * Tfir+n"n+it", J/* •* fKhST 
[12], and J/i|> •» ynn [13]. The spectrum of isoscalar mesons in the 0+*- and 
the 2 + + channels is very important in testing quark-gluon and gluon-gluon 
confined QCD theory. Both qq" and gg states can occur in these channels. 
However they can mix, and only by a detailed analysis of these mesons in 
different production and decay channels can their nature be determined. 

By following the same chain of analysis as described in section II 
through IV of Ref. 1, we obtain the moments which can be separated Into the 
same preferred So, Do, and Go amplitudes. These represent the OPE 
extrapolated Argand amplitudes [14] of irn » KgKg with IG - 0+, JPC - O**, 
2 + +, and 4++. We proceed to obtain the.S-matrix, which describe meson-meson 
scattering for the above quantum nusbers. The S-matrix is formed out a 
K-m.itrlx which is made out of a sum of factorlzable poles each being related 
to meson resonances (Breit-Wigners). In order to describe the double pomeron 
and J/4> radiative decay data, we use the Generalized Watson Theorem of 
Altchisoa [IS]. Altchison defines a production vector described by a complex 
constant for each pole, where for the double pomercn there is an additional 
1/mass falloff. For the J/* radiative there is a production constant for 
each of the heliclty states of the meson gamma system. 

We have performed a fit to the data of the present experiment and of 
Refs. 2-13 using the K-matrix formalism. We find that the 4"H" amplitudes 
need only 1 pole while the 2 + + needs five poles and the 0++ needs 7 poles. 
The details of these poles and their couplings are now In the process of 
being studied and should be available by Badron 87. 
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Partial Have Analysis of »~p + 44a and »~p -• 4K+TC"a at 22 Gev/c 

R.S. Longacre, A. Etkln, K.J. Foley, R.W. Rackenburg, W.A. Love, 
T.W. Morris, E.D. Platner, A.C. Saulys 

Brookhavea National Laboratory, Upton, New York 11973 

S.J. Lindenbaum 
Brookhaven National Laboratory and City College of New York 

C. Chan, M.A. Kramer 
City College of New York, New York, New York 10031 

We have performed a partial wave analysis on 6658 events of the reaction 
n-p * 44 a at 22 GeV/c. This analysis represents an Increase of 3006 events 
over a prior published anaylsis. We find that the 44 spectrum Is well 
represented by three partial waves which consist of J?SLMn « 2+2S0" (S2), 
2+2D0" (02), and 2+0D0" (DO). We have fitted a three pole K-oatrlx (I.e. 
Breit-Wigner resonances) to the above amplitudes, which gives three Jpc » 2 + + 

resonances whose masses are 2 . O i l * * GeV, 2.297 ± .028 GeV, and 2.339 
i .055 GeV. The three resonances divide up the 44 production into 45Z, 20X, 
and 35Z respectively. The first resonance has a total width of .202_"QJ 2 

GeV, where 9 8 Z „ is S2, 0Z +1Z is D2, and 2Z*2* is DO. The second resonance 
+1 ST +18Z 

has a total width of .149 GeV ± .041 GeV, where 6Z "* is S2, 25Z *° is D2, 
+16Z 

and 69Z_:°* is DO. Finally the third resonance has a total width of 

•319t*069 GeV' w h e r e 37Z * l9Z is S2, 4 Z- 1« ls D2, and 59Z-19Z ls D0* T h e 

errors come from a complete study of the x surface. Since the t'-distri-
butlon of the 4* events at small t'(|t'| < 0.3 GeV2) falls as 
exp~<3-4 + 0-7) |t' I) ana a i s o tf> « 0

4- ii found for all partial waves, 
leads us to conclude that the production of the 44 system is by ir-exchange. 

We also studied the reaction ir"p + 4K*TC~n. Approxiaately 13Z of the 44 
events are made up of this background. A partial wave analysis of this back
ground using K+K" masses just above the 4 (1934 events) gives approximately 
67Z structureless and incoherent background, while 30Z is JPC - 1 and 3Z 
is Z*"*". The 1 is coherent and also produced by it-exchange, therefore this 
wave interfered with the 44 2 + + amplitudes. If we make Brelt-Wigcer fits to 
the 1 and 2++ amplitudes, we obtain a mass of 2.270 GeV and width of .454 
GeV for 1"~ and a mass of 2.390 GeV and widch of .562 GeV for the Z++. We 
have also made fits that have tried to explain the 4K+K" 2++ wave as another 
decay channel of the 44 resonances, but these fits are rejected at the level 
of 3a. The 1 — phase measured against the large S2 2 + f 44 amplitude gives us 
a handle on the over absolute phase orientation of 44 amplitudes with respect 
to the 4 1 ^ " amplitudes. For a Breit-Wigner 1 — fit we obtain an overall 
absolute phase for 44 amplitudes in the measured region of 84 degrees. A 
Breit-Wigner has an Argaad amplitude which is circular in shape while if the 
4K+K- was produced by a multi-peripheral deck mechanism it would have the 
same partial wave content but the 1 and 2"H" amplitudes would have a sausage 
shape. If we use a multi-peripheral deck 1 phase, we obtain a good 44 
K-matrix fit with an overall absolute phase of 31 degrees in the measured 
region. 

In the context of QCD and 02.1, the two scattering processes *•» + 44 and 
irit + KK represent two unique topologies in which strange quarks are created. 
The first is an OZI forbidden (disconnected) process which represents lowest 
threshold for light quarks(largest production process at the AGS) going to 
the lowest threshold for complete flavor change. QCD says that the discon
nection ls bridged by two gluons. The physics of QCD should tell us what the 
gluons are doing. The OZI rule would Indicate that the gluons are weakly 
coupled thus the cross section Is small and one would expect I G equal to 0 + 

and Jp equal to 0 +, 2 +, and 4+. Since the OZI rule ls badly violated,1 one 
needs a strong flavor-changing amplitude. Vacuum mixing could cause such an 
amplitude thru a 0"1"1" qq resonance.2 However as we show above, we only see 
2""* resonances. Thus in QCD there are only glueballs to cause such a large 
amplitude ,1a the spin greater thaa zero sector. The cross section of the Dg 
for ir* * KK between 2.0 - 2.5 GeV. amounts to 400 nb, while the comparable 
cross section for 44 ls 20 nb, thus the absence of a clear coupling to the _ 
2 + + resonance seen in the 44 system does not imply that they do not have a KK 
coupling. This, coupling ls overpowered by the many allowed final states in 
this mass region. 
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Observation of J2*~ Resonance in the K"p Interactions 

LASS E135 Collaboration 

Q*- resonances are searched in the high statistics K-p data of LASS E135 at 
11 GeV/c. 

From die events wim a V- topology, we selected theS"tr>K- candidate sample 
with K" parade identification by Cerenkov counter. No peak is apparent in me 
mass spectrum odf S = -3 combination (fig.la), however, we can see dean 
s*O(1530) inS-ir*- (figlb). Sdectmgthe events around 2*0(1530), dean evidence 
of a £5*- peak around Z26 GcV is seen (fig. 2a). The plot underneath are 
estimated non-s*0 background and nr pundi though due to a finite effidency of 
Ccrtncov counters. Non-existence, of " created* peak is checked by taking 
positively identified t r as K' (which have the same momentum space) in figib. 
BW fit to the background subtracted spectrum (fig3), showing the parameters to 
be 

M = 2253±13MeV, r - 7 7 ± 3 S M e V 

and the signal is estimated to contain 48 ± 12 events, corresponding to the 
inclusive cross section of 630 ± 180 nb. 

The interesting thing is to compare this states to die state reported by the 
CERN hyperon beam group, as well as the levels several theoretical models 
predict Unfortunately, spin-parity information is not available due to the limited 
angular acceptance of particle identifying devices, this question remains a matter 
of speculation at this moment 
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ROLE OF DIOUARKS FOR MESON AND BARYON PRODUCTIONS 
IN PROTON-PROTON COLLISIONS AT 360 GeV/c 

R.Hamatsu, T.Hirose, T.Kobayashi, T.Tsurugal and T.Yamagata 

Department of Physics, Tokyo Metropolitan University 

Fukazawa Setagaya Tokyo, Japan 

In re£.[l], wo presented how to construct the quark-diquark 

fragmentation model. The Ingredients of this model are that the 

production mechanism of hadron-hadron collisions consists of two parts 

i.e. a quark(or a diquark) distribution in a proton and the 

hadronization of the quark(or a diquark); for the latter whole 

parameters are -fixed by using the data of e e~'-> hadrons at Vs • 34 

Gev obtained by the TASSO group.[2) We use this model to analyze the 

inclusive reactions pp -* h , n°,K°.K ,p,A ,A(A), E + anything at 

360 GeV/c, h being charged hadrons produced. 

Here, we compare the data mainly with thu predictions of the 

model with the Field-Feynman fragmentation functions. It should be 

noted that the overall normalization o£ the model is made only to the 

inclusive cross section for the negatively charged hadron(h ) 

production but the model can predict fairly well relative production 

rates of various reaction channels investigated. 

rig.I Solid 1 1 " * qi»«rh-dlq»nrh configuration 
Dtokan Un«l thr»» lndtptnd»«t qyalk 

P,' (GrjV/c)* P,» (GoV/o)' |X,| 

rlg.i <k'y lndlcatv* •vtraq* value* at tftit Intrlale rig.3 *.*p. correlation 
tranaveree MOMMntux o( • quart or • dlquafh. 

Figure - 1 shows some of the single particle distributions 

together with the model predictions. The remarkable aspects of the 

results are that the model with the quark-diquark configuration of the 

proton can describe the whole data quite well but the configuration 

with the three Independent quarks gives rise to serious failure. 

Figures 2 show the typical examples of the transverse momentum 

distributions for pp •* h • X and n° + X, h being hadrons with the 

positive charge. We found that (1) the intrinslo transverse momentum 

0.4 GeV/c is necessary as seen from Fig.2(a) and (ii) n decaying from 

the resonances!/* ,u°,...) dominates In the small p_ region while the 

direct process gives rise to larger contribution than the resonance 

process in the large p region. As shown in Fig.3, the x-pT 

correlation clarifies again the important rola of diquark. 

