
SLAC-POB—4410 

DE8B 004380 

Experimental Review of J/il> Decays 

WALTER H . T O K I 

Stanford Linear Accelerator Center 
Stanford University, Stanford, California, 94S05 

Abstract 

This is a review of Jji}> physics from e+e~ colliders presented at 
the Charm Workshop in Beijing, China. The review includes a brief 
historical summary of Jj4> physics, a general discussion of theoretical 
models and detailed results on radiative and hadronic J/ij> decays 
from the Mark III, DM2, Crystal Ball and MARK II groups. 

Invited Talk Presented at the 
Workshop on Charm Physics, Beijing, Peoples Republic of China, 

June 4-16, 1987 

Tfal* work wai aupported In part by the Department or Energy, miller 
contract* DE-ACO3-76SFO0S1G, D&.AC03-76EH01196, DE-ACD3-8IEH40OS0, . 
AJffll—TriFT"^: and by the Nation*] Science Foundation. 

MASTE 



-U 1 ' -

•3 

R 

1. Introduction 

The study of J/ij> decays has produced m.niy new results. With 

high statistics J(ip data , the Mark III and DMl' groups liaverniiiiiniei! 

a study that begin with the MARK !I and Crystal Hall groups in t lie 

early 1980's. The main focus of research lias been the ^«-ir«-h for 

gluonium states. This progressed in the direct search for t lnse st.tl.es 

in radiative decays and in a study of hadmnir derayis, in understand 

light quark spectroscopy. In order U> understand I hi- evidence for 

gltionium states, the mesons predicted liy the <]iiark IIKHII-I inu^i be 

thoroughly understood and high statistics .//(/> derays is pun idinj; iwi 

SV(3) flavor singlet source of mesons to probe the tpiark mnleril of 

different mesons. 

In this review we begin with a. brief review of (1) ihr ./,' v dist uverj 

and (2) the early measurements of its quantum numbers and a shnrl 

discussion of the e + e " detectors used in high statistic.-; J v studies. 

Next (3) a theoretical review is presented to provide guidelines of how 

to understand the J/tfi decays. The remaining sections cover major 

experimental results; (•!) i)c decays, (5j two body hadrnmr decays. 

(6) inclusive radiative decays, (7) radiative decays into convent ional 

mesons, ;r 0 , t), TJ', / and / ' , and finally radiative decays into the new 

states, (8) the t/r/(H<iO) and the / i ' / / i (M20) , (9) the 0,'f-A IT'J(I). (ID] 

the vector-vector resonance and (11) the £(2.2). 

1.1 J / 0 D I S C O V E R Y 

The 7 / 0 discovery was announced in rVnvrmrirr 1971 by (lie \ f lT-

BNL group at Brookhaven and the SLAC-I,MI. group at SI.At' The 

MIT-BNL group 1 ' 1 was studying the reaction. 

p +• lie • e'k e' + .V 

O 
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at y/a = 7.0 GeV, With an extremely Intense beam, ~ ID19 pro-
tons/pube, and a high resolution double arm spectrometer, they ob
served a narrow peak at m(e+e") = 3.1 GeV/c* with a very small 
cross section, G = 10"M cm3. The e+e~ mass distribution is shown 
In Fig. 1. 

The SLAC-LBL groupw at the e+e~ storage ring, SPEAR, with 
the Mark I detector scanned the region around 3 CeV and observed a 
huge increase in multi-hadronic , e+t~,it+fi~ and two body hadronic 
events at 3.105 GeV. The hadronie cross section as a Hint lion <»r yfa 
is shown in Fig. 2. The width of this resonance was less than the 
machine resolution, T < 3 McV. 

These results were immediately confirmed by groups'*' at the 
ADONK storage ring. All three results appeared In the same remark
able December 2, 1074 publication of Physical Review Letters, 

1.2 e ' e DETKCTOR 

The principle e+e~ detectors used for high statistics Jfip physics 
arc the Mark l|" MARK II J" Crystal BallJ" DM2,1" and the Mark 
lit1*1 detectors. The total number of produced J/(6 events taken by 
each detector is listed in table 1.1. 
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1, Th* e + e ~ mass distribution in the reaction p + Be -f X 

from th«s MIT-BNL group! in 

DISCLAIMER 

This report was prepared as an account or work sponsored by an agency of the United .Slate* 
Government. Neither the United Stales Government nor any agency thereof, nor any or their 
employees, makes any warranty, express or imptted, ur assume* any lejjal liability or respond 
hility Tor the accuracy, completeness, ur usefulness of any information, upparatus, priiduci, at 
process disclosed, or represents (hut its use would not infringe privately owned rights Refer
ence herein to any specific commercial product, process, or service by trade mime, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, rcomi-
mendulion, or favoring by the United Simcs Government or any agency thereof The view, 
and opinions nf authors expressed herein do mil necessarily Mute or reflect thine uf the 
United States Government or any agency thereof. 
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2. The hadronic cross section in the reaction t*e~ — hadTjns (a), 
e+e~ pain (b), and muoa, pfon and kaon pain (c), as a function 
of <Ja from the SLAC-LBL group!" 
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Table 1.1 J/iff Events Samples 

# Produced J/0'a Run Date Group 

-150,000 1974-1075 Mark I 

1.3 x ID6 Fall 78, Spring 7D MARK 11 

Crystal Rail 

DM J 

Mark 1(1 

2.2 X 10° Fall 78, Spring 79, Fall 80 

MARK 11 

Crystal Rail 

DM J 

Mark 1(1 

8,6 x 10° 1982, Fall 83 

MARK 11 

Crystal Rail 

DM J 

Mark 1(1 S.8 X 10C Fall 82, Spring 83, Spring 85 

MARK 11 

Crystal Rail 

DM J 

Mark 1(1 

The Mark I detector, a general purpose t' c detector, it. t tic 
prototype for most e + e~ experiments at PEP, PETHA, LKP, SI/1 
and now BPC (Beijing). It Featured a cylindrical spark dumber with 
4 layers around the beam pipe inside a solenoidal magnet with 0.4 
Tesla field. The drift chamber was enclosed by the -18 TOF counters 
and this was followed by the magnet coil and the shower counter (21 
lead scintillator shower counters), The TOF resolution was about ,100 
pa. The shower counter was used to identify electrons. 

The MARK II detector was a new detector built by the Mark 1 
group and installed at SPEAR. It used a larger magm-l with A D.-11 
Tesla field and a large liquid argon calorimeter. The ryiinriicitl drift 
chamber contained 16 layers and was surrounded by 4H TO I* milliters 
with ~ 300 ps resolution. The liquid argon calorimeter was insiallci) 
behind the magnet coil and had eight modules covering -&-l% i>\ I hi-
solid angle and an energy resolution of 0A4/\/k CcV. 

The Crystal Ball detector is a specialized neutral detector wilh 
672 Nal crystals. It covers 04% of 4ir and has an energy resolution i>l 
oE/E = 0.026/£i. The beam pipe is surrounded by '.t layers •>( <(rili 
lubes with charge division readout. The crystals awl the drill lulu-* 
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enable identification of charged and neutral tracks, measurements of 
the direction of charge tracks and the measurement of the direction 
and energy of photons and electrons. 

The DM2 experiment Is at the OSSAY storage ring, DC1. The 
experiment was originally proposed to study resonance physics below 
the Jfifr. The detector has a 0.6 Tesla solenotdal magnet with pro. 
portional and drift chambers. The drift chamber is surrounded with 
36 TOF counters and 36 water Cerenkov counters. The TOF resolii-
tion is 2G0 ps but the long bunch length of the DCI machine actually 
degrades the total TOF resolution to ~5Q0 ps. The shower counter is 
a lcad-acinlillator proportional tube sandwich. The total coverage is 
10% or 4>. The resolution is -359S at 1 GcV. 

The Mark HI detector began running in 1082. It used the old 
Mark I rimgnel and replaced the original coil with a larger one to en
able the insertion of a shower counter. The detector had a Dcrylliutn 
beam pipe surrounded by a central trigger chamber with 400 micron 
resolution. This has been replaced in Summer 1987 with a high reso
lution straw chamber that should achieve 50 micron resolution. The 
main drift chamber has 24 axial sense wire planes and 6 stereo sense 
wire planes. Twelve of the axial planes have charge readout to enable 
energy lows measurements. OuLside the drift chamber are 48 2" thick 
scintillation counters with phototube readout on each end. The TOF 
resolution in 170-200 picoseconds. Following the TOF counters is a 
24 layer (12 radiation length) lead proportional tube shower counter 
with charge division readout. The resolution is 18%/\JE'[GcV) and 
the chamber is efficient to detect photons with energies as low as 50 
MeV/c*. Dcyond the shower counter is the magnet coil and flux return 
steel. Mounted outside the steel are two double layers of proportional 
tubes separated by 5" steel plates to provide muon detection. The 



table 1.2 summarizes relevant Features. 

