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Theorems with the thesis:
Production of Four-Prong Final States in Photon-Photon Collisions

by A. Buijs

1. The difference in shape between the invariant ir+n~ mass spectra of the
reactions T(25) -> T T + ^ - T ( 1 5 ) and T(35) -* n+n-T(lS) can be explained
with the existence of a broad J = 0+ dipion resonance with a mass around
400-500 MeV.

T. Bowcock et af., Phys. Lett. 58, 307 (1986).

2. The reaction e+e~ —> ir+ir~n+n~, also used in the analysis for the previous
theorem, provides a clean signal for the measurement of toponium in Z°
decays, in case the toponium mass is only slightly less than the Z° mass.

3. The 'GSI effect' can - at least qualitatively - be explained by electron pair
production in the annihilation of two photons exchanged between the collid-
ing heavy nuclei.

G. Alexander, E. Gotsman and U. Maor, DESY 86-157, (1986).

4. In the current social-economic climate in the United States, the decision of
a physics graduate to follow a carreer in arms development research is not
always based on a free choice.

5. Microprocessor arrays and emulator farms are better suited for the reduction
of experimental high-energy physics data than supercomputers with vector
processors.

6. The peak at 1440 MeV in the KKn invariant mass spectrum from the re-
action J/tp —* iKKn will turn out to be a superposition of two resonances
with different decay modes.

7. This theorem has three A's, two C's, two D's, twentyfive E's, six F's, two
G's, seven H's, ten I's, four L's, five M's, thirteen N's, twelve O's, two P's,
nine It's, twentyeight S's, twentyone T's, four U's, Seven V's, ten W's, two
X's and four Y's.

E. S. Miller priv. comm.

8. It is recommended to improve the upper limits on the decay t(1440) —» 7$,
in view of the possible glueball nature of the iota.



Stellingen behorende bij het proefschrift:
Production of Four-Prong Final States in Photon-Photon Collisions

door A. Buijs

1. Het verschil tussen de vorm van de invariante-massa verdeling van geladen
pion paren in de reacties ï(25) -> x+ir-r{lS) en T(35) -• 7r+^-T(15)
kan verklaard worden door de aanwezigheid van een dipion resonantie met
quantumgetallen Jp = 0+ en een massa tussen 400 en 500 MeV.

T. Bowcock et al, Phys. Lett. 58, 307 (1986).

2. De reactie e+e~ —• ir+ir~fi+fi~, die ook in de analyse van de vorige stelling
is gebruikt, levert een schoon signaal voor het meten van toponium als ver-
valsproduct van de Z°, mits de toponium massa slechts weinig lager is dan
die van de Z°.

3. Het 'GSI-effekt' kan, op zijn minst qualitatief, verklaard worden met be-
hulp van productie van electron-positron paren door de annihilatie van twee
fotonen, die uitgewisseld zijn door de botsende zware ionen.

G. Alexander, E. Gotsman and U. Maor, DESY 86-157, (1986).

4. De sociaal-economische situatie in de Verenigde Staten heeft ertoe geleid dat
er bij de beslissing van een afgestudeerd fysicus om in de wapenindustrie te
gaan werken, niet altijd sprake kan zijn van een vrije keuze.

5. Microprocessor arrays en emulator farms zijn beter geschikt voor het ver-
werken van experimentele gegevens uit de hoge-energie fysica dan supercom-
puters met vectorprocessoren.

6. De piek bij 1440 MeV in het KKir massaspectrum verkregen in de reactie
J/ip —• "fKKir zal een superpositie van resonanties met verschillende ver-
valswij zen blijken te zijn.

7. Deze stelling heeft vijf A's, drie C's, zeven D's, vijfendertig E's, acht F's,
vier G's, vier H's, achttien I's, vijf J's, zeven L's, drie M's, twaalf N's, twee
P's, tien R's, tweeëntwintig S'en, veertien T's, elf V's, vijf W's en vier Z's.

E. S. Miller pers. meded.

8. In verband met de mogelijke glueball aard van de iota, verdient het aanbe-
veling de experimentele bovengrenzen op het verval t(1440) —»• i<f> te ver-
beteren.
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Preface

This thesis represents a distillate of an enormous enterprise, undertaken by
more than a hundred physicists, engineers and programmers. It has been a great
pleasure and a privilege for me to use the fruit of the effort of so many to obtain
the results presented here. In turn, I hope that this work contributes to the
success of the experiment.

In the fall of 1981, Hans Sens contacted me for a graduate research position
in the PEP9 group, and I gladly accepted that offer. I am thankful not only for
the opportunity Hans gave me then, but also for his continuing support as my
thesis advisor in the following years.

In the start-up phase of the experiment, I worked with Frits Erne on the
Cerenkov counter system, where we learned that the only thing that shields
against magnetic fields better than iron is more iron. Later, Frits suggested four-
prong final states as a research topic, and helped me with impressive ingenuity
to obtain the results summarized in this thesis.

The data analysis involved a great deal of computing, which is rather addic-
tive. I have spent many an hour with Willy Langeveld, Ed Miller or Ken Kees
discussing a good hack or the art of junk programming.

All of the data presented here involve signals from the TPC, built and oper-
ated by the PEP4 collaboration. I wish to express my thanks to the members of
that collaboration for allowing me access to their data and off-line analysis code.

The work on the 77 —>K+K~TC+IV~ final state was carried out in collabora-
tion with Clark Lindsey, the K^K^ir* results were obtained together with Yao
Xun Wang. It was a pleasant experience working with Clark and Yao.

Finally, I would like to thank the people who otherwise made my work and
my stay in California a memorable experience. In particular, Frank Linde and
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Mieke van de Berg, Bert van Uitert and Marion van Noordwijk, Rich and Barbara
Bulifant, and Hans and Nettie Paar, with whom I spent many pleasant hours.

The manuscript of this thesis was prepared with

Stanford Linear Accelerator Center, September 1986
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1. Introduction.



The interaction of photons with photons was first discussed by Huijgens in
1690. His theory, based on first principles, rejected any interaction, stating that
"The rays transverse one another without hindrance".1

During the development of the theory of Quantum ElectroDynamics (QED),
it became apparent that interactions of photons with matter, and photons with
photons, are possible? In the following, we shall refer to the latter as photon-
photon or 77 collisions.

According to the principle of equivalence of mass and energy, a photon-photon
collision may result in the creation of a state with massive particles, provided that
the initial center-of-mass energy of the 77 system, W^, is greater than the rest
mass of the produced state. It is through the measurement of the stable particles
emerging from the collision that we are able to establish some of the properties of
the 77 process. Since the formation involves two photons, the resulting state has
positive C-parity. Photon-photon collisions therefore allow us to study exclusive
formation of states with positive C-parity or to search for unknown states of that
type.

In the naive, but successful, model of vector-meson dominance, the photon-
photon scattering process is expected to proceed via neutral vector-meson pair,
in the simplest case via a p°p° pair, but also via 4>p° and <j><j>. These reactions can
be observed through the measurement of exclusive final states with four charged
particles, since the p° meson decays to TT+-K~ and the <j> meson to K+K~. The
reaction 77 —>p°p° has been observed first in 1980, and revealed an unexpectedly
high cross section around the p°p° threshold. This has spawned a variety of theo-
retical models, varying from the existence of glueballs and four-quark resonances,
to simple explanations based on t-channel factorization.