Summary: We have successfully constructed the quark-diquark 

fragmentation model which can describe longitudinal and transverse 

momentum distributions for various reaction channels emerging in the 

proton-proton collisions. 

[1] J.L.Bailly et al. : Z. Phys. C31, 367 (19B6) 

(2) H.Althoff et al. : Z. Phya. C22, 307 (19B4) 



Two-glunio bound states in a 

Supersymmetric CCD-motivated potential 

S.Chakrabarty 

Department of Physics 
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Santiniketan-731235,India 

The successes of supergravity fl3 and superstrlng theo
ries p] suggest that supersymmetry (SU5Y)P]can solve, a 
few of the shortcomings of the standard model of particle 
physics.According to SUSY,every ordinary particle has its 

SUSY partner of mass below a few TeV.The search for super-
syrnmetric particle ajfc present accelerator energies and at 
the Spps Collider at CERN £4! are in progress.However the 
experimental data so far available give only the experime
ntal bounds on the spectrum of SUSy particles.The tightest 
bounds have been obtained for the masses of gluinos and 
scalar quarks.Beam dump experiments£5]suggest gluino masses 
to be grater than a few GeV.Although the UA1 data rule out 
gluinos having masses in some intermediate range,it is not 
clear whether or not light gluinos ( mgr.£ 10-15 GeV) are 
also ruled out.While there is a recent claim that existing 
experiments discard light gluinos,the opposite view is 
also proposed thus suggesting the importance of the issue. 

S«cently,the gluino production at the CERN pp Collider 
has bfj«n analyzed by Altarelli et al[6] . They find that 
light gluinos outside the interval 15 GeV^mg'^40 GeV are 
not ruled out by the existing data. 

The extension of QCD to the supersymmetric theory 
Implies the existence of gluinos g , the fermionic 
partners of gludns g, which are spin -h Hajorana fields 
transforming as an octet of color SU(3). It is interes
ting to know the gluino mass^which can be obtained from the 
knowledge of the masses of gg bound state.Hence we study 
the bound state properties of the gg" system.Here the 
quarkonium potential given by De Rujula,Georgi and Glashow 
(73 have been extended to supersymmetric sector by applica
tion of the approach of Zuk et al {&], which suggests that 
the effective gg potential is 9/4 times the corresponding 
qq potential.We predict the properties of of gg systems 
as functions of. the gluino masses.We also study the 

properties of gg" systems nearly independent of the mass 
of the gluino and we find some interesting results. 
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ON UNIQUENESS OF RELATIVISTIC NUCLEON STATE 

Zblgnleu Dzlembowski 

Institute of Theoretical Physics, Warsaw University 

Uoza 69, ?L-00-681 tfarszawa, Poland 

Within the basic concepts of the constituent quark model 

fcnulated in the light-cone Fock approach we examine general 

symmetry properties of the relativlstic nucleon wave function. 

With these symmetry restrictions we develop an economical 

parameterization of the nucleon wave function expanding It in 

terms of known splnor amplitudes multiplied by certain unknown 

momentum wave function. We also present a simple model of 

relativistic spin wave function which fixe, the expansion 

coefficients and leaves us with the nucleon-ground-state-model 

wave function uniquely determined. A preliminary comparison 

between the prediction of this model and the experimental 'lata 

leads to encouraging results. 



T} ,7 ' Production in pp Annihilation at Rest 
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M. Chiba', K. Doi5, T. Fujitani5, J. Iwahori1, H. Kawaguti1, 

M. Kobayashi3, M. Koike*, T. Kozuki5, S. Kurokswa3, H. Kusumoto5, 

H. Nagano5, Y. Nagashima5, T. Cmori1, S. Sugirooto1, M. Takasaki1, 
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2. Institute for Nuclear Study, University of Tokyo, Tanashi, 188 Japan. 
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Antiproton-proton annihilation gives useful information on quark 

dynamics> •2 in nucleons and also on the annihilation potential in UN scatter

ing. From a measurement of two y rays produced in pp annihilation at rest, 

we derived the yield of pp— ij X (X denoting anything) per annihilation for 

each charge multiplicity of X, an upper limit for 77 ' production, and the 

yields of pp— V M "ith M = # , 7 , o> , p °, 7 and iz °/y . 

Gamma rays were measured2 with two detectors: modularized NallTl) detec

tors assembled into a half barrel and a small BGO array. The Nal (covering 

22X of ire sr) and the BGO (1.3%) were placed opposite to each other with 

respect to the LHi target (see Fig. 1). Charged particles were tracked with 

cylindrical as well as flat MWPCs. One or two y rays on the Nal or at least 

one y ray on the BGO were required for triggering. Two different topologies 

for y y combinations were possible: two y rays on the Nal ('Nal(2y )'1. and 

one y ray on the Nal and one on the BGO ('NaKly )+BQO(ly )'). Figure 2 

gives the y y invariant mass spectrum for the 'Nal(2y )' (4.16 x 10' combi

nations) after summation over Nct>, the charge multiplicity of the final state. 

From the area of 37 or ? ' peaks and the detection efficiencies calculat

ed in a Monte Carlo method, we obtained the following preliminary result: 

rYield(pp— 7 X) = 0.95+0.12% for Kct=0, 5.38±0.45% for Nc&=2, 

\ 0.58± 0.23% for Nch=4, 0.03+0.04% for Nci,£ 6, 

• Inclusive 7 In ' ratio = (6.94+0.66) jc 10-V1.9 = 3.65±0.35%, 

lYieldlpp- 17 'X) < 3.6% at 95% CL. 

The 7 energy spectra are presented in Fig. 3 for the sum over Nc». From the 

area of monochromatic peaks and from the detection efficiencies calculated by 

the Monte Carlo simulation, we have obtained the following preliminary result: 

fYieldlpp-. v $ 1 < 0.28% (95% CL), Yieldlpp-7 7 *) < 0.29% (95% CL), 

// (pp- nu ) = 0.34+ 0.16%, /' (pp-i? P ') = 1.00+0.32%, 

// (pp—7 p %.>)= 1.272:0.13%, " (pp— 7 7 ) < 0.079% (95% CL), 

» (pp- 17 7t °/y )= 0.026+ 0.013%. 

The systematic error of the yields is about ± 20%. 

1) H. Genz, Phys. Rev. D2811983) 1094; M. Maruyama and T. L'eda, Prog. Theor. 

Phys. 73(1985)1211; S. Furui etal., Nucl. Phys. A424< 19841525. 

2) M. Chibaetal., Phys. Lett. 177B( 1985)217. 

Fig. 1 Sketch of the experimental setup. 
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OBSERVATION OF TENSOR AND SCALAR MESONS PRODUCED 
IN ELECTRON-POSITRON ANNIHILATION A T 2Q GEV 

HRS Collaboration 
-J . 

S. ABACHI, P. BARINCER, I. BELTRAMI l , B.G. BYLSMA, R. DEBONTE, D. KOLTICK, 

F.J. LOEFFLER, E.H. LOW, R.L. MCILVVAIN, D.H. MILLER, 

OR. NG, L.K. RANGAN 2 and E.I. SHIBATA 

Purdue Unhertity, W. Lafayette, IN 47307 

M DERRICK, K.K. GAN 3 , P. KOOIJMAN, JS. LOOS *, B. MUSGRAVE, 

L.E. PRICE, J. REPOND, K. SUGANO, J.M. WEISS s and D.E. WOOD ' 
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A A . SEIDL ", R. THUN and M. WILLUTZKY 
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The production of the tensor mesons, / "(1270) and /C'"(1430), and the scalar 

meson S(97S) have been observed in e + e " annihilation at 29 GeV center of mass 

energy. The data were obtained with the HRS detector at the PEP storage ring. The 

fragmentation functions of the tensor mesons are in good agreement with the predictions 

of the Webber cluster model. The mean multiplicities for momentum greater than 1450 

MeV/c are < n / . > = 0 . 1 1 ± 0 . 0 5 , < i» K . . >=0.12±0.07, and <ns > = 0 . 0 6 ± 0 . 0 3 per 

hadronic event. 
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Product ion and Fragmentation of the D*° Meson in e + e Annihilations 

a t ^ = 29 GeV 
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] Abstract 

co Neutral D* meson production in e+e~ annihilation at y/s = 29 GeV has been 

' studied using the High Resolution Spectrometer. The decay of D*° iuto D°7, 

where the D° decays into K~-s^, has been observed. The production cross section 

in units of the point cross section is 0.63 ± 0.22 for fractional energy Z > 0.5. The 

fragmentation functiou is compared with that of the D ' + meson measured iu the 

same experiment. 
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Calculations oE standard Higgs boson production-cross sections 

o in e e~ collisions by means of reasonable sec of parameters 

U. Biyajima , K. Shirane and 0. Terazawa 
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Dept of Physics, Faculty of Liberal Arts, and Faculty of Science , 

Shinshu University, Matsumoto 390, Japan 

Introduction: One of the interesting problems in e e~ collisions is a 
1) 2) 

detection of standard Higgs boson , which can be expected in the 

following reactions: 

e V - ) £ £ H (-f - p. , e , » , or q). (1) 

Here i/.y H, y> and q denote lepton, the Higgs boson, neutrino and quark, 

respectively. Several auchors have studied above reaccions . In Ref. 

5), we presenc our calculations, in detail. Through comparisons of ours 

wich theirs, it is found chat chere are appreciable differences. We 

elucidate why chere are chose differences in the standard model and propose 

a reasonable set of parameters including i_( the total width of Z particle) 

for calculations. 

' Our formula: Here we consider only a reaction e e"—*/* f*-~ H . 

£>. Feynoan diagram is given in Fig. 1. The differential cross section is 

I expressed as follows: ,. 

dxr - A In,,,!* \UzZi-X) , -, 

where s - ( p_ + p^', x = (k_ + k+)
Z/s , ^=Z\kn\fli, 

A - 2 . V 1 t G v U ' L _ * S i ^ W + 8s>$lQWf with G„ « £ GrM ,̂ 

P(s) = l/LS-tii+il'Uft)j 

(M_; mass of Z particle. fz; total widch of Z parcicle). 