The detectors have evolved with slightly belter charged momen
tum resolution, but the important improvements are Lhe low energy 
photon detection, larger solid angle coverage and better TOP resolu
tion. In Jfip physics virtually all the analyzed reactions were exclu
sive topologies. They include reactions such as J / 0 — • fuw which has 
four charged tracks and 5 photons, Many reactions were possible to 
measure because of kinematic constraint fits in topologies with pho
tons improved the mast, resolution in the 10-21) Mi-V/i-a ra.llj*e. This 
was the key to overcoming the poor energy resolution r>f Lhr shower 
counters. 

Future detectors could improve the perfomiritire in several iireiis. 
This includes TOK measurement on the endraps ami hinh resolution 
measurements near the beam to enable reconstruction of Niifl iMcks 
and very forward tracks. 

Table 1,2 c'*'e ' Detectors for J/tfi I'liysicN 

" , / f | l « t V | 

4IKI |.r 

3I11P | ir 

6 M I l i t 

IDU |ir 

}i|4(IW«T V, 
a UHI% rir 

-4 IXP M » V 

-.11X1 M r V 

• |IH) M r V 

Jil lM^rf * ' l i |Jllt ' ' f 

' ••TT 

MARK 1 10 MrV 

IB M.V 

35 M«V 

Jl MeV 

l(i MrV 
fur I : , 

4IKI |.r 

3I11P | ir 

6 M I l i t 

IDU |ir 

}i|4(IW«T V, 
a UHI% rir 

-4 IXP M » V 

-.11X1 M r V 

• |IH) M r V 

Jil lM^rf * ' l i |Jllt ' ' f 

' ••TT 

MARK II 

10 MrV 

IB M.V 

35 M«V 

Jl MeV 

l(i MrV 
fur I : , 

4IKI |.r 

3I11P | ir 

6 M I l i t 

IDU |ir 

}i|4(IW«T V, 
a UHI% rir 

-4 IXP M » V 

-.11X1 M r V 

• |IH) M r V 

Jil lM^rf * ' l i |Jllt ' ' f 

' ••TT 

DM1 

10 MrV 

IB M.V 

35 M«V 

Jl MeV 

l(i MrV 
fur I : , 

4IKI |.r 

3I11P | ir 

6 M I l i t 

IDU |ir 

}i|4(IW«T V, 
a UHI% rir 

-4 IXP M » V 

-.11X1 M r V 

• |IH) M r V 

Jil lM^rf * ' l i |Jllt ' ' f 

' ••TT Mork III 

10 MrV 

IB M.V 

35 M«V 

Jl MeV 

l(i MrV 
fur I : , 

4IKI |.r 

3I11P | ir 

6 M I l i t 

IDU |ir 

}i|4(IW«T V, 
a UHI% rir 

-4 IXP M » V 

-.11X1 M r V 

• |IH) M r V 

Jil lM^rf * ' l i |Jllt ' ' f 

' ••TT 

CRYSTAL UAI.L 

10 MrV 

IB M.V 

35 M«V 

Jl MeV 

l(i MrV 
fur I : , 

4IKI |.r 

3I11P | ir 

6 M I l i t 

IDU |ir 

}i|4(IW«T V, 
a UHI% rir 

-4 IXP M » V 

-.11X1 M r V 

• |IH) M r V 

Jil lM^rf * ' l i |Jllt ' ' f 

' ••TT 

| ! •• • 1 IT11 " I IW i^J 
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2. Early J/if> Measurements 

The early measurements of the J/ip properties include the width, 
the spin-parity, G-parity, isospin and the SU(3) classification. These 
measurements were done by the Mark 1, DASP, and Frascati groups. 

2.1 J/V/ WIDTH 

The resonant amplitude for a resonance produced in c + e~ pro
duction that decays into a final state / 

at a center mass energy yfa and spin J is, 

2 J - H TeVj 
°} ~ * S (m - v/S)> + (r/2)» 

where Te and Py are the partial widths into e+e~ and / , respectively. 
Experimentally, the resolution of the storage ring (SPEAR has an 
energy spread of 2.6 MeV) is too poor to measure the width directly. 
Instead, the widths are obtained by measuring the integral of the rate 
with a scan which will include the gaussian beam resolution. Defining 
S / = / <TJ df/s, then 

„ _e»r Jr| _Q^rer(1 B^'IYTA 

where Ht, S M , and Eft are the integrated e + e~, fi+ii~ and hadranic 
rates, respectively, over yfa. With these quantities, the partial e+e~, 
t*+l*~, and hadronic widths can be derived. The measurements from 
the Mark ij" ^ (ADONE)!'"' ME A (ADONE)!"1 and DASP1"1 

groups and the Particle Data Group'"' summary are shown in table 
2.1. 
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Table 2.1 J/ip Widths 

r. (K.V> r„ (K«v) fk (KiV) F (KeV) Grmip 

Murk t 4.8 ±0.6 t.a±o.o 68 i 14 CO ± 16 

Grmip 

Murk t 

4.O±Q.B - &9±14 OS 1 JO 7 1 (ADONE) 

MEA(Ahf>NK| 

t)ASI' 

4,0 ±1,0 6,U± 1.0 60125 r>o ± i t 

SB i U 

03.0 ± H(i 

7 1 (ADONE) 

MEA(Ahf>NK| 

t)ASI' 4.4±o.e 4.4:1:0.0 -

r>o ± i t 

SB i U 

03.0 ± H(i 

7 1 (ADONE) 

MEA(Ahf>NK| 

t)ASI' 

4.60 ±0.19 4.8&±0.&l 5T.3 i 10.D 

r>o ± i t 

SB i U 

03.0 ± H(i pnc 

2.2 J/I/J SP1N-PAIKTY 

Tho J/rjt spin-parity was dclcrmhu.'d frcini <i sl.urly i>f Lhi* inlrrfrr-
cncc between e + e~ —» J/i[> —* (i* n~ and e* e > -j > ft> ft . l-'or thi* 
different J / ^ spin-parity assignments the coupling is, 

„-t- 2 a ' f a , . , „. a* s 3 

[ ^ 1~ ^- ( l t - co» 3 f l ) 

I + £[<1+«" J «)(! + £ 

("> 3 

(m? - ap - mT* e< (,n^ j)'J I rn-V 

|m ' - j ) 5 r r n J P ' 
• 2 r.m 0 s 

(m J 

.i)-' i ..r-r-

where o 1 = I2jrr e /m. The 1~~ case has a^t^ iiiterfurcnce ami the I ' 
case has a forward-backward asymmetry (/•' BjF ( ti). These mea
surements were done by the Mark I 1" 1 and the ADONK1"1 Rrmips. 
The fi+fi~ crosa section had a dip slightly below tin1 peak of I In- ,//V 
and the forward backward asymmetry of the n ' n pairs W.LH consis
tent with spin 1. 
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2.3 G-PAMTY AND ISOSPIN 

The Mark I group'"1 measured the pion multiplicity, 

J / 0 -* nir's 

on and off the J / 0 peak. The ratio of the number of events with 
pious on and off the peak was about a factor 5-7 larger for odd pion 
decays (3,5,7) relative to even pion decays (4,6). This demonstrated 
that the G-pariLy was odd. 

The isospin of the J / 0 can he determined by a study of the three 
body pion decay. In this topology the dominant mode is J / 0 -+ pit. 
If Lite J / 0 is an isoscalar then, 

W(J/0 -> ir V ) =•. B(J/t/t -• ff V ) - # ( J / 0 -• * V ) 

The Mark I group measured, 

at * <LJt iT " ° - 5 9 ± - 1 7 

ii(/>+7r_) + B[p-w+) 

whicli is consistent with I = 0. 

'2.4 SU(.'t) CLASSIFICATION 

The SU(3j classification of the J / 0 can be identified by comparing 
Hie decays into pairs or mesons. The pattern of decays determines 
if the J / 0 is an SU(3) singlet, the eighth component an octet or a 
mixture. These measurements were performed by the Mark I11*1 group 
In a study of hadronic decays. IF the J / 0 has odd charge conjugation 
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and it is an SU(3) singlet it cannot decay into K+K" or K'K' but 
instead into KK* or KK". The relative branching ratios are, 

B(J/j> -» KR') 

For J / ^ —• vector + psoudoscalars, an SU(3) singlut should decay 
equally i n t o i r V , TTV, T > + , K+K'", tf" ff' + , KuIf°, and K"/<"°. 
The hranching ratios ( x l O - 3 } are 

For J/i£ --• vector + tensor, an SU(3) singlet, should decay equally 
into p"Ai, K'° R'i0, wf and $/'. Including phase space rorroctions 
the ratio nf rates are, 

1.0 : 0.9 : 1.0] : 0.78 = 1.0 : 1.0 I .5 : 0.7 -f .3 : 0.3 t .2 

where the left side is the prediction and the right side the branching 
ratios. The combined pattern of two-body decays is consistent for Lhi-
Jji> to be identified as an SU(3) singlet. 

i i ' I ! ' i 'i i ~m 



- 13 -

3. Introduction to J/^r Models 

In this section simple theoretical models are discussed to provide 
guidelines for an experimentalist understanding of J/tfr decays/"' In 
the first section the general features are explained including the OZI 
Tule and QCD predictions, The next section covers hadronic decays 
and the use of SU(3) symmetry. The last two sections cover radiative 
decayB into conventional qlj mesons and two gluon states. 