In this thesis, we shall attempt to confirm the earlier measurements, and
to expand the experimental knowledge by measuring the final states into which
<f>p° and <f>4> decay. We report on the measurement of the final states 2n+2n~,
K+K-n+'K-, 2K+2K~, KfK*^ andpp%+ir-. The KfK*** andpjBTT+Ti- final
states do not pertain to the vector-meson dominance model, but are interesting
for other reasons. The ppw+7T~ events can result from the decay of the dibaryon
states A A and A A. The production rates for these states have been calculated
in perturbative QCD, their measurement may provide useful tests of QCD. The
KgK±n^ events are of interest for the search for resonances, in particular the
t(1440) and the charmonium states. A measurement of the formation rate of the
i will shed light on the question whether the 1 is indeed a glueball, as suggested by
many. The formation rate of the T)c in photon-photon collisions provides another
test of the validity of low order QCD.

The creation of photon-photon collisions with sufficiently high values of W77

is achieved with the use of colliding positron and electron (e+e~) beams; the
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electron and positron each radiate a virtual photon, which then collide to form
a final state. This final state can be reconstructed by measuring the emerg-
ing stable particles in a detector surrounding the interaction point, covering as
much of the solid angle as possible. The use of e+e~ rather than e~e~ beams
to generate the photon beams facilitates the storage of both beams in the same
storage ring, and in addition permits a wide range of experiments on e+e~ an-
nihilation. Although the kinematic properties of e+e~ annihilation events and
two-photon events are somewhat different, both reactions can be studied in the
same experimental set-up.

The measurement described in this thesis was performed with the TPC/Two-
Gamma detector at the e+e~ colliding beam facility PEP at the Stanford Linear
Accelerator Center (SLAC). The following chapter describes in more detail the
theoretical models that are the motivation for this experiment. Chapter three
describes the kinematic properties of photon-photon collisions and the calculation
of the 77 luminosity. In chapter four, the details of the detector system are given,
and the method used to measure and analyze events from exclusive four-particle
final states is outlined. The results of the measurements are given in chapter five.
Chapter six concludes with a discussion of the results, and an interpretation of
the measurements.

The results on the reactions 77 —yR +K~ir+n~ and 77 —*K^K±IKT have been
published?'4 The measurement of 77 —y2ir+27r~ is being prepared for publication;
the results on 77 —>2K+2K~ and 77 -+pp7r+7r~ await a larger data sample before
publication can be considered.
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2.2 Theoretical Models.

2.1 Introduction.

The motivation for this experiment is threefold: the theoretical interest in the
subject, the confirmation and extension of the results that similar experiments
have already obtained, and the feasibility of the experiment with the available
means, in this case the TPC/Two-Gamma experiment at PEP. These factors
interact strongly with each other. We shall for example see, that an enhancement
observed in 1980 in the 77 —>27r+27r~ channel spawned a variety of theoretical
models for its explanation. These models led in turn to predictions for other
channels that may be investigated with the proper experimental set-up.

In an attempt to present a coherent description of the motivation for this
experiment, we have chosen to proceed as follows: first a review will be presented
of most applicable theoretical models, without assuming any knowledge of the
current experimental situation. Then we shall give an overview of the relevant
experimental data available to date from similar experiments. Finally we shall
discuss why the TPC/Two-Gamma experiment is well suited for the study of
exclusive four-particle final states.

2.2 Theoretical Models.

2.2.1 Introduction.

An increasing variety of theoretical models is currently available to explain
some of the phenomena observed in recent years in experimental photon-photon
collisions, and some of these make specific predictions on phenomena that are
yet to be observed. In the following, we present and discuss some of the current
theories that bear relation to the experimental work reported in this thesis.
Wherever references to the literature are given, we refer preferentially to standard
text books, rather than to the original papers.

2.2.2 Vector-Meson Dominance.

The Vector-meson Dominance Model (VDM) is the oldest and most common
model applied to the hadronic interactions of photons. It was introduced prior to
the quark model in 1960 by Sakurai5 to explain the large cross sections observed
in inelastic electron-proton scattering. The model was later successfully used to
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Fig. 2.1 Two channels contributing to 77 —•VrV: (a.) the diffractive scatter-
ing process (Pomeron exchange) and (b) the one-pion exchange process
(OPE).

describe the energy dependence of e+e~ annihilation into a virtual photon at
low energies. Similarly, it has been applied to explain some of the phenomena
observed in the annihilation of two photons.

The basic concept of many models is that the photon wave function can be
described as a superposition of wave functions with the same quantum numbers:

\<t>) = 0 1 |Tf> + a 2 \ l + l ~ ) + a 3 \ q q ) + ••• (2.1)

The first term in this expansion corresponds to a real photon, the second is a
lepton pair, the third a quark-antiquark pair. The higher order terms involve
more than two quarks and interference terms. In VDM, one assumes that the
hadronic interactions proceed mainly via the third term and in particular via
resonant qq states p°, <j>, u etc., and their excited states, vector mesons that have
the same quantum numbers as the photon.

In e+e~ annihilation, the ratio R oc a^/a^ is an indication of the number of
quark families. The annihilation is assumed to result in a single virtual photon,
that immediately materializes according to expression (2.1). A new qq pair con-
tributes to R as soon as the center-of-mass energy rises above the quark-pair rest
mass.

In photon-photon scattering, VDM predicts the occurrence of processes like
11 ~^P0P0iP0<fii<f><f>i /)°WJ etc., where both photons convert into flavorless vector
mesons, which then scatter elastically. This process is shown in figure 2.1 (a),
where V and V indicate the vector mesons. The cross section for such processes
can be estimated from the diagram (Renard? ch. 8.5b):

crvv,_vvi> (2.2)
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V

p°

i>
T

my

(MeV)

769
783
1020
3097
9460

IV
(MeV)

154
9.9
4.2

0.063
0.044

(keV)

7.08
0.66
1.30
4.7
1.1

«v = &$,
xlO~3

3.8
0.35
0.52
0.61
0.05

2

1
0.093(79)
0.18 (2/9)
0.66 (8/9)
0.16 (2/9)

Table 2.1 Properties of the ground state Savorless vector mesons. The numbers
in parentheses in the last column are explained in the text.

where gy^ is the coupling of a photon to the vector meson V with mass my;
is the energy of the 77 system, and pyyi is the flux factor:

PW = - (my + my,)2)'2 (W^ - (my - my,?)'2 (2.3)

The coupling strength can be inferred from the decay width of the vector
meson to an e+e~ pair (see for example Renard? ch. 6.2 and 8.5):

47rt*2
(2.4)

The widths and the corresponding couplings are summarized in table 2.1, taken
from the listings of the Particle Data Group? The numbers in parentheses in the
last column are the ratios calculated with the empirical notion that the width
Ty^g+g- is proportional to the square of the average charge of the constituent
quarks (Close? ch. 11.5).