Comparison! of ours with results in Refs. 3) and 4): There are 

appreciable differences beCween ours and resulcs in Ref. 3); Our1" are 

almost in agreement wich results in Ref. A). Those differences are due to 
-5 —2 

Che coupling conscancs used, MO) = 1/137 and G = 1.166x10 GeV . Ic 
£ 

is known chac Che Fermi coupling constant is related to the fine scructure 
2 

constant, ot - e /4./E ; 

* = ( f t / / *0 siri& „L±-site w). ftJ 
which is derived from comparing the effective four-fermion interaction with 

the standard model. Substituting the following values into Eq.(3), 

JL - 93 GeV, sin Q y- 0.22 and Gp <4) 

we obtain c<(My) -1/128.5. It is consistent with a value given in Ref. 

6). Therefore magnitude of cross section with o((0)«l/137 is smaller than 

that with diliy) by about 20 X, because (137/128.5) ~ 1.2. 

Problem of P-: Next it should be noticed that f - increases by 

radiative corrections (RC) . Thus it is better to use the following value 

for sin29w»0.22. 

r z- 2.6 GeV — RC —» Tz- 3.0 GeV. (5) 

Calculations: By use of Eqs.(2), (4) and (5), we obtain cross sections 

shown in Fig. 2. We can observe that dcT/dx depends on ~f' . The background 

(BG) is calculated by assumptions of M • 40 GeV and rl»3.0 GeV. 

Concluding remarks: To avoid unnecessary confusion, the use of C is 

better than that of d. • Moreover, we have to use the value of J1 with RC. 

•HI«J 

FlB.l. •*•"-> u+»" H. 

1 
V 
•• 

*s 

A«HI6t¥ 

I BO 

IM 

t 

H f l l G i * 
r,-J«tv 

Mg.2. Differential cross section 
e *~—tu u"" H and BG. 
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Production of Strange Baryons in e+e~ Annihilations at 29 GeV 

en 

S. Abachi, P. Baringer, B.G. Bylsma, R. DeBonte, D. Koltick, E.H. Low, R.L. McIIwain, 

D.H. Miller, C.R. Ng, E.I. Shibata 

Purdue University, W. Lafayette, IN 47907 

M. Derrick , P. Kooijman, J.S. Loos ', B. Musgrave, L.E. Price, J. Repond, K. Sugano 

Argonne National Laboratory, Argonne, IL 60439 

D. Blockus, B. Brabson, J.-M. Brom, C. Jung ', H. Ogren, H.W. Paik, D.R. Rust 

Indiana University, Bloomington, IN 4 7405 

C. Akerlof, J. Chapman, D. Errede, M.T. Ken, D.I. Meyer, D. Nitz, R. Thun, 

R. Tsehirhart 

University of Michigan, Ann Arbor, MI 48109 

H. Neal 

SlaU University of New York, Stony Brook, NY 11794 

B. Cork 

Lawrence Berkeley Laboratory, Berkeley, CA 94720 

The production of strange baryons, E±(1385) and 5" has been observed in e+e" 

annihilations at 29 GeV center of mass energy, using data obtained with the High Res

olution Spectrometer at the SLAC storage ring PEP. The total mean multiplicities are 

measured to be < nE±(,385) > = O.O33±O.0O6±0.0O5 and < n=- > = 0.016±0.004±O.O04 

per hadronic event. The results are in good agreement with the Lund string model, but 

they disagree with the Webber cluster model. 
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Radiative Decays of Light Mesons 
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In [l|, I have discussed preseat experimeatal and theoretical statu of electromagnetic decays of light 
meson*. Special attention has been paid to single-photon decays of charged resonances, aad to recent appli
cations of the Primakcff tedtniqie to measure nek processes. New data on radiative decays of pseudosealar. 
vector, axial and tensor mesons hare been compared with several theoretical calculations involving quark 
models, unitary symmetry relations aid effective Lagrangian approaches. Vector Meson Dominance ideas, 
as applied to meson spectroscopy, have been discussed in detail. In this overview I summarize the main 
issues and conclusions. 

At high energies, the Primakoff techniqne emerges as a major tool for measurements of single-photon 
transitions of mesons. The inherent accuracy of this method has been evaluated in |l] using recent mea
surements of piou-photon Compton scattering in the nnclear Coulomb field and by comparing Primakoff 
determinations of meson radiative widths with results that used other techniques. Additional tests of the 
formalism have been provided by results on the Coulomb prediction of the A + resonances and through 
detailed studies of consistency of radiative widths of mesons as determined on different targets, at different 
energies, and for both charges of beam particles. This study has provided an overwhelming proof that the 
Primakoff method can be used with an accuracy of at least 10?( for extracting radiative widths of mesons. 

The data on radiative decays of pseidoacalar and vector mesons demonstrated the existence of a mecha
nism that suppresses radiative decay rates compared with expectations from nonrelatrristie quark models [2|. 
Relatrristie properties of fight quark systems appear therefore to have a profound influence on the observed 
level of electromagnetic transition rates. Initial investigations of such effects within QCD-based dynamical 
models [3] and harmonic-oscillator quark models [4] achieved significant success in explaining major pattens 
of the data. 

Electromagnetic decays of mesons provide a sensitive measure of symmetry breaking effects, la partic
ular, current experimental values for ratios T(u -* x° i ) /r(p + - x+i) (5| and r(K*+ -> K+i)/r(K*° -• 
K°i) |6l are in fair agreement with predictions of SU(S) symmetry broken by quark masses. With the 
p + -• x*i width now accurately known (5j, It becomes even more crucial to remeasnre the u — Ja^ process 
and solve the longstanding controversy [7] concerning the value of the radiative width of the u. 

In the psendoscalar sector, the determination of the mixing angle is clearly model-dependent, and 
additionally confused by current discrepancy between Primshoff and e+e~ measaremeats of the two-photon 
width of the q [8], Resolving this discrepancy is of primary importance for unravelling the mixing mechanism. 
Presently, various evaluations of Sr vary by as much as a factor of two. Major theoretical issues inclnde 

Jioeaible mixing of neutral pseadoscalaa with glnebaDs [9| and radial excitations (10|, and quark mass effects 
l l | . Strong indications of ghonie admixtures to the IJ' wave function have already beei inferred from 

available data. 
New data on radiative decay widths of light mesons have proved isefnl for phenomenological tests of 

recent implementations the Wess-Znmino term in the effective chirsl Lagrangians that are important for 
studies of the low-energy limh of QCD and of soliton models of baryous. The theoretical methods that 
successfully predict the x° -» T7 width, when supplemented with VDM relations aad approximate SU(3) 
symmetry of couplings, also provide a description of most vector aad psendoscalar radiative widths accurate 
to about 20ft |12). 

Recent experimental results for radiative decay widths of tensor aad axial mesons (K**. A t , f. f', At, B) 
are generally consistent with molttpole amplitude description of sack decays within single-quark transition 
picture [IS], predictions of relativized quark models (3], and dial-type approaches [14]. In particular, the 
experimental estimate of r[Af — r+7)=640±246 keV [IS], determined using currently accepted Ai mass of 
1280 MeV and full width of 300 MeV (as obtained from analyses of diffract ive production of 3x systems), falls 
in the range of values predicted by theoretical calculations. On the other hand, the data on electromagnetic 
production of the Ai remain in serious disagreement with those recent determinations of the At parameters 
from analyses of r — 3xpr process that favor m^, as low as K1050 MeV and fA, «500 MeV |1S|. For such 

values of Ai parameters one expects from VDM the Ai radiative width in the range of 4-8 MeV, while 
the corresponding experimental value Is 240 ± 110 keY. Therefore, both an improved measurement of the 
electromagnetic prodactkw of the Ai aad farther analyses of r-decay data a n much needed to clarify current 
disputes concerning the mass and width of this meson. 

Electromagnetic interactions may be as important for potential discoveries of novel states of hadronic 
matter as they are for nararelfiag the structure of conventional mesons. Improved measurements of twe-
photoa widths of the «(14fl0) and 0(1710) would help clarify their interpretations as gmeball states (see e.g. 
|8|). The Primakoff method has been recognized as a sensitive way of searching for certain exotic hybrid 
states (ef. the accompanying contribution to this Conference by the author), provided that they ccnple to pt. 
For example, analyses [17] of electromagnetic production otpi and nr systems on nuclei have constrained the 
branching fraction of a hypothetical isovector JPC = 1"+ hybrid meson into these channels to be no larger 
than several percent, for masses <1.5 GeV. These first results encourage further effort in this interesting 
leld. 

In condition, many fundamental properties of bond states of light quarks have been scrutinized in 
studies of radiative decays. Farther experimeatal and theoretical work in this field will certainly have 
important impact oa oor undemanding of large scale properties of hadrou. 

I thank T. FerbeL 1. Houston, N. Isgur, S. Narison aad J. Rosier tor valuable duensaioas. 
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Study of the rpr TT~ System in E/t Region produced 
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The experimental results of the partial wave analysis were 
reported on the T^TT system in the mass range between 1.2 
and 1.5 GeV by using high statistics data, which were taken 
with th.e_charged and gamma spectrometer in the reaction 
7T~p-»7)7r TT n at 8.06 GeV/c. In order to study the higher mass 
region of 7j7r 7T system, the detector system was set close to 
the hydrogen target and the incident beam momentum was 
increased up to 8.95 GeV/c. Having finished the measurement 
with the new detector setup, we report here the results of 
the analysis in the mass region of 1.2 to 1.5 GeV. 

Fig.l (a) shows the T\mx effective mass spectrum. Fig.2 
(b) shows the digamma mass spectrum for the rprrr effective 
mass between 1.2 and 1.5 GeV. The cuts for the digamma mass 
spectrum are indicated by arrows. 

A partial wave analysis was done with the same method.as 
in the previous experiment . We added the four waves ' of 
J=2 (02-a (980)trD2+, 02-a_TrS, 02+a27tP0- and 12+prjDO-) 
besides tRe previously used seven waves (00-a TTS, 00-f T>S, 
01+a TTP, 01+f 7)P, 11+a nP, H+p7jS and ll-p77P0=). The four 
higher waves gave litt?e effect on the solution. 