3 .1 GENERAL FEATURES 

The J/$ Is a vector, Jpc = 1 ~ {*Si) bound state of cB. The 
puizling aspect of this high mass state was it was very narrow width, 
r si 70 KeV. The qualitative explanation was given by the Okubo, 
Zweig, llzuka (OZI) rule!"1 The rule states that decays with discon
nected quark lines are suppressed relative to decays with continuous 
quark lines, Another paraphrase of this rule is decays are suppressed 
If Initial state quarks annihilate and Gnat state quarks materialize. 

Examples of OZI allowed decays are tf> -*• K+K~ and 0" —• 
D+D~, I?0/?0. The decay rates are listed in table 3,1. 

Table 3.1 OZI allowed decays 

Decay Percentage 

<f> - » K+Jf- 50% 

4 -> KSKL 35% 

4-+37T 1596 
^w _•X>*D~ ~ 5 0 % 
$* -> £p£fi - 5 0 % 
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The OZI violating ^ decay inlo 3w is very suppressed because the 
decay into K+K~ and KgKt, is actually phase space suppressed and 
hence the matrix element fox the OZI allowed relative to the sup
pressed decay is very large. The ff>" ts above ci threshold and decays 
into open charm whereas the J ftp m below cS threshold and cannot 
decay into states with open charm. Elcnce, the initial charm quarks 
annihilate and the final state light quarks materialize. The pattern 
of J/rp decays, in contrast to the above table, is strikingly different. 
Instead of a few large decays there are many small two body decays 
that are at most a few tenths of a percent. 

The quantitative aspects of the OKI rule and the J/ip decays am 
provided by Quantum Chromodynamics (QCD). The key features for 
this discussion are; 

1) Quarks are color triplets 

2) Quark interactions occur via an octet of 8 mass I ess color gauge 

bosons called gluons. 

3) Quark-gluon strong coupling constant, af{Q2) depends on the 
momentum transfer, Qz and as Q2 increases Q , ( Q ! ) decreases. 

4} Gluons can self interact. 

5) Hadrons are color singlets and gluons arc flavorless. 

The QCD predictions for the J/$ width give quantitative rvidenre 
for the third feature or what is often called asymptotic frcodoinl"1 

The leptonic width precedes via the annihilation diagram, uml the 
rate is 

The hadronk decay precedes via the three gluon di;ij*r,»m, 
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„ » 

Diagram 1, Hadronic J/if/ Decays 

and the rate is 

The ratio becomes, 

r(J/tf> -> hadrons) J _ , _ i _ o X / ? / ? ! " 
r ( J / ^ -> «+«") ~ 18ffl V 1 9 J 

and since, r(J/tf) -* e+e~Y= 4.8 and T(J/0 -#• hadrons) = 69 KeV 
we obtain, a«(m = 3.1) = 0.2. When this is applied to the <j> we obtain 
nt(m = 1.02) 3? 0.5 and this is quantitative evidence for asymptotic 
freedom. 

3.2 HADIIONIC DECAYS 

The J/ip, as explained in Section 2.4, is an SU(3) singlet. The 
two-body decays into pairs on SU(3) octets can be predicted if SU(3) 
symmetry wurc exact. An example is the decay Jfifr —* vector + 
ti'iiHor. The exact SU(3) symmetric decay would predict, 

/»/l3 : u / : 4>? = 3 :1 : 1 

Using more precise measurements, correcting for phase space and nor
malizing to the pAi rate are 

pAt: uf i <j>f' - 3 : 0.8± 0.3 : 0.5 ± .2 

In the vector + pseudosealar modes, the ratio of px to K±K^' is 
expected tD be 1.5 and the measurement is ~* 3. These results demon-
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atrate that the J/i/i behaves approximately as an SU(3) singlet with 
minor corrections. These corrections'"J includes SU(3) breaking 
terms far the quark mass differences and the electromagnetic dia
grams. The Rosner formulation'" defined the wavefunrtton as a 
combination of non-strange, strange and non-99 components, 

, uu + di. . . . 
x| — - ) + v| s«) + c| gg) 

where | gg) represents the non-77 part r>r the wavefu fiction and x, y 
and z are coefficients. This formulation provider! a .simple framework 
to connect vector radiative decnya and tin 77 widths of pKimrlnsealar 
and tensors. These methods are techniques of measuring thr ijiiiLrk 
content of mesons with electromagnetic probrts (77 widths <mr) railiii-
tive decays) and strong probes (hadrunic ,1/ifi decays). 

The early predictions were applied to understand tlio ((inirk «MUI-

tent of the q and t}' in J/4> ' vector | p,srurl(>Hc,i[<ir decay;.. The 
mode! predicted the non-97 contcnL of LIIC r/' W;LS 35%. An exteri.si<i(i "[ 

of this model to include the double OZI (I)OZI) violating lerm.s, 

•nrW 

Diagram 2. Double OZI violating J/t(> Decay;! 

produced a fit where the JJ' was completely made up of <(<{. Tin' model 
had a ~ 10% DOZl violation and this yielded a r), T/' mixing fin^li' of 
0 = -19" which is quite compatible with th« mixing angle from 77 
experiments on the t\ and r/'!™ 

11' T ^ T i i i K T ^ m r r T 
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3.3 RADIATIVE J/0 DECAYS TO CONVENTIONAL qq STATES 

In. this section the radiative decays to conventional qq states are 
discussed for the pBeudascalars and tensors. The basic diagrams'3*1 

for these decays are, 

, _ — < / » " l l \ , — _ _ 

Diagram 3. Radiative diagram I. 

• —* *~^i i i n » — * — » 

I • • • w » » \ , ,, -

Diagram 4, Radiative diagram II. 

Diagram 5. Radiative diagram HI. 

In diagram I, the photon emission occurs after the OZI emission. The 
qq states produced In this way have the SU(3) quantum numbers of 
the photon. In diagram II, the photon emission occurs before the OZI 
emission and the q$ state is an SU(3) singlet. In the last diagram the 
J/0 decay occurs via a virtual photon and the qq state has the same 
quantum numbers as resonances seen in ff production. The rates 
into J /0 -+i + [Ait / , / ' ) , (jr°,9,»?') are shown in table 3.3a. 
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Table 3.3a Tensor and Pseudoscalar Predictions 

DUimfn M / / ' *a 
»1 <I* 

1 9 1 3 9 eoi>* .it! 3 * 

I I 0 4 3 0 Jin's *«'* 
111 I 35 3 3 (eoj«-»!n*a, /5] a (lin* - tot j Jv'S]* 

where n = 173 cost? +f}j sinfl, IJ' = -fjg sin5 + ijj, cosfl. From the 
77 experiments1"' on the r) and rj', the angle is 0 = W.'A'', The 
experimental branching ratios are shown in table 3.3b. 

Table 3.3b Tensor and Pscudoscalar Rates 

Mode Rate (96) 

Jj^ -tryAi not seen 

J / 0 -» TIT" 0.004 ± 0,001 

Jfi> -* -r/ 0.136 ± 0.008 ± ,02'J 

J / 0 - 7 / ' 0.06 ±.014 ±.012 

J / 0 -» 77? 0.0S6 ± .008 

J / 0 ^ 71,' 0.42 ± .05 

The / , / ' ratios, normalized by phase space, are 

B(J /0 -* 7/')/j»}-

where £ ( / ' -» KK) = 1.0 IB assumed, [f the / and / ' arc ideally 
mixed we expect 2. The t}, t}' rates, normalized by phase.* etparc>, an* 

tf(J/0->7*7')/^3. 