The elastic cross section app-^pp is not directly measurable, but can be esti-
mated from related processes under the additive quark model. We expect, for
example, that

=* 2/z X >pp->pp, (2.5)

when helicity is conserved in the reactions. The elastic cross section for pp —> pp
reaches an approximately constant value of 7 mb above s(— W2) = 2 GeV2.
With this value, we obtain from (2.2) and (2.5):

= ppp x 45 nb. (2.6)
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150 -

100 -

tht-26

Fig. 2.2 Predictions for p°p° production in photon-photon collisions from the
Vector-meson Dominance Model. The solid line is a calculation using
proton-antiproton scattering in the high energy limit, the shaded area
is a calculation by Alexander et al.f using photo-production data.

This curve is shown as the solid line in figure 2.2. The cross section vanishes
below the p°p° threshold; the large width of the p°, however, may lead to non-zero
cross section for lower VF77.

The VDM model makes specific predictions about the development of the
cross section in terms of the virtuality of the photons, Q2, the magnitude of
the four-momentum squared of the photon. If we assume that only one of the
photons is off mass shell (Q2 > 0) and the other photon is almost real [Q2 « 0),
the model predicts (Sakurai^ 1972, and Close? ch. 9.1):

- 2

(2.7)

with obvious notation. The Q2 dependence for the production of p°p° is shown
in figure 2.3 as line marked (a).

Alexander et ai.9 have raised objections against this simplified model, in
particular against the extrapolation of high-s proton-antiproton scattering data
to the low-s region, where s is the center-of-mass energy squared. They suggest
a model based on factorization, that is

'11- (2.8)

The summation is performed over the diffractive channel (Pomeron exchange, fig-
ure 2.1(a)) and the one-pion exchange process (OPE, figure 2.1(b)). The factors
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tht-37

10

10

Q2 (GeV2)

Fig. 2.3 A comparison of the predictions for the Q* dependence of the cross sec-
tion for various theoretical models discussed in this chapter: (a) The
simple p-pole form factor F oc (1 + Q2/m^)~1; (b) the form factor as
calculated by Alexander et al.f for the two values of W^ as indicated;
(c) the form factor as calculated by Kirschner and Schiller?3 for the for-
mation ofric; (d) the Jjiji-pole form factor F oc (1+ Q2/™?,,^)'1- The

dashed line is an exponential through (0,1) and the value for 77 —*W°K°
at W^ = 2.3 GeV and cos2 9* = 0.5, shown as the dot, calculated by
Gunion et ai.?1

Fij are the flux factors due to the different masses involved in the calculation.
Photo-production data are used at fixed values of the photon energy in the meson
center-of-mass frame (rather than at fixed center-of-mass energies) to estimate
cross sections for the production of p°p°, <f>p° and <f><f>. The diffractive channel is
the main component contributing to these processes. The result for 77 —>p°p° is
shown as the shaded area in figure 2.2, and shows a peak of about 100 nb just
above threshold. A non-zero cross section below the pp threshold is obtained by
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taking the large width of the p meson into account. The width of the band is
due to the error in the measurements used as input data, and to an uncertainty
in the model used to describe the resonance shape of the p meson. The threshold
behavior of this model is notably different from the simple model described ear-
lier. However, both models predict constant cross sections above W11 = 2.5 GeV.
The prediction of Alexander et al.9 for 77 -^<j>p° is 0.4 to 0.5 nb in the invariant
mass range W^ between 2 and 3 GeV, and 0.001 to 0.05 nb for 77 —xjxfa in the
mass range between 2 and 5 GeV.

In this model, the cross sections for 77 —>p°w and 77 —>ww are much higher,
because these processes are dominated by the one-pion exchange process. How-
ever, the diffractive and non-diffractive components of the input data are very
difficult to separate. The cross sections estimated for uw production become of
the order of 10 to 20 nb between 2 and 3 GeV, and 2 to 4 nb for p°uJ in that
same mass range.

The authors have also performed calculations for the Q2 dependence of the
process 77 —>p°p°, using data from e~p scattering experiments rather than photo-
production data. The results are shown as the two bands marked (b) in figure
2.3. Each band corresponds to a value of Win, as indicated in the figure. The
width of the band is again determined by the uncertainties in the input data.
We see that these curves are somewhat different from what the naive p-pole form
factor would suggest, but that at least in the Q2 range below 5 GeV2, the order
of magnitude is roughly the same.

2.2.3 Four-Quart Bound States.

The existence of bound states of four quarks [q2q2 states) is predicted in the
MIT bag model, which has been successfully used to describe the spectrum of
hadrons with only a few parameters. A review of the bag model is given by
JaffeJ0 The model assumes that colored quarks and massless, colored, gluons
are confined to the interior of hadrons by the introduction of a constant energy
density into the interaction Hamiltonian. The masses of the u and d quarks are
zero by approximation, the mass of the s quark is obtained from a fit of the
parameters of the model to the masses of the lowest lying qq and qqq states.
The main parameters are: the bag constant or confining pressure B I* = 146
MeV, the strange-quark mass ms = 279 MeV, the quark-gluon coupling constant
ctc = 0.55, and a parameter characterizing the finite energy shifts due to zero
point fluctuations ZQ — —1.84. Without introducing new parameters, one can
extrapolate the model to provide estimates of the masses of q2q2 states?0'11 To
lowest order, the expected masses of q2q2 states scale with the number of con-
stituent quarks; assigning an average mass around 700 MeV to qq mesons and
masses around 1.1 GeV to q3 baryons, we expect the lowest lying q2q2 states
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tht-34

Fig. 2.4 The exotic and cryptoexotic 9 and 36 multiplets. The third axis in 36
indicates the number of sa pairs in the state. The notation is explained
in the text.

to be around 1.5 GeV, which places them in an easily accessible energy range.
Although currently no direct evidence for these states exists, it is suggested by
some authors}1'12 that the scalar states 5(980) and S*(980) are candidates*.

In assigning the multiplet structure to the q2q2 states, one uses the SU(3)
property that a quark pair is either in the symmetric 6 or the antisymmetric 3
flavor multiplet (see Close? ch. 19). If these multiplets are coupled to similar qq
multiplets and the Pauli principle is taken into account, the following 5-wave
multiplets arise:

9,36

9,36,18,18*,1~8,1~8* (2.9)

9,9*,36,36*,

Jp = 2+

Jp=l+

where the asterisk distinguishes two multiplets with identical overall spin and
flavor content. The multiplets 9 and 36 are shown in figure 2.4, where the states
are plotted versus Iz, the projection of the isotopic spin, the hypercharge Y, and
versus the number of sS quark pairs. The notation introduced by Jaffe is used

* We shall not discuss the q2q2 hypothesis of the 5(980) and 5* (980) any further. However, it

should be pointed out that Achasov et a/.12 have made specific predictions on their formation in

photon-photon collisions under that hypothesis. Those predictions do not disagree with a recent

measurement of the reaction 77 —*S —» ir°r) by the Crystal Ball collaboration13 at DORIS II,

with T^^s x Bs._x0r, = (O.l9±O.O7toi°) keV. See also Erne\u
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tht-31 (a) (b) (c)
Fig 2.5 (a) Zweig-allowed decay <t> -* K+K~;

(b) Zweig-suppressed decay r\c —• K+K~;
(c) Zweig-superallowed decay of a q2q2 state into two mesons.

in the figure. The full notation for a state would be for example C£(36,0+),
where the C stands for cryptoexotic, a state that has the same flavor content
as an ordinary meson (as opposed to E as in exotic, a state that has no qq
equivalent), the superscript refers to the number of ss pairs contained in the
meson (Csa = ssss), the subscript indicates the qq meson (pairs) with the same
Savor content as the q2q2 state; the multiplet number and the spin-parity of the
state follow in parentheses.