Fig.2 (a)-(d) show acceptance corrected intensities of 
01+a TCP and 00-a TTS waves and their phase variations 
relative to 11+p^S and 02-a2nS waves, respectively.• 

The 01+a- TTP wave (Fig.2 (a)(b)) has a narrow structure 
around 1.2§ GeV, which corresponds to f1(1285). The 
contribution of the 01+a 7rP wave to the 1420 MeV region is 
estimated to be at most 2o % of the f.(1285). 

The 00-a TTS wave (Fig.2 (c)(d)) has two narrow structures • 
around 1.28 and 1.40 GeV. 

We fitted the observed peaks in 01+a ITP and 00-a TTS 
intensities with the Breit-Wigner form with a constant 
background against both intensity distributions and phase 
variations. The results are shown with solid lines in 
Fig.2. Masses and widths obtained are as follows; 1.280 ± 
0.007 GeV, and 23 ± 7 MeV for f1(1285), 1.285 ± 0.010 GeV 
and 34 ± 9 MeV for TJ(1275) and 1.390 ± 0.010 GeV and 45 ± 16 

MeV for 7j(1420), respectively. The mass resolution of our 
spectrometer systera.for 177171 was almost same as that of the 
previous experiment . . . 

The results are consistent with the previous ones . We 
observed two narrow pseudoscalars in the region of 1.28 and 
1.40 GeV. The contribution of f.,(1420) is not significant 
around 1.42 GeV. 
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Thap" radiative decay width: a measurement at 200 GeV 
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Abstract: The P~ radiative decay width has been measured at CERN (experiment 
NA291 ), by studying the production of p" via the Primakoff effect by 200 
GeV/c incident ir~ on Cu and Pb targets. We obtain TCo'—H"^) = 81±4±4KeV, a 
result in good agreement with the quark model. 

Procedure: Since B(p"-*-ir-Y ). is much smaller than Bfp" -'Tt-Tr0) and the 
transition p" •*n"Y would be overwhelmed by the o""-»- TT-JI0 background, we have 
measured tt(T-*-it~Y ) using the inverse process ir~Y-*0--*-ir"Tr ° , where the 
Coulomb field of a heavy nucleus is employed as a source of gamma (Primakoff 
effect). A competitive process is the strong coherent production in the 
nuclear field: this process can be depressed using a high energy beam, a high 
Z target and selecting events at low t. Because of the Interference between 
these two processes, the r(p" — ir~y) is obtained by fitting the measured i£ , 
for p~ production, with the theoretical coherent differential cross section, 
including both the e.m. and strong contribution: 

| ° = |r^.fc(t) + e'* • Cs fs (t)|* (1) 
where fc Its) is the Coulomb (strong) production amplitude,$ is the phase 
between the two amplitudes and C s is a normalization factor for strong 
production on a single nucleon ; the^r is measured by normalizing the p" yield 
to the K~-*-n~]r5 decays from the K~ present in the beam̂ ' 

Apparatus and data: Data were taken at the FRAMH spectrometer, implemented 
with planes of MWPC for a good beam definition and precise vertex measurement. 
Asking one charged particle and at least one gamma, in the spectrometer, we 
collected 2*10s events on Pb and 6*10s events on Cu (both targets =0.18 rad. 
length). 

Analysis: We applied the following cuts (in this order): 
- a reconstructed vertex around the target for the p" (-20.<Z <+10.cm) and 
well outside the target for the K" (-130.<Zk<-50.cm; +20.<Z?<+100cm) (the 
target was at -10.cm); 

- only one charged track in the spectrometer and two e.m. showers in the 
photon detectors; 

- a reconstructed YY invariant mass between 80 and 190 MeV; 
- a convergent two constraint kinematics fit, with a fixed ir° mass; 
- a reconstructed total energy of the secondary particles (E^-*- En0) between 
ISO. and 250. GeV; 

- t <0.01 (GeV/c) . 

To define the p" andK" events, cuts from 600 to 9S0 and from 450 to 550 MeV, 
respectively, were introduced in the ir~ii ° spectra. 

The final numbers are (background subtracted): for the p" production, 2935 
events on Cu and 967 on Pb; for the K" decay, 4590 events on Cu and 1863 on 
Pb. 

Results: The distribution of the ifn0 invariant mass for the selected events, 
corrected for gometrical acceptance, is shown in fig. 1, for the Cu target. 
Fitted with a Breit-tfiegner formula written for a broad resonance and 
integrated up to t< 0.01(GeV/c)2 we obtained: 

m 0 = 767i2 MeV on Cu and 761±3 MeV on Pb. 
r(p-all) = 155:7 MeV on Cu and 154±9 MeV on Pb. 

Fig. 2 shows the differential cross section for the p" production on Cu and 
Pb: fitting these data with eq. (I) (the experimental t resolution folded in) 
we obtain the results summarized In Table I: They are consistent with the 
ratio T(.p+iry)/T{u-T:y)~1/, " expected from the VDH and SU (3)?"") 
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Table I: Fit up to t = 0.01(GeV/c)2 of the t distribution with eq. (1). 

rab/GeV 

ac(mb) 

X^DF t«.005IG.V/cl' 

atlmb» 

«.00SIGeV/c>' 

A'Cu 81:5:4 2Ji0.4:0.4 4.9:0.3=0.2 32/21 0.155:0.01 0.030:0.004 
A'Pb S2:8:9 4.120.9:1.4 4.8:0.4:0.5 25/26 1.16:0.11 0.17:0.04 
global 83:4:4 2.9:0.3:0.4 4.1t0.2:0.2 62/47 

The first error 11 the statistical one: the second error takes into account the uncertainties due to 
tbe corrections performed in tbe analysis. 

IL 31 St II <1 

Fig. 1: Acceptance corrected ifi0 in
variant mass distribution for the process 
it-Cu "•Cuit"u°at small t at 200 GeV/c; the 
full line is the Breit-Wiegner formula 
written for a broad resonance and fitted 
on the experimental distribution. 

Fig 2: r̂r- for the p~ production on 
Cu and Ph. The full line is the 
theoretical formula (1), with the 
resolution folded in, fitted on 
the experimental data. 
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The forward charge exchange reaction of IT p-»rr IT TT n 
(IT -»77) at 8.06 GeV/c has been studied at KEK 12 GeV proton 
synchrotron with the charged and gamma spectrometer system. 
The Tr̂Tr'Tr mass spectrum between 0.8 to 1.8 GeV is shown in 
Fig.l. The number of events in this region is about 160k. 
The events are divided into four t' bins,(0.0<-t'<0.1 

GeV , 0.1<-f<0.2S GeV , 0.25<-f<0.45 GeV4 and 
0.45<-t'<0.95 GeV ). The partial wave analysis program was 
a modified version of SLAC-Berkeley isobar-model program 
which was used in the previous TTTIT) analysis . in this 
analysis, we used the isobars p, f (1300), f (975) and 
f,(1270). ° ° 
Fig.2 ia)-(d) show the intensities of 01+pnSO+ and 

ll+pirSl+ ' together with their phases relative to 21+pirS0+ 
wave in the -t' region of 0.1 to 0.25 GeV . We obtained a 
resonance-like peak and phase motion in each wave. 
The structure in 01+prrS0+ is considered .as h.(1190), which 

has been reported by only one experiment . Tne structure 
of the 11+P7TS1+ wave is considered to come from a-(1270). 
A simple Breit-Wigner fit (BW) was performed fof the 

01+prtS0+ and ll+pnSl+ waves in each t" bin. The resonance 
parameters obtained are listed in Table 1. We tried the 
Bowler model fit ' (BL) which took the Deck effect into 
consideration. The Bowler fit didn't change the resonance 
parameters so much. The fitted parameters are also shown in 
Table 1. The mass and width of ^(1190) are consistent.with 
those of ref.3. The resonance.parameters of ax are slightly 
different from the PDG values . 

In the diffractive process, the a. mass was obtained to be 
1280 MeV from a high statistics experiment '. They analyzed 
the enhancement around 1.2 GeV with the Bowler fit.in 
several t' regions. A charge exchange experiment showed 
the mass peak at about 1.1 GeV and gave the_a. mass of 1.25 
GeV with the Bowler fit. Another reaction which contains 
no Deck type background showed the lower values of about 1.1 
GeV. Recent experiments on T decays have reported that 
the a, mass lies at 1.05 and 1.19 GeV. 
A radial excitation of n was reported to have the mass of 

1.3 GeV by the partial.wave analysis of 3rr system In TT p 
diffractive reactions '. In our analysis, we have seen no 

appreciable structure around t.3 GeV in 10-prtP0+ or 
10-fQTtS0+ waves . 
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Observation of K*(1780) in the fC"T) Final State 

LASS E13S Collaboration 

High Statistics data on die reacrion JCp -* K"n+rt"a jj at 11 GeV/c have been 
obtained in the LASS spectrometer at SLAG, and eabh clear q signals in die 

a+n~n° mass specnrum (fig.-l). KTq effective mass distribution shows a prominent 
peak around 1.75 GeV (fig-2). 

A spherical moment analysis and subsequent amplitude decomposition shows 
dris peak is dominated with 07 Jp = 3" (fig.-3). The B-W fit to the F-wave 
amplitude gives M = 1749 +10 MeV, and r = 193 + 43 MeV. Although the mass 
shifted slighuy lower, me peak is most naturally be mterpreud as K*3(1780), 
Normalized by the Kn data by CERN-Geneva group, the relarive width to Kn 
channel R3 = r(K*3(1780) -> Kqyr(K*3(1780) -> Kn) » 0.54 + 022, and 
BR(K*3(1780) •+ Kq) - 92 ± 4.4 %. 

&. On the other hand, no positive evidence of K*2(1430) was observed in both 
*? K~q mass spectrum and decomposed D-wave (fig.-4). The upper limit of Kq 

relative width to Kn is estimated to be E2 = r(K*2(1430) •* 
Kn)/r(K*2(1430) -> Kn) < 091% with 95?S confidence level The Emit to me Kq 
branching ratio is calculated to be < 0.41%, which is far from the PEG value 52 ± 
29%. 