This ratio predicts a mixing angle of 22° which agrei^ wil li 77 I\ |>II 
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intents. The Jjty -t yte° rate Is very small and can be related via the 
vector dominance model to J/tjt -* pir. The overall pattern of decays 
agrees very well with diagram II. The simple picture of diagram II 
reproduces the data and it may be unnecessary to add gluonic or cfi 
componeats to the n or the '̂J"'"1 

3.4 RADIATIVE DECAYS TO GLUONIC STATES 

The existence of colorless, flavorless, quark less isoscalar states 
made up of gluaris way suggested soon after ihr. J/& discovery'"' 
The gluonium atutca may be produced in radiative J/tft decays in the 
fallowing diagram, 

i T r n r 

r m r ' •-— 
Diagram 6. Radiative J/xp Decays 

The rate, to order r»«, is 

r(J/V> -» *,gg) = 36tt£ ^ 10 a ^ 
H J/$ -* ggg) & *** 5 a, 

A naive picture for two gluon resonances ia to treat the gluons 
lit analogy to the quark model!"1 Adding up the orbital and spin 
angular momentum acid forming color singlets which are symmetric 
under interchange of gluon indices yields the Bpin-parity states listed 
in table 3,4. 
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Table 3.4 Jpc spin-parity of 2 gluon states 

L S=0 S=l S=2 

0 Q++ — 2++ 

1 — 0 _ + , l " + , 2 ~ + — 

2 2 ++ — Q4+ )l++ i2++,3+-t,4 < + 

The states should be even g-parity and if the gluons are on mass 
shell, spin 1 states should he suppressed, In radiative J/tf) decays odd 
pion slates are not seen and spin 1 states appear to be suppressed. 

In addition, the gluanic states should have the following features, 

1. Flavor Symmetry 

2. Masses in the 1-2 GeV/c 1 llcgion 

3. Suppressed in -7-7 Production 

A. Widths, 10-30 MeV/c* 

Flavor symmetry follows from being formiid from two flavorless* 
gluons!3"1 The decays of a stale into pairs of pseud OH Hilars should 
follow, 

KK : ijtj IJTJT ..'. 3 ;0,5 : (i 

Flavor symmetry may be altered from other considerations. It has 
been suggested that cavity perturbation in the MIT ling model will 
depend on the quark mass and could produce a larger coupling to 
heavier quark stales. The coupling of glnons to quarks may mlianer 
sS production relative to uu i- dd?'1 This enhancement of strange 
meson production in glueball candidates, the 0 and the i, is observed. 
Other general arguments have been applied lo glucbali decays into two 
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pseudoacal&rs! It may be passible that flavor symmetry is changed 
by reacattcring eETects. These could cause large corrections as are seen 
the Cabbibo depressed decays Da -* *+ir~ and D° -* K+K~l'n 

The bag mode]'"1 provides tjualltitlve-estimates of glueball masses. 
In this model, gluons are confine J to a spherical cavity. The modes of 
the gluon fields are transverse electric (TE) with parity ( - l ) / + t and 
transverse magnetic (TM) with parity (~J)J. The boundary conditions 
lead to equations of constraint which enable masB predictions. The 
lowest lying (TE)' gluon states will have a mass near one GeV/c* 
with Jpc - 0+-+ and 2++. The lowest lying "(TM)a gluon states 
will have a mass near 1.6 GeV/c a with JPC = O4"* and 2 + + . The 
mixed (TM)(TE) gluon states will have a mass near 1.3 GcV/c 3 with 
jPC _ 0 - + > 1 - + ) 2 - + i 

In addition to the Bag Model, QCD lattice gauge theories are 
refining calculations and estimate a scalar glueball mass near 1 GeV. 
Unfortunately most of these predictions of the glueball mass spectrum 
have not had the success the charmonium model has had in predicting 
the mass spectrum of the x states. One major problem is the lack of 
any evidence for scalar glueball candidates in J/if/ radiative decays. 

The widths of glueball candidates have been expected to be nar
row, 10-30 MeV. This follows from a loose interpretation of the OZI 
rule. The gluons in the glueball would annihilate and create a tj<? pair 
that would form the meson secondaries. This process is OZI sup
pressed and should cause the state to be narrow. This explanation is 
controversial and not widely accepted!"1 

The glucbal] states are expected to be suppressed in. 77 production 
situ:«> Ihoy hiiv(> no charge. The *y*y production of the pseudoscalars, 
»i «ntl 7', unci tlm tcnsorB, / and / ' , are well understood. The partial 
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widthb couple as, T 7 7 oc g*. A means of quantifying tho glucball 
character of states has been suggested by Chanowitzi"1 The ratio, 
called stickyness, is defined for a state X as 

T{J/^^1X)/PS[J/^^1X) 
a x r(X - rt)/PS{X - n) 

The stickyness ratio will be large for gluonmm states, Wo cxpur.t 
resonances with large gluonic components lo he produced in radiative 
Jjij> decays and resonances with large qq component:; In be produced 
in 71 productions. This pattern is observed Tor the iota and lliela 
mesons as wilt be discussed in later sections. 
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4. ijc Decays 

The ife [JPC = 0 - + , lS0) Is the lowest lying 65 stale. Since it is 
Bpin xero it will couple to two photons or two gluotts. The two photon 
diagram!"1 

c * 

V, c 
o • 

Diagram 7. Two gamma decay of tftct tfe 

will have a pnrtfnl rale, 
t 

and llic two i>luori ducny diagram, 

B , rYmrinr^ 

c « n n n n n n 
Diagram 8. Two gluon decay of the q< 

will have a partial rate, 

These partial widths can be compared to the J/if> decays, yielding 

r(i?t -» hadrons) r(n e ~+ -77) , 
r(J/* -* hadrons) T(J/^ -» e+e~) * 

which predicts V{iu -» Tlf) = 9 KeV. 
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The transition rates for a quark spin flip will be an Ml transition 
for the radiative decay from a vector to a pseudoscalar, 

r ( a 5 , - ' Sb) = y (2J, + 1) (jj^j a | mir \* J». 

For m[J/iff) » 3.095 and m{i)c) = 2,980, the width IB predicted to be 

T[J/^ -* 7>jc) = 2.4 KeV 

and yields a branching ratio, B{J(i}> * 7rj£) = .1%. 

4.1 »je HISTORY 

The first r.laim for the observation of the n* wns from Itiu DAHI'1"1 

group in the mode, J{\1> -* 7 fjC ) f?e • * 7*T- The mass WM 2.82 I .OH 
GoV/c* and the rale was B(J/if> -> 7^) • Ii(t}c -• 77) (M I 
0.4) X 10"4. Theoretically, the m(J/ij>) rn(»Jr) mass (liffrrcnri' mid 
Lite product branching ratios were both too large. Tht» Crystal Ball 
group1"' searched for this decay in J/V' > 777 and sot ,1 limit of 
< l.Ox 1Q-4 at 90% C.L. hater the Crystal Rail and M Alt K II groups 
had evidence for the ifc mass near 2.98 CcV/c 3. The Crystal Hall 
group"*' looked into the inclusive modes J/i{» -• 7 t -V and 0' • -j 1 .V 
and observed a state in both data sets at m(i}c] 21)8-1 I 5 Mcv/r-
with a width of r(ifc) = 11.5+^ MeV/c 2 and brandling ratios cir 
H(J/il> » we) s (1,27 ± 0.36)% and /J(0' -> 7^) (H2H I o.fKi)^. 
The MARK 11 group1'"'1 looked into tf radiative into I In- oxrlusivf 
states pp, 4n, TrifKIf, TTTrppand KsK±n}. They observed .1 pmk ;it 
29B0 ± 8 MeV/c 1 and a width < 40 MeV/c 1. 
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4.2 HADRONIC tie MEASUREMENTS 

The Mark IH1*11 and the DM2 , 4 > t groups have continued to study 
the ije by measuring many n ( hadnmic decay modeB In radiative Jfr{) 
decays. The tfc HIBBB distributions For different hadronle decay modes 
from the Mark ITI group are shown in Fig. 3. The various decay 
modes are summarized in table 4.2. The Mark III masses have an 
average of 2082 McV, the DM2 value is about ID MeV lower. The 
most precise mass measurement is 2 9 8 2 i ' | MeV from the ISR pp gas 
jet experiment, *' 

The rfe —»vector - vector decays disagree between the Mark HI and 
DM2 values, For an SU(3) singlet n e decay the vector decays should 
be 

K*°K,a -. 4>4> i pp : ww = 0.S : 1 : 1 : 1 

The Mark III values of the ratios are 

KiDK'° : g^ \pp\ ww = .22 ± .13 : 1 : < 0.64 i < .34 

and for the DM2 values the ratios are 

<f><f> • pp = 1 • 1,66 ± 0.5 

The DM2 value Tor the <f><f> channel is lower than the Mark III value 
and the DM2 observes a fPp* signal whereas the Mark III group sets an 
upper limit. The Mark HI n e publication discussed the trend of larger 
rates with as content. The two DM2 measurements are compatible 
with exact SU(3) flavor symmetry. 
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M«,«V 
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tCV*»l . . . . . . 