In the decay of mesons, one generally distinguishes between Zweig-allowed
and Zweig-suppressed decays^. Examples of these decays are shown in figure 2.5,
where figure 2.5(a) shows the Zweig-allowed decay of a <j> meson into two kaons;
a quark-antiquark pair is picked up from the vacuum to form the two kaons. The
similar decay of the rfc into two D mesons is forbidden, since the mass of the D,
the lowest lying state with open charm, is more than half the r\c mass; therefore,
the decay proceeds via two gluons to, for example, two kaons (figure 2.5(b)). This
decay mode is suppressed due to the quark-gluon vertices. In the case of four-
quark mesons, an additional decay mode exists, in which the meson simply falls
apart into two ordinary mesons, as shown in figure 2.5(c). This mode is referred
to as Zweig-superallowed and also as the fall-apart, dissociation or Gssion mode.
A direct and important consequence of this fall-apart mode of g2§2 states is that
the decay width is expected to be very large, of the order of several hundred MeV.
This makes the detection of such states in hadronic interactions very difficult.
However, if the state has a low Q-value, the phase space suppression may make
the resonance narrow enough to be observed. Therefore it is advantageous to
search for q^q2 states in the decay modes to heavier mesons, like pp,puj etc.. In

' Sometimes referred to as OZI-allowed and suppressed, after Okubo, Zweig and Iizuka; see
Closef ch. 4.4.
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particular the S-wave Jp = 2+ states are promising, since their decay to TTTT

requires the exchange of two gluons and is thus suppressed.

The amplitudes for the decay of q2q2 states into mesons can be calculated by
writing the \q2q2) state as a superposition of |gg)|<7<7) states. The coefficients for
this expansion are called recoupling coefficients, and are separated into spin and
flavor-recoupling. Tables of spin and flavor-recoupling coefficients are given by
Jaffe}0 a method for calculating these coefficients can be found in Closef ch. 19.3.

Since the q2q2 states can be considered as loosely bound states of meson
pairs, the two-photon channel, which according to VDM proceeds via two vector
mesons, is well suited as a searching ground for these states. This idea has been
suggested by several authors}2'15 who have published rather detailed calculations
on this subject. In the following, we shall present some of the results obtained by
Achasov et a/.}2 maintaining their notation whenever possible. The calculations
performed by Li and Liu15 are based on slightly different assumptions, but lead
to essentially the same results. Only the Jp — 2+ resonances will be discussed;
Jp = 1 + resonances cannot be created in collisions of massless vector mesons,
according to the theorem of Yang and Landau (see Close? ch. 16.2). The -7-7
width of a g2g2 state decaying via two neutral vector mesons can be expressed
as:

yOyO'

The amplitude A is given by

A{R _> Vovo'^ ni) = goP{v°V°') (4na)9-^pcs, (2.11)
mV°myo'

where P(V°V° ) is the probability of a four-quark resonance to be in the V°V°
state; it is given by the product of the spin and the flavor-recoupling coefficients.
The factors gyo^ are the coupling constants of the photon to the vector meson
as in equation (2.2). The factor cs accounts for the fact that not all available
spin states can turn into massless photons, and also for a coefficient due to Bose
statistics. The quantity go is an overall coupling constant for Zweig-superallowed
decays; it is of the order of 10 GeV.

From these principles, Achasov et al.12 derive formulas for the cross section
of 77 —*VV via four-quark resonances. The basic structure of the formulas is:

_ (2 J + 1) pyy,
(2.12)
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Here Pvv ls *n e fl-ux factor as in (2.3). The coefficient gR^ is the coupling
constant of the two photons to R, summed over all possible neutral vector-
meson pairs that couple to R. The coefficient gRyv IS the coupling constant
of the state R to the meson pairs VV. It is the product of the overall coupling
constant g§ and the two recoupling coefficients. The quantity D is the inverse of
a Breit-Wigner resonance propagator:

D(a;mR,W^) = mR - W^ - i{a mR VR{mR) + W^ ^ ( W ^ ) } . (2.13)

The width TR(W^n) is the sum of the partial widths TRw> of all meson pairs
that contribute to the decay:

where again the flux factor is taken into account. In the case of a p meson, which
has a large width, the flux factor is weighted by the resonance shape of that
meson. The constant a is the only free parameter in this model; it takes into
account all contributions from all non-Zweig-superallowed decays to the width
of the resonance R.

The MIT bag model predicts several resonances with similar masses that
contribute to the same decay channels. To incorporate these, one has to replace

in formula (2.12).

Using the formulas of Achasov et aJ., we calculate the cross sections for the
following processes:

77 -»

77 - •

77 ~>

77-+
77-+

£(36,2+) + C°(36,2+) + C°(9,2+)
C°(36,2+)
C«(36,2+) + C*(9,2+)
C«(36,2+)+C^(9,2+)
C"(36,2+)

—f P°P°, P+P

-> A>
-^p°4>

The results are shown in figure 2.6, where the cross sections are plotted versus
Ŵy-y. The q2q2 masses are from the original MIT bag calculations}0 rounded cff to
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Fig. 2.6 The cross section 0/77 —>q2q2 —* VK' for several different vector-meson
pairs, as a function of W17. TAe g2^2-state masses are as indicated
in GeV (in agreement with the calculations by Jaffe10), and o = 0.5
throughout.

the nearest 50 MeV, a is assumed to be 0.5. We see a rather large cross section
for 77 —>p°p°, close to threshold. The calculated p+p~ cross section is much
lower than the p°p° cross section. This is a result of the destructive interference
between the isotopic scalars C°(36,2+) and C°(9,2+), and the isotopic tensor
£(36,2+) . As was pointed out by Li and Liu15 in 1982, a resonance with definite
isotopic spin I would yield a ratio <r,n_,/,o,,o/crrr_tp+p- = x/2 for / = 0 and = 2 for
1 = 2. In case of interference between two resonances, this ratio depends on the
relative strengths of the resonances and the mass differences. The cross section
for p+p~ is suppressed by two orders of magnitude, but we shall see in chapter
6.2 that the addition of the /(1270) resonance to the p+p~ channel will raise
the cross section to around 20 nb. A similar effect can be observed in the K*K*
channel, where the neutral mode is lower than the charged mode by a factor of
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Fig. 2.7 The cross section for TY —*p®<j> in the four-quark model, as a /unction of
W-yf, for different values of the q2^ mass in (a), and for different values
of the parameter a in (b).

four (figure 2.6).

In figure 2.7(a), we show the p°<f> cross section as a function of W^ for
different values of TUR, the mass of the g2<j2 states. We see that the resonance
shape narrows, as rriR gets close to or below the p°<f> threshold. The irregularity
in the cross section for m,R = 1.7 GeV at W^ « 1.8 GeV arises, because at this
energy the K*+K*~ channel opens up. The effect of a variation in the parameter
a can be seen in figure 2.7(b), where we choose the resonance mass at UIR = 1.95
GeV and let a vary between 0.2 and 0.8. We conclude that the general features of
this model do not vary much with the choice of m,R and a, but that it is difficult
to make precise quantitative predictions.