The drastic difEerence of Kq coupling of K*2(1430) and K*3(1780) (R2 and 
R3) looks odd. However, it is explained by SU(3) model wim octet-singulei mixing 
of q and ^'.'Difference comes from the D and F type meson coupling, according to 
the symmetric nature of me parent and daughter states. 2** K*2(1430) •* Kq is 
D-type, while 3 - K*3(1780) -± Kq is F-type. Straight forward calculation gives 

12 - (1/9 )(cos8 + 2^2sin8)2(qKn/qKre)
5 

and S3 = (cos8)2(qK n /qK / 

R2 is has the suppression faaor 9, and also have another suppression due to 
octet-singulet mixing wim 8 < 0. For example, 

8 = 0 72 = 22% 73 = 41% 
8 = -10deg. E2 = 0.855 E3 = 4035 
8 = -19deg. B2 = 0D B3-3758 
B = -23deg. B2 = 0.15S E 3 - 3 4 5S 

The data is roughly consistent wim today's accepted 8 value, and also wim the 
flux tube model by Isgur and KokoskL 
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A Study of K"Jt+ Scattering 

in the Reaction K'p -» K~j;+n at 11 GeV/c 

LASS E13S Collaboration 

Results from a high statistics study of die reaction K'p -+ K"n+n are 
presented. These results are based on data obtained with an 11 GeV/c beam using 
the LASS spectrometer. The mass dependence of the spherical harmonics 
provides clear evidence for the production of the complete leading orbitally excited 
K* scries up though J = 5~. These moments and information from a t-dependent 
parametrizadon of the production amplitudes' are used to perfbnn an energy 
independent partial wave analysis of the K"tr> system from threshold to 16 
GeV/c2. 

Rg.-l shows the result of partial wave analysis - Argand plot for die solution -
I A and B, which correspond to the two fold ambiguity in the non-leading waves 

co above 1.8 GeV/c2. In either case, the amplitudes corroborate the leading K*(892), 
V K*2(W30)i K*3(1780), K*4(2060) and K*5(23S0) resonances observed directly in 

die moments, and also provide new evidence for underlying states as weft. 

The 0 + amplitude (fig.-2a) contains K*o(1350) [was K] and evidence for a 

second 0+ K*o<1̂ 5Q) at higher mass. 

In me P-wave (fig.-3), die rK*(1790) seen in earlier two and tiiree body 
analysis is confirmed, and evidence for die observation of a second 1* state, 
K*(1410). The last one has been observed in die Krai three body analysis, but not 
have been reported in the Kit two body system so far. The suppression to Kit 
mode could be die consequences of me radial node of final state wave function. 
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Hyperfine SplittingB and Meson Masses 

Mariana Frank 

Department of Physics, Concordia University 

1455 de Maisonneuve Blvd., W. 

Montreal, P. Q. H3G 1M8 

We show that the regularity in the difference of the squares of Basses 
of vector and pseudoscalar mesons can be understood in t e n s of a simple 
hyperfine sp l i t t ing! * i . Such a sp l i t t ing can be obtained from a one gluon 
exchange and a linear confining potential. The difference of the squares 
of the Basses behaves approximately l ike: 

B*(SS.) - Z'('S0) =^™>* l* (o)IV*ij (1) 

where f(o) is the wavefunction at the origin and uij is the reduced mass 
of the quark-antiquark system. For a linear confining potential 
V(r) = kr, the right-hand side expression is shown by a simple scaling 
arguaent, to be constant. (Apart froa snail variations in « 9). This 

I can account for the observed hyperfine splittings (which work better for 
jfe light than for heavy aesons). 

CO If instead of attempting to evaluate a linear hyperfine splitting, 
we calculate the Basses with the square Bass formula, imposing the 
condition (1) we obtain extremely accurate values for the meson Basses, 
from n to T.[2] The only added ingredient are constituent quark masses, 
which are in agreement with the generally accepted values. We use: 

-p = < » i + V - w 

•v = <-i + -j>2 + W 

where m^, BJ are constituent quark masses and H = .14 GeV*. 

For the pseudoacalars the problem is more complicated. Our fornalisa 
favours a 2 x 2 square mass matrix of the form 

•» + 24* -T21* 
uu 

•J~2 A2 m» + i 

In this form the model gives correct Basses and a mixing angle consistent 
with the new experimental data. This is, we feel, a rather naive approach 
since there is now known to be a non-negligible component of V(35* 18)* 
not accounted for here. 

13] 

Our results are given below. 

Quark Content mp BxperimentWI 

uu 

US 

u5 

sc 

ub 

sb 

uu 
dd 
sS 

cc 

bb 

»r* 

E 
D 

F 
B 

Bs 

V 

V 

c 
b 

0.135 

0.496 

1.86 

2.02 

5.27 

5.43 

0.51 

0.98 

2.98 

9.364 

0.135 

0.494 

1.865 

1.97 

5.27 

•v 

p 0.76 

K* 0.898 

D* 2.01 

F* 2.156 

B* 5.32 

B* 5.48 

a 0.76 

» 1.03 

3/i 3.1 
T 9.46 

Experiment 

0.769 

0.892 

2.01 

2.1115] 

0.783 

1.02 

3.097 

9.46 

(4J 
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pp Annihilation at rest into Mesons in the 3PQ Model f 

S.Furui, M. Maruyama and Amand Faessler 

Institut fur Theoretische Physik, Universitat Tubingen 
Auf der Morgenstelle 14, 7400 Tubingen, F.R. Germany 

In the analysis of pp annihilation into mesons, we encounter a problem, which mech
anism dominates. We adopted the constituent quark model and considered annihilation 
into three mesons in the rearrangement model(R3), into two mesons in the annihilation 
model(A2) and in the rearrangement model(R2) both with 3P0 vertices for the qq pair, 
and in the rearrangement model with a 3Si vertex for the qq pair(S2). The schematic 
diagrams are shown in Fig.l. We observed that the branching ratios of pp annihilation in 
flight can be reproduced in the combination of R3+A2 better than those of R3+R2 and 
R3+S2. Better agreements in the branching ratios of annihilation at rest in the model 
A2 than in the model R2 are also reported2'. These results suggest that the qq pair cre
ation/annihilation is a non-perturbative process and that the planar diagram dominates 
over the non-planar diagram. In the case of annihilation into three mesons, we therefore 
consider the annihilation diagram(A3). In R3, annihilation into three s-wave meson occurs 
from S-wave pp and annihilation into a p-wave meson and two s-wave mesons occur from 
P-wave pp. In A3, there is no such selection rules. An analysis of pp annihilation at rest 
in the model A3+A2 showed a large difference in the fractions of S-wave pp annihilation 
into 2T+2W - , 2T + 2I - _ X 0 and 3jr+3y" from that of the model R3+A23>. 

Fig.l: pp annihilation into mesons into three mesons in the rearrangement model R3, into 
two mesons in the rearrangement model with the 3Po vertex R2, into two mesons in 
the annihilation model A2, into two mesons in the rearrangement model with the 3Si 
vertices S2 and into three mesons in the annihilation model A3. 

t Supported by the Deutsche Forschungsgemeinschaft 

At KEK, branching ratios of pp annihilation at rest into TJ+X in a liquid hydrogen 
target was measured4'. The detailed comparison with the experimental data needs an 
estimation of the initial state interaction, but a qualitative features can be seen by the 
annihilation amplitudes in the Born approximation. We calculate the branching ratios by 

I"** £y.T,a.6.e(2.> + l ) .r<fr |<?ff 1 i> |k_ o i c
 W 

and 

r,„ , j ^ L a . 6 , e J » r l V « l - n , p - ^ 6 e ^ 

where J and T are the total angular momentum and the isospin, a,b and c specify the 
mesons in the intermediate states( we consider two mesons states and three mesons states 
which decay into pious and gammas in the final states ) and dr is the phase space of the 
mesons. Q and P are the projection operators on the nvson space and on the baryon 
space respectively, and Hi is the interaction hanultonian given by the quark model. In 
the liquid target, S-wave annihilation dominates. Thus we consider (J,T)=(0,0),(0,1),(1,0) 
and (1,1). The two prescriptions (a) and (b) give the branching ratios slightly different. 
In Table 1 we show the charge multiplicity branching ratios in pp —• TJX for iVc=0,2 and 4 
and the branching ratio r ,x / r l o t in the model R3+A2 and in the model A3+A2. In both 
prescriptions (a) and (b), we observe that the model A3+A2 compares better with the 
data4' than the model R3+A2 does. In the branching ratio r,,x/r l ot there are theoretical 
uncertainties due to the mixing of rj and rf and the configulation other than <j<J in the 
physical 17 and 77'. 

Table 1: The charge multiplicity branching ratios for pp annihilation into n X in % and 
the branching ratio of r/X in the total annihilation in %. 
pp-~ T)X R3+A2(a) R3+A2 (b) A3+A2 (a) A3+A2 (b) exp 
JYC = 0 16 11 10 13 13.7 
Nc = 2 68 70 84 "7 77.5 
Nc = i 16 19 5 10 S.4 
Vnx/Ttot 7.5 11.5 19.6 17.6 6.9 
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A Theoretical Lower Limit on i •» py and Algebraic Constraints on 

Glueball Couplings to qq Mesons Via the Axial Charge A and the 
y 

Isovector Electromagnetic Current j . 

Hilton D. Slaughter 
Theoretical Division 

Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 U.S.A. 

and 

S. Oneda 
Center for Theoretical Physics 
Oept. of Physics and Astronomy 

University of Maryland 
College Park, Maryland 20742 U.S.A. 

Within the formalism and theoretical framework of asymptotic SU,(4) 

symmetry plus the constraint algebras involving the generators of the 

underlying symmetries of QCO, we derive an important relation between 

meson isoscalar-isovector matrix elements of the electromagnetic current 

and corresponding matrix elements of the axial charge An. From this 

relation, a lower bound is calculated for the rate r(i •+ py)(i = n(W 4 0)) 

which indicates that r(i •* py) is of the order of a few MeV, with its 

exact value depending upon the rates l"(i •* 6n) (6 s a.(980)) and 

T(6 •* qrt). The estimate of the lower bound is independent of the 

specific quark and glue content of the i. Our results suggest that the 

L(1440) (and by implication other glueballs) may have a non-zero or even 

large axial charge and electromagnetic coupling with "ordinary" hadrons 

even if the i(1440) is relatively pure and consists mostly of glue. 