3. The tic mass distributions for ifc -» pp (a), rjc -» i?'jr+n (b), 
flc -+ K s K * ^ (c), and I J C -» i?Jr + * - (d) from the MARK III 

group: 
Hit 
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4.3 *r« SPIN-PARITY TEST 

The ije spin-parity was first measured by Mark III in the sequential 
decay, J/$ -* 7 ^ ifc -* <ty. In the decay sequence where both ^'s 
decay into K+K~, the <f> decay planes are orthogonal for odd parity 
and parallel for even parity.'*4 This can be generalised for arbitrary 
spin!**1 

The most sensitive variable to teat the spin is the azimuthal angle, 
X, between the <j> decay planes* When integrated over all other angles, 
the distribution has the Form 

g = H./Jcos(2X) 

where ft will dilFnrcnL values depending on the spin, The x angle 
distribution wan lit Tor difTerent spin-parity hypothesis and compared 
U) J1'1' -• 0 H . Tlio unjiular distributions arc shown in in V"IR. 4. 
The Murk III1"1 and DM21"1 results arc shown in tabic 4.3. 

Tabic 4.3 jje spin-purity tents 

Jp h* ff Mark II) Likelihood DM2 Likelihood 

0- 1 - 1 1 1 

0' » \Mt l.Kx ID8 1.2 x 10>* 

1 1 I) 220D 2.8 x 10* 

1+ 2 0 2200 2.8 x 104 

2' 0 + .07 5100 8.3 x 10* 

2" 1 - .4 SS 192 

2~ 3 -.G 12 26 

0+ 2 +.333 - 1.0 x I 0 7 
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4. The x angle (a) and the K+ angle (b) in the ^ rest frame distri
butions with the pseudoscalar hypothesis curve from the MAK.K 
III group!"' 

Trafraw 
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All values relative to Jp = 0~ are largely excluded. The test can be 
extended to include all the angles to the joint distribution 

S-:—^ T- = - flain3 0i sin9 h »ina x + £(1 + 0) 

(sin* 0i cosa 02 + cos1 $l «ina 9% + - sin 20i sin 20j cos x) 
Z 

Where 0i and 0a are the polar angles of the two K+'B in their respective 
<ft rest frames. The likelihood rejection of the Jp = 2~ (F wave) case 
Improves to 120 (Mark HI) and 150 (DM2). 
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5. Review of Jj$ —* Vector •+• Pseudoscalars 

The hadronit decay J /0 ~» Vector + Paetidoscatare has been 
extensive measured by the MARK in group'"' and recently by the 
DM2 group.1*" The Dalitx plot of the decay J/iJ> -» pir from MARK 
III group ifl shown in Fig. 5. The remits are summarized in table 5. 

Table 5. Veetor-PaendoBcalar rates 

DaetyMod* Final State Branching Ratio xUT 1 

MARK HI DM2 

¥* •+»-»• 13.3 ±0.3 ±1.5 13.7 ±9 
K-*K- + K-X+ 

K*X'W 
6.0 ± 0.73 ± O.fl 

B,o±o.a±c.T 
5.4 ± 4.4 

K*S« + JfafK" X***Ka S.B ± 0.1 ± 0.6 S.S ± .6 
Wlf 1.9 ±0.2 ±0.3 1.5 ± 2.5 

1.2 ± 2.2 
VI)' 

••w+a-BH+ir-
0.39 ± O.tl ± 0.06 

0.«lj?±0.07 
.40 ± .11 

+0 K+K-+ neolrmli 
JT^Jf-a 

DAB ± OStI ± 0.08 
OJU ± 0.15 ± OJM 
o.fli±o.n±o.oe 

,58 ±.16 
.70 ±,13 

*»' 0.»±0.1D±0JK 
oje5±o.M±ao5 

.45 ±.08 

.36±JW 
«mr» •*»+»-»• o.B7±o.oe±o.ii ,M±0.B 

tn w*m~tt 0.1S± 0.02 ±0.04 .19 ±.05 

rt W*m~tfn*ar <0.1 J»±.03 

H* K+X-+ <aoia < 0.013 J 
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5. The ir+ir~ mass distribution (a) and the Dalits plot (b) or the 
decay J/i/t -* pit from the MARK HI group.'*" 
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These measurements enable tests of the quark content of mesons. 
The J/V> hadronic decay should follow the decay of an SU(3) singlet 
with small electromagnetic and SU(3) corrections. There arc purely 
electromagnetic decayB which are observed [J/\j> -*• pi) and i*nr"). The 
Mark III publication included a model that estimated the quark con
tent of the TJ and n' and found the qQ content accounting Tor — 6596 
of the n'. The rest could be attributed to gluons. Later the model 
was refined1"' to include small OZ1 breaking terms (and another pa
rameter) which now predicts the »' to be fully accountable iti term of 
r/t) content. 

The total decay rale of J/^/i > vector I psotidoscalars has been 

a puzzle. When compared to the ip' decay rates for vector I psou-

doscalars the . / / ^ rates arc mucli too large. The relative rates* should 

be proportional to the leptouic rales, 

li(.l/tl> • hndrann) B(Jji}' » e 'e ) 

but tile pic and K* K rates arc a factor '2(1 Uio large for the J/&. Sev
eral predictions claim thai this could bo evidence Tor a vector ejtirlial! 
slate near 3 GcV that mixes with the J/ip causing an anomalous rale 
in certain vcctoH pseu dose alar modes!"' 

The dadronic decays arc bciiie; extended to J/iji > Vector I Ten
sor and Vector -I Scalar. Since the qiuirk content of the tensor noiui 
is well known, precise measurements in this HITLOT will enable fur 
ther tests of the models. In the decays into Verti>r < Kralnr, (lie 
Jfif> -• 4>S' is quite evident whereas the decay Jftft • />!> is> not 
observed.""1 ir the 6 isovector member of the scalar nonet, J/i> » pit 
should be as large in the vector-scalar decay as J/V' ' pit is in the 

' i l l ' ' El 3P rrcif m n S i l E R B S 
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vector-pseudoBcalar decays. This is additional evidence suggesting 
that the S* and the 6 are not the members of the scalar nonet. 
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6. Radiative Decays, 771-", 7*7, 7^' 7 / , 7 / ' 

The J / 0 radiative decays to conventional pscudoscalars, n", TJ, 17' 
and tensors / , / ' are important tests of our understanding or the 
mechanisms for J / 0 radiative decays and tests of mixing. 

6.1 J/0-+-yjr° 

Tiie decay, J / 0 -* 7Jr" is expected to occur via vector incsnn 
dominance through J / 0 -» p"n". The measurements l>y the l)AS] ,!" J | 

DM2J"1 and Crystal Ball1"'1 groups are listed in tabic 6.1. 

T a b l e d J / 0 - . 7770 rates 

5 ( J / 0 - . 7ff") x 1(T 6 Croup 

7.3 ±4.7 DASP 

3.7 ± . 7 ± .6 DM2 

3.6 ±1.1 ±0.7 CB 

The rate expected from VDM is 

r ( j / 0 - nrar") - -™r<j/0 -. /I'V") « 1 ev 

This predicts a rate of =; 2 x 10~B which is in agreement with the! 
above measurements. 
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6.2 J/ljf -t f'i(, ftt' 

The radiative decays for the r) and TJ' have been measured into 
modes, tj -* n, jr"ir+ir~ and tf' -* T J , t?jr+jr~, ip". All measure
ments are in excellent agreement, The TJ results From the CNTRJ"1 

DASPl"1 Crystal Ball!"1 and DM21'41 groups arn listed in table 6.2a. 

Table G.2a J/V> -»ft? rates 

fl(.//V> -> vi) x i « - 3 Mode Croup 

1.3 ± QA 3 l CNTIt 

0.82 J: 0,10 3 7 DASP 

0.88 ±0.08 ±0,11 3-/ CB 

.85 ±.39 ±.15 in DM2 

The t/' results from the CNTIlJ*"' DASP,'*" MARK H J**' Crystal 
Hallln'lt L)Ma!*M ami Mark 1111"1 groups are listed in table 6.21). 

Table 6.2b J/if> - . m' rates 

fl(J/0 -» IT)'} X K T 3 Mode Group 

'2.4 ± 0.7 yyp CNTR 

a.fl-L I.I 111 DASP 

3.-I L (1.7 

•1.1 J O.HitKfi 

IIP 

I[T]XK,T1,1P) 

M K I I 

<1.B±.49±.&0 111 DM2 

4.7 ±0 .2 ±0 .7 IIP MK3 

Assuming the decay precedes through an SU(3) flavor singlet cou-
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pling; the relative rates are 

BjJ/* - Tifl/pj. _ 1 

where $ is mixing angle. The measurements predict an angle of 0 = 
-22°. This is in very good agreement with the angle 6 = —23D±3D± 1° 
from the Gilnian and KaufTman cstimatei"1 This implies that the 
f] - TJ' mixing is quite conventional and may not need to be altered 
by additional gluonic coupling of the IJ or *)'. Many nindnlK1"1 were 
developed lo explain what appeared to an anomalously large r/ rato 
that was implied when a mixing angle of 0 -• - II" is asKiniifid us 
predicted by the quadratic mass mixing formula, 

6.3 J / * - 7 / a ( l 2 8 5 ) , l/J(15l5) 

The radiative decays into the tensors, /-j(I285) ami /jfl.'tl.'t) are 
summarized in the fbllowini; tables. The / results Troiii tin* I'LUTo!""1 

DASPl"1 Crystal Hall!"1 Mark III I'" and DM21"' Rrnup nrv Iwti-il 
in table G.3a. 