The arguments presented above rely on the hypothesis that the two pho-
tons convert to vector mesons, as in VDM; therefore, we may expect the Q2

dependence of the cross section to be dominated by a p-pole form factor as well.

2.2.4 QCD.

In recent years, the cross sections of large-angle scattering processes have
been studied extensively in the frame work of perturbative Quantum Chromo-
Dynamics (QCD). In these calculations, the dependence of the large-angle cross
section is obtained by quark counting, a model in which the scattering cross
section is suppressed by a factor W^ for each elementary field that participates
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in the scattering process (Close? ch. 14.3):

where N is the total number of elementary fermions and photons in the scattering
process and /(cos 0*) the angular dependence of the cross section as a function of
the center-of-mass scattering angle 8*. This simple model successfully describes
low energy 7p —» np (N — 9) and pp —* pp (N — 12) data.

In 1980, Brodsky and Lepage16 combined the quark counting model with
perturbative calculations of the lowest order diagrams for the process 77 —>7T7T.
The process 77 —>7r+7r~ is factorized into a soft part, i.e. the parton distribution
amplitudes for the pions, and a hard scattering amplitude for the creation of the
partons in the 77 collision. Through a rearrangement of terms, the expression
for the cross section becomes the product of the pionic form factor Fv, which is
a measurable quantity, and the cross section for (i pair production:

^ |Fr(WyT)|8<foTT->,.+M-
l - c o s 4 0 * dcosO* ' \ • )dcosO* l - c o s 4 0 * dcosO*

The production cross section of pion pairs can in turn be related to the production
of other meson pairs by the relation F^/FM = /|//Af> where the /A/ are the
leptonic decay constants of the mesons M. They are /„• « 93 MeV, fp « 154
MeV, /„, « 158 MeV, / 0 « 161 MeV, and fK « 112 MeV, within a few MeV.

Two experiments have measured high mass pion and kaon pair-production:
The Mark II collaboration}7 who measured the cross section for the sum of
7r+7T~ and K+K~, and the TPC/Two-Gamma collaboration}8"19 who were able
to separate pion and kaon events. It was concluded19 that the predictions for
77 —*K+K~ agree well with the data and that the 77 —>7r+7r~ predictions agree
at least in shape, although the magnitude is too low.

With the relation between the form factors and the ratios of the squareds of
the average constituent quark charges, the cross sections for production of two
helicity-0 or helicity ±1 mesons become (Brodsky and Lepage16 table I):

- 7 C
— I .O

^ do ono
_ o

dcosfl* ~ I > U A dcos»*

= 8 x

= 1.4X-
dco»0'

dcosfl* "
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Fig. 2.8 QCD results for exclusive production of Jiadron pairs in -n collisions.
The scaled cross sections are plotted versus cosfl*, wnere 5* is the scat-
tering angle in the 77 center of mass. The cross sections scale with
W ^ , with N = 6 for mesons and N = 10 for baryons. Tne ir?r curves
are according to Brodsiy,16 for three different meson wave functions:
4>M = x(\ - x) (a), 4>M = |*(1 - x)]lA fbj, and <f,M = f (x - V2) (c).
The baryon cross sections are taken from Farrar?0

The quark counting rules are still valid, so that we expect a W~f scaling of
the cross section. In figure 2.8, we show the results from the Brodsky-Lepage16

calculation for 77 —>n+n~ and 77 — 7̂r°7r0, plotted versus cos0*. The curves are
given for three different Ansatze for the meson wave function used in the QCD
calculation. The charged-pion cross section is seen to be insensitive to this choice;
the neutral-pion cross section, however, depends on the wave function.

In the same figure are shown recent results of calculations by Farrar20 on
the production of baryon pairs in 77 collisions. These calculations are based
on the same principles as used by Brodsky and Lepage, but involve an order of
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cos2 0*

0.1
0.5
0.9

12.8
13.0
14.3

0.004

i OC <S(x - 7;

12.0
13.2
18.4

0.04

,)

5.8
6.8
8.3

0.4

5.4
9.3
34.4

0.004

x(l-x){2x-

5.6
9.1
31.3

0.04

I ) 2

3.3
5.2

18.4

0.4

Table 2.2 Differential cross section W^da^^^o^o/dcoa 9* in units of GeV^nb, for
different values ofQ2/W^ and cos2 8*, according to Gunion et al}lThe
cross sections are given for the two wave functions indicated, the first
function corresponds to (c) in figure 2.8, the second is a Cernyak-
Zhitnitsky function.

magnitude more diagrams. Since the baryons are made up of three quarks, the
quark counting rule now leads to an energy dependence of the cross section as

In a recent paper?1 Gunion et al. present results on calculations of the pro-
duction cross sections of meson pairs as a function of the mass squared of the
virtual photons. The calculations are done for the case where one of the pho-
tons is on the mass shell (Q2 « 0) and one off-shell (Q2 > 0). This is in an
experiment more easily achieved than the case where both photons are off mass
shell, since a substantial event rate is lost for each off-shell photon. The paper
focusses mainly on the process 77 —»7r+7r~, for which it is shown that the forward
peaking of the cross section (cos 9* « 1) that appears in figure 2.8, is reduced for
Q2 > 0.1 x W2^. It is also predicted, that the Q2 dependence of the cross section
for larger values of VT77 is less pronounced than would be expected from VDM.

Gunion's predictions for 77 —>7r°7r° are less specific, and as in the Brodsky-
Lepage calculations, depend strongly on the choice of the pion wave function.
The Q2 dependence, however, does not depend very much on the wave function
and is calculated to be slowly varying. The extent of the Q2 dependence is shown
in table 2.2, taken from Gunion's paper. The cross sections are indicated for two
different wave functions. The first corresponds to curve (c) in figure 2.8, the
second is a Cernyak-Zhitnitsky wave function. We see that the cross section only
diminishes by 50% between Q2 « 0 and Q2/W2

7 - 0.4. This is the case for
both Ansiitze for the wave function. The value for the Cernyak-Zhitnitsky wave
function at cos2 6* = 0.5 is plotted as dot on figure 2.3. The dashed line is an
exponential through (0,1) and the dot.
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2.2.5 Fragmentation Models.

Fragmentation models are phenomenological models, based on the assump-
tion that the energy of a primary interaction is shared by two leading quarks, or,
if the center-of-mass energy is sufficiently high, by quarks and additional gluons.
The Lund string fragmentation model22 is one of a few models that have been
succesfully applied to describe multi hadron production in e+e~ annihilation. In
particular, the topology of three-jet events seems to be best described with the
Lund model?3 The confinement of color is provided through a tube-like confine-
ment field (the string) with uniform strength. When the quarks move apart,
qq pairs are created in a vacuum fluctuation along the string. The probability
for this process is expressed in the fragmentation function f{z), where z is the
fraction of the parton's momentum transferred to the qq pair. After the fragmen-
tation phase, the hadronization occurs and qq pairs recombine to form hadrons.
Baryon pairs are produced by tunneling of diquark-antidiquark pairs.