Specifically, we write the electromagnetic current in SU,(4) as 

J'u = i + &J3) jj - (V27?) jJS + (V2/3)j° = jj + jj where jj = jj = 

isovector part of the electromagetic current. Then using the well-known 

commutation relations [V^.j^] = l\0.Ju] = tV„0,JM] = L^no'V = £ V ' $ = 

[Vf:
+,j)'] = 0 (and their axial-vector charge counterparts with j or 

jy - A^-), we find that 

Pjt"S' Pit71:- Pjt"u Pjt"u 

where G p ^ H <Pjtli(Jl^.> and G~ ̂  = <PjtIArt-|n* > with Plt s nt. 

p2t s I't* stc" "*" r e P r e s e n t s the multiplet with charge conjugation Ct, 

"u" represents the multiplet with charge conjugation Cu, and "u"' repre

sents the multiplet with charge conjugation Cu,. We have CfcCu = ~CtCu, = +1 

(G parity is always conserved). Applying this relation to the case 

where t = 0 , we find that 

<Uj„IP°> <i|A-|6+> <i|A-|a*> 

^ V ^ <nlArt-l6
+> <nlArt-|a*> 

From Eq. (2) we can compute a lower bound on I"(i •* py): 

(3) r(i * PY) > (1.7 ± .2) f & ^ g « * > . 

where we have assumed 6 = aQ(980) is indeed the 1=1 member of the 

0 qq - meson nonet. 

1. S. Oneda, H. Umezawa, and S. Matsuda, Phys. Rev. Lett. 25, 71 
(1970). For a recent and comprehensive review, see S. Oneda and K. 
Terasaki, i-rog. Theor. Physics, Supplement rlo. 82, 1 (1985). 



INCLUSIVE CHARM CROSS SECTION IN 800 GeV pp-INTERACTIONS 

LEBC-HPS Collaboration 
Presented by J. Lemonne 

IIHE-Brussels 

This paper reports a measurement of the inclusive D/D production cross 
section resulting from an exposure of_the high resolution hydrogen bubble 
chamber LEBC to a beam of 800 GeV 0/s = 38.8 GeV) protons at the Fermilab MPS 
(experiment E743). The bubble chamber is viewed by two conventional camera-
flash systems, activated by an interaction trigger. The resolved bubble 
diameter is 20um and the single point measurement accuracy "~ 2um» hence 
allowing the detection of the decay vertices of short lived particles with a 
high efficiency. For each proton interaction analysed, the total multiplicity 
of charged particles was recorded and a careful search was made for secondary 
processes in two independent scans. The topological analysis procedure used 
is based on a selection of D--decay candidates into 3 charged particles (C3-
topology) and of D°-decays into 4 charged particles (V4-topology). This pre
liminary analysis results from the scanning of ^ 40Z of the available film 
representing ">- 200000 proton interactions. It relies entirely on bubble 
chamber scanning and measurement information and makes no use of the data 
provided by the multiple particle spectrometer MPS. This analysis method has 
been described in detail in [1]. The strange particle contamination was 
minimised (less then .4 events in the C3-sample) by selecting only decay 
vertices situated at a transverse distance less than 2nm from the interacting 
beam direction. Moreover the C3 and V4-candidates have been submitted to a 
series of cuts tending to enhance the scanning efficiency for C3 and V4 charm 
decays, to antiselect against A and D decays and to remove background from 
secondary interactions. 

Table 1 illustrates the effect of the successive application of these 
cuts on the selected C3 and V4 events. In addition, the reduction by these 
same cuts of genuine D-meson samples decaying into C3 or V4-decay topologies 
was estimated by Monte-Carlo methods. D-mesons were generated with differen
tial production cross sections of the form (1 - |xp|)n e"aPx with n » 5 and 
a => 1 (GeV/c)" and subsequently allowed to decay into C3 or V4-topologies 
according to phase space predictions. Within the experimental uncertainties 
the sensitivity of the computed event weights to the assumed production 
characteristics (xp and p- distributions) and lifetimes was found to be » 
102, much smaller than the i 25% uncertainty affecting the values of the C3 
and V4 branching ratios. 

Inclusive cross sections for D1 and D°(D°) production were computed 
from the selected samples of 31 C3- and 6 V4-decays according to the formula: 

,„. «.b/t°P)-HMC 
0 ( D ) _ S.BR(top)c 

s 
where : 
N jjS(top) : stands for the number of selected C3 or V4 events; 
WMC : for the Monte Carlo computed selection weight of the retained events 

(W„Q(C3) = 2.5 i .3 and WMC(V4) = 4. ± .4) 
S=(7.0±.TJ evts/ub : for the overall sensitive of the subsample used in this 

preliminary analysis 
BR(top) : for the branching ratio [2] of the decay topology considered 

extracted from SPEAR data (BR(C3) « .43t.l0 and BR(V4) = .I7t.04) 

.90 .05 is the average scarniqs efficiency for C3 and V4 everts 
Tne results are : o(D"/D') » (22 + [n)ub; o^D

1) = (29 * 10)ub and 
o(D/D) - (51 3 j6)ub. " I 0 

The comparison of these results to these obtained at /s = 27.4 GeV by 
exactly the sane method [1,3] allows the determination of a cross section 
ratio which is independent of branching ratio uncertainties : 

o((D/5> at *T= 3E.E GeV) . . 

o((D/D) at J7 - 27.4 GeV) 

This result is in good agreement with the predictions of a qq and gluon 
fusion model calculation [4] shown on fig. 1 which does not support the rapid 
increase of the cross section with energy suggested.by some ISR-results [5] 
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A Study of O J t System 

in the reaction K"p - » K J J C A at i iGeV/c 

LASS E13S Collaboration 

KKn channel is examined in the KKnA exclusive channel by the high statistics 
experiment at LASS. Hg.1 shows me KKn spectrum with both K°K+rf and K°K" 
a+ channels are combined The spectrum is characterized by the rapid rise at the 
K*K threshold, andpeak structure around 1.5 and 19 GeV. 

Question is where and what is the zi member of 1+ nonet 

We carried out the isobar model three body PWA. The first peak after the 
K*K thresholdis corroborated with 1+ wave, the second peak around 15 GeV is 
associated mainly by 2" and 3" waves, and no 0", 1" and 24 waves are prominent 
(fig2). Cheking the dominant 1+ wave in more detail, we see asymmetry in K* 
and K* below l i GeV (fig.3). This was also clear in the Dalitz plot. 

It is hard to explain such an asymmetry if single resonance contributes. 
Checking the interference of K* and K* , interesting pattern emerged i-e. 
negative right after the K*K threshold and turned to be positive at 1.5 GeV (fig.4). 
This fatt suggests the existence of the objects of the different G-parity. K* and 
S* themselves are not the G-parity eigenstate, so we decomposed the amplitude 
to the G-eigenstates (fig.5). Note mat if 1-0, C-G. Here we split the 1+ wave to 
l 4 4 and I4" states. I 4 4 have clear peak at 1.53 GeV, which is consistent with 
l 4 4 D* reported by Gaviflet et. aL, while l4" waves have peaked towards the 
K*K threshold If l4" waves are modeled by single isobar, Its mass sits around 
1.41 GeV with a width of 100 MeV, indicating the existence of l4" H\ 
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DILEPTOH PRODUCTION IH 800 CEV P-NUCLEUS INTERACTION 

E-605 COLLABORATION 
Kyoto University, Kyoto. 606 Japan 

KEK. Tsutcuba. 305 Japan 
Fermilab. Batavia, IL60510 USA 

University of Washington, Seattle. VAS81S5 USA 
SUNY at Stony Brook. NY11794 USA 

Columbia University, Irvingtoa. NY 10533 USA 
CHI Saclay. F9U90 Cif-sur-Yvette, France 

presented by Aki ttaki 

Since the T state was discovered in |Tu" final states of hadron reactions in 
1977. many properties of 66" bound states have been studied mainly by e'e~ 
experiments. However the bE bound states so far studied are limited to 1"~ 3Si 
states and some other exceptional states ( 13P; and ZpPj for example ) because of 
the quantum number of the virtual photon produced in e V annihilation. In spite 
of relatively complicated final states, hadron reactions are still superior to other 
reactions in their sizable yields of heavy Q$ bound states with various spin and 
orbital quantum number due to the large gluon content of incident hadrons. 

The Fermilab experioent-605 has measured dilepton mass spectrum around the 
upsilon region in 800 GeV proton-nucleus interaction with the high resolution 
spectrometer. There are three kinds of data set collected, i.e. electron pair 
and muon pair with open geometry, and muon pair with closed geometry. 

The specrometer consists of three analysing magnets, four stations of 
scintillation trigger counters with either HWFC. hVDC or proportional tube counters, 
and electromagnetic and hadron calorimeter. Electrons were identified by the energy 
deposits in the trigger counters and in various parts of the calorimeter. Muons 
were identified by the tracks in the station 4 in addition to the energy deposit 
in various counters and the calorimeter. The incident proton bean was stopped 
inside the SMI2 magnet with the beam dump of copper and lead. The tracks comming 
from the beam dump were separated from those coaming from the target by. measuring 
the momenta of tracks with the SM3 magnet and by tracing back the tracks into the 
SMI2 magnet. Only the dimuons of mass 8 GeV and above are accepted. The mass 
resolution ranges from 0.1 to 0.5 % in the upsilon region depending upon the data 
set and the dilepton mass. The integrated luminosities are 1.2xlfr' and 2800x10^ 
( cmVnudeon )"' for the open and the closed geometry respectively. 

All three mass spectra show clear T " peak. This is the first time that the 
T signal was clearly separated from other states in hadron reactions, and gives 
the first evidence, although indirect, that »'' states are below the BB threshold. 
These mass spectra also tell us that there is no other significant signal than the 
three upsilon states to a few per cent level of the continium in the all mass region 
covered by this experiments to 15 GeV) excluding the three upsilon region. 