Tabic G.3a J/x/> > "\j rnttw 

B(J)M> - 1 / (1270)) x 10 n Mode ( I roup 

2.0 :L 0.7 •yn' 7T P L U T O 

1.2 J: 0.6 711' IT DAS I' 

1.38 ± D.30 77r"n" 

I f f ' 1T 

( I t 

MK;I 2 . 0 1 .12 ± . 3 4 

77r"n" 

I f f ' 1T 

( I t 

MK;I 

1.5:1 .36:1 .23 

"jir"Tl" 

DM2 

IDM2 1.04 ± . 2 2 ± .IS "jir"Tl" 

DM2 

IDM2 

i i ' i i i 'i ^ " i ^ p ' f i w ^ ^ i 
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The /' results rrom the MARK II J7"1 Mark HI j w l and DM21**1 groups 
are Hated in table 6.3b, 

Table 6.3b Jfiji - » 7 / ' rates 

B{J/$ -* tf*) X 10- 3 Mode Group 
1.8 ±1,0 iK+K- MK2 

3.0 ±0.7 ±0,6 fK+K- MK3 

1.5 ±0.3 ±0.3 iKaKs DM2 
2.5 ± 0.6 ± 0.4 fK+K- DM2 

The jr+7r~ mass distribution In the decay J/V» -* Ttr+n~ and the 
K+K~ mass distribution in the decay Jfifi -* ^K+K~ are shown In 
Figs. 6 and 7. 

The hclicity amplitudes for the / have been measured by PLUTO J" 
Crystal Ball!"' Mark III J"1 and DM21"1 groups and the measure
ments { x=hellcity 1/0 and y=heltcity 2/0 ) which included a phase 
In the fit are listed In table 6.3c. 

Table 6,3c / Helicity Amplitudes 

X V * Group 
0.6 ± 0.1 0.2 ±0.2 near 0 Mark IH 
1.1 ± 0.1 0.2 ±0.1 near 0 DM2 

All the values are consistent with i S l and y = 0 where the 
helictty 2 amplitude is zero. This has been calculated by Korncr et 
at.,m to lowest order QCD and x and y are predicted to have roughly 
equal values. Another model by LI and Shen1**1 assume a gluonium 
hypothesis for the / and obtain a suppression of helicity. A conjecture 
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0 L J I I L I 

0.9 I.I 1.3 1.5 1.7 1.9 2.1 2.3 
MI mw*w" (GeV) tutAti 

6. The it+it~ mass distribution in the decay J/rfi —• 77r+jr~ from 
the MARK HI group!"1 

fipfi Kf'•)"_'!. l.'tfJ' 
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WOt 

IK+ K-) MASS IGEV/C«»21 
7. The K+K- mass distribution in the decay J/4> -» tK+K' 

from the DM2 group!"' 
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by Close'1'1 suggests helicity 2 could be suppressed because Lz 2£ 0 
for the g? pair. 

The ratio of the / , / ' rates is predicted to be, 

B(J/*^1f)/P.S.[f>) , 
B(J/0-»T/) /? .5 . ( / ) _ t a n 

If we use the value B = 35° from two photon measurements and we 
assume a form of the matrix elements11"1 wc obtain excellent agree-
meat. 

ft j*Sfl £T»S; ? ir.j AiH^TMJ.ucr1 
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7. Review of the t/r/(1440) and E/f 1(142Q) Mesons 

The t/tf(1440) and £//](l420) mesonB* are of great interest in 
hadron spectroscopy. The £//i{1420) meson waa first observed in 
1D67 decaying into KKn. There has been experimental controversy 
as to whether its spin is 0" + or 1 + + . The t/tj(1440) is a resonance r,een 
in radiative Jj$ decays in KKir with a slightly higher masB and width 
than that of the Ejf\ (1420). In this section the experimental evidence 
for the lota is reviewed, the Eff\ (1420) results are summarized and 
the interpretations are discussed. 

The tjrf (1440) resonance was first observed by the Mark II group'"' 
In J/V» -• iKsK***. It was identified as the JS//i(1420) Bince 
the mass and width were similar. Later the Crystal Ball group'"1 

performed an isobar analysis on the resonance in the mode J/V> -» 
"ir°K+K~ and reported it waa Jpc = 0 - + with a dominant quasi-two 
body mode J/ip -* fi, t -+ Sir, S -> K+K~. The Crystal Ball group 
named this resonance the i, emphasizing it was not the £//t(l420), 
although the £//i{142G) has been reported to be Jpc = 0 _ + in sev
eral experiments as will be discussed later. The parameters of the 
t/rj(1440) from the MARK H 1"*) Crystal Ball!"' Mark IH ,'"' and 
DMSJ"1 are listed in table 7a. The KKit mass distribution from the 
decay J/0 -+ 7KKir from the DM2 group is shown in Fig. 8. 

* The iota , D, and E meaoni have been renamed the i)(mo), / t(1285), and 
/ I ( 1 4 2 0 ] , relpectively, by the Particle Data Group. In IhU paper thuy will he 
called the (/f)(l440), D//i(1285), and £// 1{1420). 
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DM2 

J/^-VKSK*?^ 

MCK\K* )< 1.35 C«V 

.2 1/4 1.6 1.8 2. 2.2 2.4 

IK? Ki P I * J HASS (GEV/C«i2l 

8. The KKK mass distribution from the decay J / ^ —• ^KRT from 
the DM2 group («i 



- 43 -

Table 7a, Iota parameters 

Mua r B(J/*-»1i)>cI0r» Mudi Group 

1«0.Q± 10.0 ±16.0 BD±3Q±30 4,3 ±1,7 KBK*irT MM 

14*0.0 ±10.0 ±16.0 BS±10±80 4.3 ± U K+if-r" CB 

HBliB 101 ± ID 4.8±0.J±Q.H K+K-w"* MKS 

HBB±6±S OE±IQ*IB 5.0±0.3±0 ;8 « • , ! « * * * MKS> 

Htl±S M,6±H> 4,1±.B±6 K+Zf-* 0 DM* 

HCOiSiB 100±ll±16 4.1 ±0.0 ±0.9 JCi/rT** DM2 

The t has been spin-parity analyzed with the Jacob-Dcrman tech
nique for decays into 3 pseudoBcalars. This method is independent of 
the quasi-Lwo body decayB in the KKv Bystcm. The results from the 
both Mark HI1"1 and DM21"1 groups are JPG = (T+. 

The line shape of the i as seen in K + K-jr", KsK***, and KsKSTtn 

has been fit1" and it docs not fit a single Brcit-Wigncr curve decay
ing into 3-body phase space. The study concluded thai the line shape 
could be fit by a curve with two Breit-Wigner resonances or a single 
Drcit-Wigncr resonance decaying into a coupled channel with K*K 
and 6n. 

In TT production the t/tj(144Q) has not been seen, the upper 
limit la given as r , ( M 1 0 ) _ t T T • JJ(I/TJ(1440) -V KKit) < 1.6 KeV at 
95% C.L.1™1 This aspect plus the large radiative branching ratio pro
vide strong evidence Tor the t/r;(1440) to be identified as a gluonium 
stale. When stickiness ( Sx = rlx^rr)/^ ) i s c°n>Pa'ed between 
the i/»j(1440), the rj' and the rj, there is a dramatic increase for the 
^ (1440) , 

Sv : S„i : Sterna) = 1 : 4 : > 65 
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The i decay into i —> 5TT, 6 —* rj-x has been investigated. The 
results from the Crystal Ball!"11 Mark III J"1 and DM2 groups 1" 1 are 
quite similiar. There is no evidence for i -~* Sir, 6 - • T)ir. In the 
spectrum there is evidence for 6 —* tjir but there is a structure at 
the £>//](1285) region and below 1400 MeV. In fact there is a dip 
at the Ejt Tegion at 1440 MeV. The mass of the upper structure is 
summarized in table 7b. 

Table 7b. rfirn resonance parameters 

Mode Mass r BRtlO-"1) Group 

!77rH7r", t) -• -n 

rjTr"1 jr~, t) -> 77 

1391.5 

1382 ± .e 

1400 ± 7 

52 ± 9 

69 ± 23 

62 ±16 

4.1 ± 3 ± 1 

5.2 ± 1.8 J. .5 

5.2 ± 1.2 ± 0.5 

DM2 

Mark III 

Mark III 

The radiative decay of the t into -yp" has been investigated by tlie 
Crystal BallJ"1 DM2!"' and Mark III groups!"1 The event statistics 
is limited but there is a structure near 1400 MeV. The results are 
listed in table 7c. 