2.2.6 Formation of Charmonium States.

In 1974, a new particle was discovered, identified as the spin-1 state of a
bound cc quark pair in an S wave and named J/rjj (see table 2.1). Its excited
states rp' and ij)" were found soon after, which led to what is known as char-
monium spectroscopy, very similar to that of e+e~ bound states. From this
spectroscopical model, cc states with spin 0, 1 and 2 were expected, in addition
to the ones observed; in particular a low lying, 5-wave, spin-0 state around 3000
MeV. This state was observed in 1980 by two experiments at SPEAR24-25 in
radiative decays of the J/ip at a mass of 2980 MeV and was named T/C(2980).

Before that, in 1975, the P-wave states xo,Xi a n d X2 had been observed26 in
radiative decays of the ip', and particles with open charm (D mesons) had been
identified?7 The mass and spin assignments of the cc states are shown in figure
2.9, where the dashed lines indicate allowed radiative transitions. The shaded
area labeled 2m£> indicates the threshold for open charm. Above that threshold,
the decay of cc states is Zweig allowed (see section 2.2.3), and is predominantly
into D mesons. Below the threshold, the decays of the TJC and the \ states xo and
X2 proceed (in lowest order QCD) via the emission of two gluons, which materi-
alize into hadrons, or electromagnetically through the emission of two photons.
Therefore, the relative widths of these decays are an indication of the relative
strengths of strong and electromagnetic couplings. Following Close? ch. 16.2, we
write for the 77 width of the rjc:

(2.19)
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Fig. 2.9 The lowest energy levels of bound cc states. The dashed lines indicate

allowed radiative transitions, arrows hadronic decay. The shaded area
indicates the threshold for open charm production.

where N is the number of quark colors and ec the charge of the charmed quark.
The quantity R3 (0) is the value of the radial wave function of the cc system at
the origin. A similar expression is obtained in lowest order QCD for the hadronic
width of the Tfc:

O ~ .2 AT

(2.20)

where as is now the running coupling constant of the strong interactions asso-
ciated with the mass scale mnc. It is of the order of as « 0.3 — 0.4. The radial
wave function Rs{0) is eliminated by taking the ratio of (2.19) and (2.20), which
yields

fei= &£• (2-21>
The 77 width of the r\c can also be related to the leptonic width of the

(2.22)

•'•i
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Under the assumption that the radial wave functions are equal at the origin, we
find

2

-£*=m- = 3 e ? ^ . (2.23)

Using the values from table 2.1 and mnc — 2980 MeV, ec =
 2/z, the -yy width

becomes

T ^ - , ^ = 6.8 ± 1.1 keV. (2.24)

The error is derived from the error in the total width of the J/rp and the error
in its branching ratio to e+e~. A similar reasoning can be made for the rfc'', with
mVc, = 3590 MeV:

ra2.,
.6 keV. (2.25)

For the P-wave states xo and X2 (xi 1S a spin-1 state and can therefore not decay
to two real photons), Rp{0) vanishes, and we have to use the derivative of the
wave function, R'p(0), instead. The results are (Close? ch. 16.2):

mxo 1024
(2-26)

and

r - 4r mxo _ 1 2 8 aa |p>/n^l2 to 97^
i-X2^had - TT1 Xo-*had—T~ ~ ~T~Z^T^V^^ ' I2"27)

i O "*X2 ° "'X2
hence

_ .4

o cr r o
X2—>fc<ni xo -*^ a | J «

From measurements of the hadronic width of the x states28 we expect:

rX 0_7 7 - 3.3 ± 1.0 keV and rX2_-y7 = 4.0 ± 1.0 keV. (2.29)

In a more elaborate calculation, Kirschner and Schiller29 apply QCD sum
rules to obtain the 77 width of the r)c, and find a value quite compatible with
the one given above:

r , , . - ^ = 5.6 keV. (2.30)
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In addition, they present the Q2 dependence of this width. According to their
model, the width decreases by 20% if the virtuality of one of the photons increases
from zero to 1 GeV2. The full Q2 dependence is shown in figure 2.3 as curve
labeled (c). It is very similar to a dipole form factor characterized by the
mass shown as (d):

From figure 2.3 follows, that the Q2 dependence of the cross section can be used to
distinguish VDM-type production mechanisms, including the four-quark bound
states, from the pointlike formation of two meson pairs and charmonium states.

Experimentally, the 77 width can be obtained by measuring the decay rate
of the state to two photons, but also by measuring its formation rate in photon-
photon colisions. In that case, the state must be identified through its decay to
a hadronic final state for which the branching ratio is known'. The branching
ratios of r}c, xo and X2 to hadronic final states were measured by the MARK II26

and MARK III24"30 collaborations, and are summarized in table 2.3. The even
G-parity of the charmonium states leads to decays into even numbers of pions
in all-pion final states. From the table, we conclude that the four-particle final
states contribute up to 10% to the total decay of the charmonium decays, whereas
the two-prong states contribute less than 2%. The six-pion final state contributes
1.7% to the decay of the xo and 1.2% to the decay of the \2- We therefore expect
that the charmonium states will contribute to the channels under study in this
work.

2.2.7 Formation of Gluonium States.

The MIT bag-model calculations11 that we introduced in section 2.2.3, pre-
dict in addition to exotic quarkonium states, the existence of bound states of
gluons, referred to as gluonium states or glueballs. A naive model for estimat-
ing the mass of these glueballs is given by Closef ch. 18.4. Several states with
masses lower than 2 GeV are predicted by this model. The width of these states
is expected to be of the order of 100 MeV or more, due to the strong coupling
to hadronic final states. This, and the fact that the same quantum numbers are
accessible to glueballs and hadrons, make it difficult to distinguish a glueball
from a regular meson in hadronic decays.

' Another method of measuring the formation rate is through the missing mass of the final
state electrons in the reaction e+e~ —» e+e~Ty —» e+e~X. This method, however, suffers from
low counting rates and a low resolution in the mass range under consideration.
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Final State

20T+*-)
K+K~7T+7T~

(incl. K^K***)
3(7T + 7T~)

7T + 7T~

pp7T+7T~

TJWTT

KKTT

K*K*
PP
u

Vc

1.3 ±0.6
2.1 ±0.3

5.4 ± 2.0
4.1 ±1.7
4.8 ±1.1
0.9 ± 0.5

0.11 ± 0.06
0.8 ±0.3

Xo

4.3 ±0.9
2.9 ±0.8

1.7 ±0.6
0.9 ±0.2
0.8 ±0.2
0.6 ±0.2

X2

2.3 ±0.5
1.9 ±0.5

1.2 ±0.8
0.20 ±0.11
0.16 ±0.12
0.35 ±0.14

Vc'

Table 2.3 Decay branching ratios of charmonium states to hadronic final states (in
percent). The r\c ~* KKn branching ratio is the weighted average of
B[rjc -> K°K±ir^) and B[qc -> K+K~ir°), after the relevant isospin
factors have been taken into account. The decay of the rjc' has not yet
been established.