In order to compare with other experiments, the cross section times branching 
ratio into dilepton was estimated for three upsilon states combined. The results 
are 

8''d2»-«O vTVr-)= 2.I8±0.35 pb/nucleon for e V 

- 1.84±0.1 pb/nucleon for u'u" 

Since the upsilon states can not be directly produced in hadron reactions and 
they come from », states through radiative decays, the higher upsilon states are 
suppressed as compared with the lowest state. QCD calculation predicts that the 
T' and T " production cross sections are respectively less than 30 " and t5 5 of 
the T production cross section. However the experimental data seem to &ive higher 
values in these ratios. They are 0.50 ± 0.21 and 0.08 ± 0.07 for e V and 0.44 ± 
0.16 and 0.10 * 0.03 for (T/T. The biggest error comes from the ambiguity in the 
leptonic branching ratios which were measured in e'e~ experiments. 

-f-

" 7 , ^ 
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Figure 1. 
E-605 specrometer 

Figure 2. 
Preliminary data on the 
diouon mass spectrum 
around the upsilon region 
from the closed geometry. 
Bin vidth is 20 MeV. 



Two Photon Production of Spin 1 Mesons 

Daniel A. Bauer 
Physics Department 

University of California 
Santa Barbara, California 93106 

00 

In a recent publication1, the TPC/Two-Gamma experiment at PEP has re
ported the observation of a'spin 1 resonance in the process e+e~ —* e+e~KjK± i : ? , 
Kj —* JT+TT-. We now present further analysis of the same final state and a pre
liminary result of a search for spin 1 mesons In the ir^K'T+Tr- final state. The 
analysis procedure and cuts applied to the data were similar to those used previ
ously. These new results come from our entire tagged data sample of 120 pb~ l. 

The KjK**7 and x+ir~x+n~ invariant mass spectra are shown in Fig. 1. 
The shaded peak region in the KjK-jr^ mass spectrum contains 19 events, of 
which 14 events are used for further analysis. We have fit the signal with a 
Breit-Wigner form, yielding a mass of 1425ij° MeV and a total width of 32IJ? 
MeV which agree with those of the E [ft (1420)] meson. As before, our data 
are consistent with a K'K decay mode, but do not require it. There are much 
less significant peaks in both mass spectra in the region of the D [fi(1285)|. In 
all cases, the events in the peak regions have larger QJ (tagged virtual photon 
mass squared) values on the average than events in the surrounding regions, a 
characteristic of spin 1 production1. 

' 

Ufl l i l (I 1 • 
rVnm« / u»»jf«*n"»*iiT CeV 

For the KjK*^^ signal at 1420 Mev, we have presented the Q2 dependence 
of the two-photon width times the branching ratio B into KKJT (as defined in 
our previous work1) and compared the data to spin 0 and spin 1 models. The 
spin 1 model now is a complete calculation of the Q2 dependence for the two-

photon production of a qq meson*. The data are inconsistent with the spin 0 
model and agree well with spin 1. Extrapolating to Q2 = 0, we derive a value 
for B • M 2 r 7 T / Q 2 of 3.5 ± 1.0(stat.) i0.7(syst.) keV. Cahn2 has obtained quark 
model estimates for M2rTr-/Q3 of 2.3 keV for a ufl, d3 meson and 0.2 keV for an 
s3 meson3. Even assuming that the observed resonance decays only to KKff, the 
value obtained from the data is much more consistent with the ufl, do! estimate 
than that for an sS. 

We can also derive a preliminary upper limit (95% C.L.) on M 2 r T r / Q 2 of 12 
keV for the D by using all of the events in the shaded region of the rr+5r~ff+ff~ 
mass spectrum. If the small bump in that region is really the D, then reasonable 
choices for background subtraction would yield a very preliminary estimate for 
M 2 r i r / Q 2 of 4 ± 4 keV. The ideal mixing assignment implied by the masses of 
the axial vector mesons, which would associate the D with an uu,dd composition 
and the E with si, clearly has difficulty accomodating such similar two-photon 
widths. This suggests either that the nonet has considerable mixing (like the 
pseudoscalars) or that the signal we see in KKJT is not the standard quark model 
E. 

We have attempted a parity (Dalitz) analysis of the signal seen in the KjK*^7 

mass spectrum. We find that positive parity is preferred by the data if one 
makes the reasonable assumption that the tagged production cross section is 
dominated by the longitudinal-transverse photon helicity combination. A model-
independent test2, using the angular distribution of the normal to the decay plane 
with respect to the gamma-gamma axis, provides a similar conclusion. However, 
as Q1 increases, the transverse-transverse contribution to the cross :s-;:ian be-
conra more important at a rate which is known for standard meson production 
but not for other, more exotic possibilities. Chanowitz* has proposed that our 
signal could be evidence for a quark-gluon hybrid (qqg) with J? = 1~. We can
not exclude this possibility without further theoretical input on the expected 
Q2 dependence for such a hybrid or substantially more data at low Q2. We ex
pect to obtain the latter using the upgraded TPC/Two-Gamma detector at the 
higher-luminosity PEP which will be available later this year. 

1. H. Aihira, ct aL, Phys. Rev. Lett. 57, 2500 (1986). 

2. R.N. Cahn, "Production of Spin-One Resonances in Tj' Collisions", LBL-22555, Dec 

1986. 

3. A difference in our definitions for M2r«p-/QJ has reduced Calm's estimates by a factor 

of 2 for comparison with our data. 

4. M. Chanowiti," An Exotic Quarlt-GIuon Hybrid at 1«0 MeV7\ LBL-22611, Dec. 1986. 



HADRONIC PRODUCTION OP Bc-MESON AND DOUBLE CHARMED BARYON 

V.V.Kiselev and A.K.Likhoded 

Institute for high Energy Physics, 
Serpukhov, Moscow Region, USSR 

Abstract 

The rare processes of heavy quark particles production are 
discussed in the framework of parton model and QCD. The cross 
sections of B B -meson pair production in p and pp-interac-
tions are calculated at the energies vs »80 GeV, where the QCD 
diagrams of the forth <* g order for light quark annihilation 
give the main contribution into the parton process (Pig. 1). 

The like Fig. 1 diagrams allow to obtain the estimations of 

the cross sections for the inclusive production of single Bc-me-
son and double charmed baryon at not high energies, where the 
contribution of gluon annihilation is not great. Those estima-

| tions give 1 nb for the Bc-meson production cross section and 
<fe 10 nb for ccq (q=u,d,s) baryon production cross section. The 
so — 
| plots of the total cross sections ^(BCBCX) are given on Pig. 2 

for B„B -meson pairs in different - vector and pseudoscalar -c c 
states in pp-interactions. 



MESOH SPECTROSCOPY AT THE SERPUKHOV ACCELERATOR 

Yu.D.Prokoshkln 

Institute for High Energy Physics, Serpukhov, USSR 

New data are presented from the 70 Gel Serpukhov accelerator, the prog
ramme of which is_now concentrated on the spectroscopy of exotic meson sta
tes (gg, qqg, qqqq, radially excited qq etc.). The results are:a) a new, 
narrow 0 meson XI1750) decaying effectively into T)1i, but not into i n , 
produced at large momentum transfer; b) another narrow meson, 2** glueball 
candidate with a mass close to P, which decays into T\T{; C ) a new vector 
1480 Kev 1~~ meson decaying trough OZI suppressed ipit channel, d) Also, 
D(1285) —-^PY decay is reported with the conclusion that D and E mesons do 
not belong to the same 1* nonet. 

A few illustratons are given below: 
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Pig. 1. H-palr mass spectrum in reaction rt~p -^HTjn at 3B CeV/c, ltl>0.35 
IGeV/cJ*. Peak corresponds to the production of a narrow 1°JPC = 0 0** meson 
decaying: X O 7 5 0 ) —-t]T)— 4y. GAKS-2000 multiphoton spectrometer is used to 
measure 4v. Peak width is instrumental. Meson mass and width are (.1=1755+8 
MeV, r<50 MeV. 

Pig. 2. Integral t-distribution of ip| events in X O 7 5 0 ) - peak (fig. 1 ) . 
Points are fit with exp(bt), b « 3.8+1.5 (Ge'//c)*J. Dashed curve shows the 
t-dependence for scalar glueball candidate G(1590) and E(1Z30), f(1270), 
h(2030) mesons (typical for one-pion exchange). 

»„l»«l 

Fig. 3. Invariant maa3 spectra of TC"p - » U n, H —~tm!+-4\ events measu
red with OAHS-2000 (38 GeV, Serpukhov) and QAUS-4000 (100 GeV, CERH) multi-
photon upeetrometors. Peak eorreutmnds to the production of narrow (r<70MeV) 
meson with a mass of 2220+10 HeV. Upin parity of X(2220) is I 6 » 0*. J'c-
= 2** or 4** (from very anisotropic decay angular distribution). 

Pig. 4. Partial wave analysis of Tfp —-T|11n reaction at 3B GeV/c (GAUS-
-2000, Serpukhov). Data follow OPS mechanism, phase coherence. Analogous 
result has been obtained at 100 UeV (GAUS-4000, CEH1I). D-wave peak with 
M = 1820+30 UeV and r = 220+30 McV corresponds to 2++ glueball candidate 
(similar""state, X( 1810+10),"is cbuurvod in 411" decuy mode (reported by GAMS 
collaboration at this conference)). 

n 
111 *' 

1 ' 8 
•"1 lo»>i-«r 

i 
M l 

i 
1 
1 

<• 

I 

1 

J * 
M i 

} 

1 
M 

• 

1, 
M 

| 
! 

If. 
Pig, b. Vector 1 ~ meson, M . 1480+40 MeV and I". 130+fiO MeV, observed 
uitn "iepton-P" spectrometer in thu process H~p — C(T4B0)n, C —ipTC* at 
32.5 GeV/c. *P are selected from a narrow peak in the K*K~ mass spectrum. 
The curves in a) are Q.-VJ. resonance and background. Points in b) are from 
the control experiments with K*K~ taken outside tp-region. c) shows the ac
ceptance. JPC m 1 follows from the decay angular distribution of C(1480). 