Table 7c. 7/j Resonance Paramtcrs 

Mode Mass r BRflO"'1) Group 

IP" 

IP" 

7P° 

1420 ± 1 5 ± 2 0 

1401±18 

1390 ± 25 

133 ± 55 ± 30 

174 ± 44 

185+SB" 

1.1 ± .24 ± .25 

0.9 ± 0.2 :l_ . 14 

1.9 ± . 5 ± .4 

MK3 

DM2 

CB 

The structure was fit with a single Breit-Wigner. 11 is possible illii 
structure includes contributions from the ij(1275) and L/T)[1440) shift
ing the combined mass to ~ 1440 MeV. There has been no definitive 
spin-parity determination, although the angular distributions are con
sistent with Jpc = 0 _ + . 
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In hadronic production, the study of the J5//i(1420) meson has 
a long and controversial history.'"' The results are summarized in 
Table 7d!°> 

Table 7d. E Hadronic Production 
Reaction Mods JPO Group 

p*-*E*n,B-*'X.Rw SwtK*K o-+ Bullion tt of., WW 

*~p-*Bn,E-+KR* K*K I++ Dunbi tt ai.t IMo 

(K+fp)p-*{it+fp)BtE-KR* K*JC 1++ Armstrong tt at., 1984 

x-p -* En, E -* tint St o-+ Ando tt a/., 1985 

n~p-* En,E-* KRir fir, K'Jf Q-+ Chung «taJ., 1085 

Tj' -*E,E-*KR* K*/T(T) 1++ TPO, MARK n , 19B6 

The hadronic production results indicate either two or more wrong 
results or two or more states [3PC s= 0~ + and 1 ), The 77' results 
yield conclusive evidence that there is a I + + meson at 1,42 GcV/c2. 
If there is a 0" + meson at 1,42 GeV/c1, perhaps the iota ia a com
pound resonance with one part being this pseudoscalar seen hadronic 
production. In addition this state has not been seen In the following 
modcs I , 4 , M" 1 listed In table 7e. 

Table 7e. Reactions not producing the E or iota 

Mode Group 

TJ-* E,E ~* itirw 
K-p^EA,E-*K&* 

77* - • E,E -»tijrjr 

TPC(Aihara) 

CB(Cooper) 

LASS(Aston) 

MARK n (Gidal) 

Unraveling the L/E putzle is an important issue in meson spec
troscopy, Aside from the spin-parity question, the combined experi
mental data le not explained by the naive quark model. The quark 
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content of the E is inconsistent in production and decay. The reasons 
to believe the E is mostly ufi + di arc: 

a) It is produced in ir~p production 

b) It is produced in TT* production. 

c) It appearB to be produced in J/V» -• uE and not J/tp - • $E." 

The reasons to believe the E is mostly sS are: 

1) £ decays into KRnt mostly /f K' and not bit. 

2} If the D and £7 are the 1' * iaoscalars, the heavier K should 
contain sS quarkti. 

In addition a resonance in KKir, called tin; U'(1530)"" has been 
claimed to the 1 4 + isoscalar partner of the D//|{1285). If this is 
correct, the E becomes an extra 1 + + meson that docs not fit into the 
quark mode] nonets. 

What is the 1 + + E/fi (1420)7 A possible suggestion1"1 is that it 
is a hybrid state g(uV + di). This would allow 11' production and 
decay into sS final states. The exciting possibility is that the state 
is infact an exotic Jpc = 1 - + hybrid slate. Other models include 
non-idea] mixing1"1 and a different nonet ( J''c = l+~) assignment!0"1 
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8. Review of the 0(1700) Resonance 

The 0(1700) was first observed in the reaction Jfifr -* TJ9 by 
the Crystal Ball group!"' They obtained spin-parity measurement of 
JP° = 2 + + . The measurement did not separate the f signal. Later 
the Mark II group observed the 9 in the mode J / 0 -+ iK+K~ and 
attempted to separate out the / ' signal from the 0, The high statistics 
data from the Mark HI1'*1 and the DM2 group1"1 data provide clear 
evidence that the / ' and the 0(1700) appear separated in Jfy --• 
lK+K~ and 7/CsKjf. The J/V -* m*} mode from the Crystal Dall 
group1"'1 has been reanalyzed with the / ' and 0 signals fitted in the 
mass distribution. The ijfj masB distribution from the decay J/tf> •--» 
"/tjtf from the Crystal Ball group is shown in Fig. 9, The results are 
summarized in table 8a. 

Table 8a. Thcta parameters 

MODK 

K+K-

MASS(MeV) 
1707:1- 10 

I'(MeV) BRflO"1) GKOU1' 

DM2 

MODK 

K+K-

MASS(MeV) 
1707:1- 10 166 ±33 4.6 ± 0,7 ± 0.7 

GKOU1' 

DM2 
K+K- 1720 ±7 132 ± 15 4.8 ±0.6 ±0.9 Marklll K+K-

lass ±-sa± a 2»±K 2.6 ±-.8 ±.7 CB 

Thu spin-parity of thu 0 has been determined by the Mark III and 
DM2 groups to be J r c = " . The heEicity appliludcs appear in 
roughly equal amounts which is very different from the / ' which has 
very liltje Jielicily 2. 

A search for the 0 in ~n production has been done by the TPC'"' 
and TASSO | n ; i ! groups. Their upper limits arc summarized in Table 
8b. 
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9. The T)t} mass distribution from the decay J / 0 ~+ 71^ from the 
Crystal Ball group!"1 
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Table Bb. 77 Productions Upper limits 

MODE T^tKeV) GROUP 
jr+jr- <.28 TASSO 

JSf+Jfc— <,10 TPC 

Comparing the stickiness ratio, S«, we observe 

Sf : Sjt 1 Si**l : T :> 14 

It IB evident that the 6 Is again quite different from the / and /', 

There is preliminary evidence that the 6 decays into $ -> x+rr~. 
There is a peak in the ir+ir~ mass distribution with a mass and width 
consistent with the 6 although, the spin-parity analysis has not been 
done. If this is the 0 the hadrontc decay rates are 

Kft 1 tjrj 1 rtr m 3 t 1 : 0,8 

If the 0 decayed as a pure singlet we expect 

KR : tfti : JOT = 3 : 0.5 : 6 

The jr+w~ rate appears tu be suppressed. It may be possible that 
the aS enhancement from ?ag cavity perturbation is at work, ft has 
been suggested that final state interactions cause this distortion!"1 

This may be simlliar to the problems that cause B(/J" -+ *•+*") # 
H{tr » K{ K~) in Cabbibo suppressed decays. 
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A very striking result has been obtained by the LASS group!"1 

Tbey observe the f in the reaction K~p -* KKA but not the 6. in 
this formation experiment sS resonances are produced. This indicates 
the 9 is not is an sS resonance although it decays into KK and 1717. 

There is evidence that the Pis produced in the reaction J/$ -* u>6 
and dfl. The DM21**1 and Mark HI1"' groups observe a mass peak in 
the KK mass distribution recoiling from the w. In the <f>6 mode, the 
KK mass recoiling against the 4 appears as a shoulder above the /'. 

The evidence for the d to be identified as a gtuebal! is fairly im
pressive. The key points are; 

1. It is produced In radiative J/0 decays. 

2, It is not produced in 77 nor sS product ion. 

3, The helicity of the 0 is very different from the / and /'. 

4. It decays with approximate flavor symmetry. 
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9, Vector-Vector resonances in 
J/V» -* I + (ph ww.M w$ 

The radiative Jfip decay into two vector meson combinations, 
pt b), and 4, has been measured. The MARK H group'10*' origi
nally observed a targe p*p* signal near threshold at 1.? GeV/e 3 . This 
was thought to be associated with the $ resonance. Later the Mark 
IK group1"1 observed the same resonance in p"p" and p+p~ and deter
mined 11 spin parity lo be largely pmiudoscftlar and not tensor. The 
DM2 group S N has ran Finned this result. 

The search was extended to ufu\"'ni ^ { " ! and «^""M"" by tlic 
Mark II] and DM2 groups. Both the ww and 44 channels have a large 
pseudoscaUr resonance near threshold. The spin-parity techniques 
used in these channels are aim War to the analysis performed on the 
tic i 4>$. Tin; OZI violating decay into tftw has a small signal and 
a cluster of evunU near 2,23 CeV/c*. The pp mass distribution in 
Iho decay J ftp -> fpp From the Mark III group is shown in Fig. 10 
and the 4$ mass distribution in the decay Jfip -(• i44 fwm the DM2 
group Es shown m Fig. II. The results are summarized in table 9. 