An attempt can be made to identify gluonium states by comparing their
production rate in radiative J/rp decays to their formation rate in photon-photon
collisions. The additional photon in the decay of the J/rp is required in order
to obtain positive charge conjugation for the final state, as in photon-photon
collisions. The radiative decay of a J/xj) meson proceeds according to lowest
order QCD through the annihilation of the cc pair into a photon and two gluons.
The coupling strength of the two-gluon system to the cc pair is proportional to
o?s. If the two gluons subsequently couple to a resonant qq pair, we obtain a
coupling strength proportional to ct*. The ratio of the widths of a glueball G
and a qq state M with the same decay properties is therefore

"I,2" (2.32)

In the case of 77 collisions, the situation is reversed: now, the formation of
a gluonic state proceeds via a quark loop, with a coupling of the order of a 2 a j ,
whereas a qq meson is created directly with a coupling strength proportional to
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a2. The formation of gluonic states is therefore suppressed by a factor31

1 T7->M T

We see that a measurement of both the radiative decay width of the J/tp into a
resonance and its 77 width, is an interesting test for the gluonic nature of a res-
onance. To this end, a quantity called Stickiness was introduced by Chanowitz?1

denned as

f^Y*^. (2.34)
7

The term in parentheses is the phase space factor, where A;7 is the photon energy
in the radiative decay in the center of mass of the J/tp. The exponent is N — 3
for pseudoscalars and N — 1 for tensors. A large value of SR is indicative of
a large gluon content of the meson. The normalization constant C has little
significance, since in practice, we shall measure stickiness of a state relative to
other mesons.

There are three caveats that one must consider in the study of glueballs
through 77 reactions:

— the stickiness of a meson is not entirely determined by its gluon content;
the 77 coupling is also proportional to the square of the quark charge.
A meson with predominantly ss will therefore be stickier than a meson
consisting of normal quarks. Consider for example the stickiness of the /
and / ' (/ = (uu + dd)/^/2, f = ss under the assumption of ideal mixing);
we expect a ratio Sji/Sf = 25/2, which agrees with the measured ratio of
14 ± 8 (see Chanowitz31).

— The simple picture is somewhat distorted in case of mixing of a glueball
and a qq state. For a treatment of this topic, we refer to Fishbane and
Meshkov?2 A small mixing can give rise to a considerable 77 coupling of
the glueball.

— In the aforementioned paper by Chanowitzf1 an argument is presented,
based on QCD, from which follows that light J = 0 glueballs (mo < 1
GeV) may have 77 couplings as large as qq mesons.

We conclude that glueballs may be formed in 77 collisions through several
mechanisms, but that a strong suppression of a resonance in 77 collisions with
respect to radiative J/ip decays is indicative of the gluonic nature of the reso-
nance.
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2.3 Related Measurements from Other Experiments.

2.3.1 Introduction.

The exclusive production of four-particle final states with positive charge
conjugation has been studied in many reactions. Generally, we distinguish three
categories:

— the annihilation of two photons. Results on four-particle production have
been obtained by the experiments TASSO, CELLO and PLUTO at the
e+e~ collider PETRA in West-Germany, and by the MARK II group at
SLAC in California, at the e+e~ colliders SPEAR and PEP.

— The radiative decay of the J/ip. Results on radiative J/ip decays are almost
exclusively from MARK II, MARK III and the Crystal Ball collaboration
at SPEAR.

— Hadronic reactions, of the type pp —> X, pp —> ppX, irp —* wpX, where X
is the four-prong final state. These reactions make a large variety of chan-
nels accessible and have been studied in many laboratories with stationary
targets or colliding beams. The photo-production reaction 7p —• Xp can
be considered a hadronic reaction, and is therefore included as well.

Of the aforementioned processes, only the reaction induced by pp annihila-
tion is truly exclusive. All other reactions have spectator particles. They do not
give rise to ambiguities, except in the case of radiative J/V> decays, where the
reaction J/ip —* i2n+2iv~ can be confused with J/ip —>• 7r°27r+27r~, where one
of the photons is undetected. In 77 collisions, the e+ and e~ form the spectator
particles. They are undetected in most events, but if detected, provide a mea-
surement of the virtuality of the corresponding photon. The spectator particles
in the hadronic interactions can be recognized by their kinematical properties.

In the following sections, we shall discuss some of the measurements that
have been made in 77 collision experiments and give an overview of the data
that relate to these measurements. In addition, the relevant data from J/ip
decay and hadronic interactions are summarized.

2.3.2 Vector Meson Pair Production.

The reaction 77 ->2n+2n- was first observed in 1980 by the TASSO col-
laboration33 at PETRA. It was confirmed by the CELLO collaboration34 at the
same accelerator and by MARK II35 at SPEAR. Two remarkable features of this
reaction soon became apparent:
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Fig. 2.10 Measured cross sections of the process 77 —*pp as a function of W^. The
results from TASSO33 and CELLO34 are for <n -+p°p°, the JADE36

measurement is an upper limit on 77 •*P+P •

— there is a large, resonance-shaped signal with a cross section of more than
100 nb visible in the four-pion invariant mass spectrum around W^ « 1.5
GeV;

— the 27r+27r~ events are not solely p°p°, but rather a mixture of p°p°, p°7T+7r~
and non-resonant 27r+27r~.

A detailed analysis of this reaction was presented by TASSO33 in 1984. The
analysis is based on 1722 events in the W^ range between 1.2 and 2.4 GeV,
obtained from a data sample with an integrated e+e~ luminosity of 40 pb~*.
The reported detection efficiency for the final state is of the order of 10%.

The large width of the p meson, and the fact that the pions can be combined
in two ways to form pairs, complicate the separation of the state into p°p°,
p°n+n~ and 2n+2ir~. An attempt was made to fit an incoherent sum of events,
generated according to the three processes, to the correlation plots of the 7r+7r~
and ir*^ pair masses (a three parameter fit). Figure 2.10 shows the cross section
for 77 —>p°p° as calculated from this fit. Included in this plot are the results from
CELLO?4 who have performed a similar analysis, and the 77 —*p+p~ data from
JADE?6 which we shall discuss below. We see a peaking of the cross section
for p°p° at 1.5 GeV with a peak value of approximately 120 nb. We can use
this plot and the ratios between p°p°, poir+ir~ and 2^+2TT~" as given by figure
2.11 to obtain the cross sections for the other components. We see that the p°p°
component decreases with W^ and that the other two components rise somewhat
at higher W77.
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versus W77l as reported 6y t ie TASSO33 and CELLO34 collaborations.

To determine the spin-parity of the state, the data were subjected to a six-
parameter fit to Monte Carlo distributions of the processes p°p°(Jp = 0+),
A°(o-), P°P°(2+), A°(2-), and 27T+27r . The results from this fit
suggest that below W77 = 1.7 GeV, the p°p° system is predominantly produced
in the Jp — 0 + state, whereas above 1.7 GeV, Jp = 2 + dominates.

It should be noted that two factors may affect the results of these fits:

— the 7r+7T~ system in the p°7r+jr~ component must be in a relative P,F,...
wave in order to achieve the correct charge conjugation for the overall state.
(C™ = (-1)L , Cp = (-1), C77 = 1, C77 = CpC^, and therefore L odd).
This angular momentum will reduce the available phase space for low mass
7c+n~ pairs. As a consequence, the P°TT+TT~ state may look similar to the
p°p° state at low masses, leading to an overestimate of the p°p° contribution
below threshold.