Fig. 6. Invariant mass spectrum of Tl~p -^.tpyn, i p — K + K " events measured 
with "i.epton-P" setup. Peak corresponds to U(12B5) —-ipY decay with BR « 
" (9+.22.4 J-10~' . J*c» 1+* osjignment is confirmed by the decay angular dist
ribution. 
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SCIENTIFIC P R O G R A M 

April 16 (Thursday) 

OPENING SESSION (9:00-9:20) Chair person: S. Ozaki 
Sci.Sec: C.Ohmori 

* Opening address 
(T. Nishikawa, Director General) 

SESSION 18A1 (9:20-10:30) Chair person: S.U. Chung 
Sci.Sec.:T.Tauchi,T.Takahashi,C.Ohmori 

Experimental light quark spectroscopy (including exotics) 
* Meson spectroscopy: results obtained with the fl spectrometer including 

photoproduction and search for glueballs 
(B. Diekmann, U. Bonn) 

* Results from GAMS: search for glueballs 
(F. Binon, CERN) 

* Meson spectroscopy at the Serpukhov accelerator 
(Yu. Prokoshkin, IHEP) 

* Comment 
(H. Siebert, U. Heidelberg) 

Coffee break (10:30-10:50) 

SESSION 16A2 (10:50-12:30) Chair person: H. Siebert 
Sci.Sec.:T.Inagaki,T.Takahashi,C.Ohmori 

Experimental light quark spectroscopy (including exotics) 
* Analyses of <f><j>, <pK+K~ and K°K° systems in jr~p reactions 

(R. Longacre, BNL) 
* Spin parity analysis of K~K?r systems in 5r~p and K~p reactions 

(S. Protopopescu, BNL) 
* New results from the LASS 

(S. Suzuki, Nagoya U.) 
* f2* and S* resonances in S~Be interactions 

(P. Rosselet, CERN) 
* Searches for exotic hybrid meson production in nuclear Coulomb field 

(M. Zielinski, Jagellonian U.) 

LUNCH (12:30-14:00) 

SESSION 16P1 (14:00-16:00) Chair person: D. Leith 
Sci.Sec.:N.Unno,T.Iwata, Y.Tsuboi 

Experimental light quark spectroscopy (including exotics) 
* Recent results on 3 / W decays from MARK III 

(W. Wisniewski, Cal-Tech) 
* New results from the DM2 

(G. Szklarz, Orsay) 
* Two photon physics with the Crystal Ball 

(S. Cooper, MIT/DESY) 
* Two photon production of spin 1 mesons 

(D. Bauer, UC Santa Barbara) 
* Further results on narrow states related to pp below threshold 

(M. Kobayashi, KEK) 
* Short review on results obtained at LEAR 

(U. Gastaldi, CERN) 
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Coffee break (16:00-16:30) 

SESSION 16P2 (16:30-18:00) Chair person: D. Lichtenberg 
Sci.Sec.:K.Ohmi,Y.TsuboilT.Iwata 

Theoretical 
* Charge-commutation-relation approach to the Cabibbo angle and meson 

masses in SU(2)i/xU(l)YxSU(n)fBmi)y 

(S. Oneda, U. Maryland) 
* Evidence of mesoniums in pN annihilation and 77 reactions 

(K.F. Liu, U. Kentucky) 
* The T) — n' mixing in inclusive production and gluonic component 

contribution 
(A. Likhoded, IHEP) 

* Baryon resonances without quarks: a Skyrme model perspective 
(M. Karliner, SLAC) 

April 17 (Friday) 

SESSION 17A1 (9:00-10:40) Chair person: T. Kamae 
Sci.Sec.:T.Matsui,T.Matsuda,T.Kinashi 

Experimental heavy quark spectroscopy 
* Lifetimes and production characteristics of hadronically produced 

Ac, D and D, 
(P. Weilhammer, CERN) 

* Recent results on the charmed D and Ds mesons 
(A. Weinstein, UC Santa Cruz) 

* Meson and baryon production in e+e~ annihilation: scalar, tensor and 
charmed mesons/ strange and charmed baryons 

(K. Sugano, ANL) 
* T's decays and properties of x'b states 

(C. Yanagisawa, Stony Brook) 
* Inclusive charm particle production cross section in 800 GeV pp-interactions 

(J. Lemmone, V.U. Brussel) 

Coffee break (10:40-11:00) 

SESSION 17A2 (11:00-12:30) Chair person: S. Yamamoto 
Sci.Sec.:Y.Chiba,T.Kinashi,T.Matsuda 

Experimental heavy quark spectroscopy 
* Upsilon production in proton-nucleon collisions 

(A.Maki, KEK) 
* Role of diquark for meson and baryon productions in proton - proton 

collisions at 360 GeV/c 
(T. Hirose, Tokyo Met'n U.) 

Theoretical 
* 1pi states of heavy quarkonia 

(S.F. Tuan, U. Hawaii) 
* Relativistic model of nucleon and pion structure 

(Z. Dziembowski, Warsaw U.) 
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LUNCH (12:30-14:00) 

SESSION 17P1 (14:00-16:10) Chair person: Yu. Prokoshkin 
Sci.Sec.:J .Shirai/T.Kinashi 

Rapporteur Talks 
* Light quark spectroscopy (experimental results from hadronic reactions) 

(T. Tsuru, KEK) 
* Light quark spectroscopy (experimental results from e+e~ collisions 

and photon-photon interactions) 
(W. Told, SLAC) 

* Progress toward identification of gluonic states 
(M.S. Chanowitz, LBL) 

Coffee break (16:10-16:30) 

SESSION 17P2 (16:30-18:10) Chair person: D. Peaslee 
Sci.Sec.:M.Kobayashi,T.Iwata 

Rapporteur Talks 
* Heavy quark spectroscopy (experimental results) 

_ (H.D. Schulz, DESY) 
B-B session 
* B°-B° mixing (experiment) 

(H. Schulz, DESY) 
* B°-B° mixing (theory) 

(K. Hagiwara, KEK) 

April 18 (Saturday) 

SESSION 18A1 (9:00-10:30) Chair person: Z. Dziembowski 
Sci.Sec.:Y.Inagaki,T.Matsuda 

Rapporteur Talks 
* Hadron spectrum in lattice QCD 

(Y. Iwasaki, U. Tsukuba) 
* Hadron models and prospect on the strong interaction physics 

(H.J. Lipkin, Weizmann/ANL) 

Coffee break(10:30-10:50) 

SESSION 18A2 (10:50-12:20) Chair person: H. Sugawara 
Sci.Sec.:Y.Tsuboi,T.Matsuda 

Rapporteur Talk 
* Kobayashi-Maskawa model and CP-violation 

(Y. Hara, U. Tsukuba) 
Concluding Talk 
* Summary and future prospects 

(J. Rosner, TJ. Chicago) 

—499 — 



AUTHOR INDEX 

First Author text 
page 

Abachi S. 
Aker E. 
Albrecht 
Ando A. 
Armstrong T A . 
Aston D. 
Atkinson M. 
Bandyopadtbyay D. 
Batanin A.V. 
Bauer DA. 107 
Becker J.J. 
Benayoun M. 
Berkrenev V.S. 
Biagi S.F. 
Binon F. 19 
Biyajima M. 
Blaylock G.T. 
Chakrabaty S. 
Chanowitz M.S. 269 
Chiba M. 
Chin S.A. 
Close F.E. 
Cooper S. 98 
Diekmann. B 7 
Do Amaral M.G. 
Donnachie A. 
Dziembowski Z. 222 
Frank M. 
Fukui S. 
Furui S. 
Gastaldi U. 127 
Habe C.Y. 25 
Hagiwara K. 315 
Hamatsu R. 60 468 
Hara Y. 380 
Hirose T. 200 
Igi K. 64 
Ito H. 48 49 459 
Iwasaki Y. 345 
Kao W.F. 02 
Karliner M. 146 20 21 88 
Kiselev V.V. 90 489 
Kitazono T. 18 445 

paper no. 

68 71 
45 
83 
76 

26 27 28 

47 59 78 79 85 
14 15 
46 
87 
89 

36 62 
43 44 

16 
22 23 31 

70 
37 61 
65 

67 
19 
38 

17 
55 56 

04 05 66 
10 80 
74 
81 

page of 2-page 
abstract 

472 475 
457 

479 
447 448 449 

458 467 480 481 486 

488 

455 456 
443 

474 

469 

471 

444 

435 436 470 
482 
477 
483 

—500— 



First Author 

Kobayashi M. 
Koide K. 
Kuang Y. 
Lemonne J. 
Lichtenberg D.B 
Likhoded A. 
Lipkin H.J. 
Liu K.F. 
Lomon EX. 
Longacre R.S. 
Low E.H. 
MaJd A. 
Martin A. 
Morishita J. 
Oneda S. 
OnoS. 
Perasso L. 
Plyushchay M.S. 
Prokoshkin Yu.D 
Protopopescu S. 
Rosner J. 
Rosselet P. 
Schulz H.D. 
Seiden A. 
Shibata T.A. 
Siebert H. 
Slaughter 
Smith G.A. 
Sucipto E.S. 
Sugano K. 
Suzuki S. 
Szklarz G. 
Teshima T. 
TokiW. 
Tsuge M. 
Tsuru T. 
Tuan S.F. 
Weilhammer P. 
Weinstein A. 
Wisniewski W. 
Yanagisawa C. 
Zielinski M. 

text 
page 

117 

185 

144 
363 
138 

46 

192 

131 

28 
56 

395 
78 

291 305 

40 

163 
64 
96 

252 

233 
213 
151 
152 
88 

176 
86 

paper no. 

06 
35 
84 

11 12 

39 40 
41 53 54 

50 51 
57 58 

69 
86 
01 
33 

63 
75 
92 
91 

24 

93 
42 

82 
29 30 

52 

34 

32 

07 08 09 
72 73 

page of 2-page 
abstract 

437 

485 
441 442 

453 463 464 
460 461 
465 466 

473 
487 
434 
451 

478 

490 

446 

454 

484 

462 

452 

450 

438 439 440 
476 

-501 — 