What Is this vecior-vcetor resonance near threshold? A psew-
doscalar decay into two vectors is surprising because the vectors must 
be in a p-wavc. Unless there is a VDM like connection between vector 
gfuotiti and vector mesons this is unexpected. The gluebaii candidate 
44 tensor, Of (2240), has not been identified in the 2 GeV region!"™' 
A possible solution1""1 is this resonance is part or a single large pscu-
doscalar resonance that includes the t. This would produce resonances 
in channels that would rise at threshold and fat! when new channels 
are opening up in other modes. 
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Table 0. Vector-Vector rates 

MODE MASS(GeV) BR{IQ-*) GROUP 

AV <2.0 4 7 ± 3 ± 9 Mark III 
p+p- <2.0 — Mark III 

bltt* <2.0 12.2 ±.7 ±3.1 Mark III 
<J(d <2.0 14.1 ± 2 ± 4.2 DM2 

fat 1.7 - 3.1 1.4 ±2.5 ±.28 Mark III 

^(tf+Jf-J <2.9 3,1 ±.3+. .G 
3.4 4: ,8 
3.0 1: .0 

DM2 
Mark ifl 
Mark HI 

# (K+K-) 2.1-2.4 
2.1-2.-1 

3,1 ±.3+. .G 
3.4 4: ,8 
3.0 1: .0 

DM2 
Mark ifl 
Mark HI H {KSKL) 

2.1-2.4 
2.1-2.-1 

3,1 ±.3+. .G 
3.4 4: ,8 
3.0 1: .0 

DM2 
Mark ifl 
Mark HI 

> » " r v i : nr.^ 
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10. The p V (a) and the p V (b) mm distributions in the decay 
Jfip -»^p from the MARK IU group!"1 
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6 SO 

U„ (CeV/c*) 

11. The $<j> mass distribution in the decay J/i/> — - y ^ from the 
DM2 group!"' 
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10. Review of J/i[> <-> 7^(2.2) 

In summer 1963 the Mark III group presented new results 
for a narrow state, the £(2.2), seen in radiative J fit decays into 
KB.1"'' The signal, J/# -* 7& € -» K+K~ had a branching ratio 
of (3.8 ± 1,3 ± 0.9) X 10~5 and a statistical significance of ~ 4.7 stan
dard deviations based on 2.T million J/if> decays. Later the DM21""'1 

searched for this state in their first data sample and didn't see it. 
Subsequently, the Mark III group ran again at the Jj\j> and confirmed 
the signal!'1"1 At the same time the DM2 group1 finished analyzing 
their complete data sample (8.3 million J/0 events) and set an upper 
limit for the state. The K+K~ and KgKs mass distributions in the 
decay J/0 -• *tKK from the Mark III group are shown in Fig. 12 
and the KsKs m a s s distribution from the DM2 group is shown in 
Fig. 13. The final results arc listed in table 10a. 

Table 10a. J/rf> - r -y£(2.2) rates 

D i « r Moil, MOM Width BRx|0-» Group 

J / * - i f tK*K~ l,JSO± .00B± ,014 .0J8;|j}id:.017 4.»+};J±O.B Mark 111 

Jf* - " i f iKtflCn 1.131 ±.O0T±.OOT .0IB+;i'J»±.0I0 3,i»;J±0.? Mark III 

J / i t - i f lK*-K- - n < 1 . I DM3 J / i t - i f 

*lKfiK}t „ . D <I .O DM2 

Other groups have searched for this state in different modes and 
reactions. The search includes production in T decays, pp annihila
tion, 7r~p and K~p reactions. In the later two there is evidence for a 
resonance near 2.2 GcV/c1. 

In T decays, the CLEO group'""1 looked in the reaction, T(l«) -» 
it* i -* K+K~ and KSKS. A limit of 2 X10"4 and 9 X ID"5 has been 
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MASS (OfV/fc'( 

12. The K+K~ (a) and KsK$ (b) mass distributions in the decay 
J/if, - f t f * from the MARK HI group.'"" 

! 11' f' IT TgTO 
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13. Th« KsK$ mus distribution in the decay J/^i -* fKgKa from 
the DM2 group!'" 
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set at 9D?S C.L. In pp annihilation, the DNL'1"" and LEAR(PS170)" "" 
groups have set upper limits Tor B[^ ~* pp) x B{£ --» K+K~) for 
different spins and widths listed in table 10b. 

Table 10b. ((2.2) -» pp upper limits 

SpinfJ" 7) T (MeV) Limit (lO"4) Group 

0++ 3.5 16 BNL 

0++ 35 5.6 BNL 

2++ 3.5 5.1 BNL 
2 + 4 35 1,8 BNL 
0+4 1 30 LEAH 

0-n 3 IS LEAH 

0 + + 30 5.1 LEA Ft 

2++ 1 7,7 LEA It 

2++ 3 4.6 LEAR 
2++ 30 i.a LEAn 

In 7T~p production, the GAMS group'"'' reported a narrow struc
ture at 2.22 GeV in the rjr}' mode In the reaction up — •)>/ n, with 
incident pion beams at 38 and 100 GeV. The angular distributions 
are consistent with J > 2. Another unpublished result!"" in the 
rcaction jr~p -* KsKs+ neutrals, reported a peak at 2.2 OV/c* 
with an incident pion momentum at 175 GeV/c. In A' ;i prod net inn, 
the LASS group'"' has evidence for a structure near 1.1 GeV in the 
reaction K~p -* KjA'sA. This structure again appears tn have an 
angular distribution consistent with J > 2. 

The theoretical models include identification as a high spin «.s 
state!1"1 a AA bound state!"*1 a Hlggs boson!"1' a giiwfaall!"*1 a 
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hybrid statej" a technidilatonj ' a neutral color scalar! a R«gge 
occuraneet"*1 a 4-quark state!"*' and a t*chipion!'w| The aimplicat 
model, a high spin ss state, predicts an IJIJ' decay and production 
in at formation experiments such as K"p -* KRK. The narrow 
width has been predicted by a such model"1'1 but disputed in an
other calculation!'"1 Many models were developed to explain the 
narrow width. The conventional sS quark model prediction, predicts 
the titf' decay and would be expected to appear In K~p production. 
Thi! narrow width tit Nome model*1"'1' ]» fmmil to be wide by <>UUT 

calculations!1"1 
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11. Summary 

The results from high statistics Jfi> experiments are providing 
new insights into meson spectroscopy. The main thrust lias been 
the study of radiative J/ij> decays to understand the two gluon spec
trum predicted by QGD. Other topics under investigation include the 
hadronic decays to measure the light quark content in mesons. 

The J/4> radiative spectrum appears to quantitatively follow the 
predictions for stains formed from two ghions. The j>H<-iulo»calii.rs ami 
tensors decay at rales consistent with SU(:i) symmetry. There an-
new resonances, the iota and the thula, wliirli do nut nppi-iir to HCIMI 

in hadronic production and do not tieem tu (it into llir ronvciitional 
qq nonets. The large radiative J /0 brandi'mi" ratioa nnd tlu> small 11 
upper limits support the glueball interpretation. The iletnili'd thriv-
rcLical predictions of tlie mass spectrum and the di'rnys into spiT'ilir 
mesons arc not well undrrslood. 

The £'//i(l't2t)) meson [J11 1 ' ' rani1) ii;us ht>i-»mi' evivi more 
puzzling with new mca.suremuntK. The recent, result*! iniliciil.i' Unit tin1 

tf//i( 1*120) is bring produced via itDti-stnuiK<* quarks even thmif;li it 
decays into KKis and behaves as an »s stale. 

In other radiative* decays, thr £(2.2) appears d> lie a high spin 
state now seen in x p production in r»n' and in A' p prmliittinii in 
KK. There are pseudosrular vector-vector resonances fonni'd THMT 
threshold in pp, 4>4> and uu. These could bi> separate rhiinnels of A 
large single multi-channel resonance. 

In hadronic decays, the J/V' ' Vector i I'seudiwralar branching 
ratios have been measured and now the J ftp • Vivinr 1 Tfiwnr .itul 
Vector + Scalar branching ratios are being lielrrtnmeil. Model* cm 

11 I 1 I iWS8ftl*WMSWSS iVrt'-i; 

http://mca.su
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fit the Vector 4- Pseudoscalar decays with conventional rj-t}' mixing 
angles. The decay J/i> -» o> is miming suggesting that the 6 is not 
the 0 + + nonet tsovector. 

The results in the n w future will continue to come From the 
analysis on the existing data from the DM2 and Mark III groups 
and possibly new results In gluonium resonances from LEAR, Any 
fundamental discoveries, such as the discovery of a scalar state in 
radiative decays or an exotic meson, will have to come from a very 
high statistics J/ifi study, The DM2 group has closed down. The 
Mark III group has not taken any new data ( since early 1986 ) due 
to the SLC upgrade at SLAC and Is not scheduled to run until mid 
1988. Unless SPEAR luminosity could be significantly increased it 
la doubtful that the Mark III group would run at the Jji/. The 
Beijing Spectrometer, BBS, at the e+e~ collider, BEPC, will have the 
opportunity to run at the J/rp and could accomplish a high statistics 
study in the early 1990's, 
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