— The processes rn —*A\TT, 77 —yfn+n and 77 —>/ may contribute to the
four-pion channel. The first reaction would lead to events of the type
77 —>p°7r+7r~, the others to 77 -+2n+2n~. The fn+n~ final state is not
subjected to P-wave suppression.

The JADE group36 has measured the reaction 77 —> —• n+w~/!ron0. The cross
section for events that have a 7r+7r° and a ir~7r° mass combination in the p band
is shown in figure 2.10. It is substantially lower than the p°p° cross section, and
does not exhibit the peaking at W77 w 1.5 GeV. As described in section 2.2.3,
this excludes the explanation for the p°p° enhancement by a single resonance
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Fig. 2.1-2 Upper limits on the production of uui (a) and p°o> production in 77
collisions, measured by PLUTO62 and JAD&8.

of definite isotopic spin. The implications of this measurement will be further
discussed in chapter 6.2.

Only preliminary results are currently available, in the form of upper limits,
on the production of p°u> and wu from the PLUTO62 and JADE38 experiments.
They are shown in figure 2.12 as a function of W^.

The process J/ip —> ̂ jpp has been measured by MARK II39 and MARK
III40 at SPEAR. The MARK III collaboration has performed a multichannel
analysis similar to TASSO's. A structure is observed in the pseudoscalar p°p°
channel, peaking at mpopo « 1.55 GeV. A very similar result is obtained in the
p+p~ channel. The event distribution, averaged over p°p0 and p+p~ events, is
shown in figure 2.13(a). Figure 2.13(b) shows the invariant mass distribution of
Jjrj) —• 7ww events, measured recently by the MARK III collaboration41 The
distribution shown is again for the pseudoscalar component calculated in a spin-
parity analysis. It has a peak as well, but at a slightly higher mass, around 1.8
GeV.

The following branching ratios were established40'41:

Bj/t^x x Bx->pp = (4.7 ± 0.3 ± 0.9) x 10- 3 (2.35)

and

n m = (1.22 ± 0.07 ± 0.31) x 10~3 for < 2.0 GeV, (2.36)
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Fig. 2.13 (a.) The event distribution for J/i/> —» 'ipp events (the average of p°p°
and p+p~ events) as measured by MARK HI40; (b) the event distribu-
tion for Jjij> ~* 7<*>w events by the same experiment^ Both show the
Jp = Q~ component of the spectrum.

where X is the pseudoscalar state at 1.55 GeV.

Many measurements of the four-pion final state in hadronic interactions can
be found in the literature. These are mostly measurements from the late sixties
and seventies, performed with hydrogen bubble chambers at the proton syn-
chrotrons in CERN and Brookhaven. A compilation of the pp and pp data up to
1977 is given by Flaminio et al.t2 In figure 2.14(a), we show the distribution of
the cross section for pp —> 2IK+2TT~ as a function of the center-of-mass energy. Of
all the experiments, we shall mention the one described by Burns et a/.?3 because
they have calculated the fractions of p° and / mesons in their events. A sample of
1054 27r+27r"" events from pp interactions at a center-of-mass energy of 2.2 GeV
was obtained at Brookhaven with a 30 inch bubble chamber. A four-parameter
maximum-likelihood fit, similar to the one described above, was performed on the
data, yielding the following contributions (the percentage of the total 2ir+2w~
cross section is given in parentheses): /9°7T+7r~ (31 ± 7%), /TT+TT" (7 ± 4%), p°p°
(7±4%) and p°f (32 ± 3%). The remaining 23% are non-resonant 27r+27r"~. The
p°f state is not accessible to 7-7 collisions because of C-parity conservation, but
apart from that, these fractions are compatible with the results shown in figure
2.11.

Flaminio et ai.42 also give the compilation of the cross section for pp —>
K+K~ir+x~. This state is of interest for the reaction 77 -^p°<p, which is pre-
dicted to exist in VDM and in the four-quark model. The cross section for
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T+Tr~ production is shown in figure 2.14(b) as a function of the pp center-
of-mass energy. It has a similar distribution as pp —> 2it+2n~, but the cross
section is much lower. Again we mention one experiment at Brookhaven with
the 30 inch HBC, described by Chen et alA4 The data sample consists of 1300
events at a center-of-mass energy of 3.06 GeV. They find an impressive number of
resonances in the pair mass spectra, e.g. (the percentage of the total K+K~n+ir~
cross section is given in parentheses): K*°K*°{2.7± 1.2%), K*°K±^{28± 4%),
p°K+K~ (16 ± 3%) and <f>n+ir~(3.6 ± 0.7%). The contribution of non-resonant
K+K~TT+n~ is less than 25%. Some events are compatible with p°</>, but no
clear signal is observed.

The final states 27r+27r~ and K+K~7r+7r~ have both been observed in the
photo-production reaction 7p —*• Xp by the Omega Photon Collaboration?5'46

with photon energies between 20 and 70 GeV. It was found that the 2ir~i~2w~
invariant mass distribution in 7p —* 2n+2ir~p events has a resonance-like max-
imum around 1500 MeV and is nearly constant above 2.0 GeV. A partial wave
analysis showed that this resonance is mostly Ai7r, where the A\ decays to /J°TT,

and it is interpreted as the radial recurrence of the p, the p'(1600). Above 2.0
GeV, the sample was found to consist of equal contributions from pw+7r~ and
isotropic 27r+2?r~ (however with limited pt for the p and n mesons). There was
no evidence for p°p° production.

The search for ip —> K+K~ir+ir~p events was inspired by the hope to find
the <f>', the radial recurrence of the <j>. However, no evidence for this particle

,-y
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was found, only a threshold enhancement around 1.9 GeV in the K+K~ n+ir~
channel. It was found that 35% of the events are K*0KTT and a small fraction
<f>ir+n~. No significant K*°K*° signal was observed.

Finally, we consider the vector-vector state <fxj>. It has been observed exclu-
sively through its decay to 2K+2K~, which amounts to 25% of the total decay.

The (jxf> spectrum was measured in radiative J/ip decay by the MARK III
collaboration?7 In a large sample of 2K+2K~ events, « 200 4>K+K~ events were
found, and a total of 33 <f>4> events was reconstructed. Of these, 16 cluster around
the r?c mass, and were used to determine the spin-parity of the r\c.

Etkin et a/.48 recently reported a measurement of 3652 events of the type
7r~p —• <j><f>n with the multiparticle spectrometer at the alternating gradient syn-
chroton at Brookhaven. A partial-wave analysis on the <f>cf> system is claimed
to show evidence of three states with Jpc — 2 + + just above threshold for 4>4>
production. The authors interpret these states as glueballs, because the hadronic
transition %~p —> <f>4>n is OZI suppressed.

2.3.3 The KK% Final State.

Vivid interest in the state KK'K has arisen with the observation of a reso-
nance in the K^K^n^1 invariant mass spectrum from the radiative decay J/tp —>
iKOK*** by the MARK II collaboration49 at SPEAR in 1980. The parameters
of this resonance, the i (iota) are7:

mL = 1440 ± 10 MeV, I \ = 76 ± 10 MeV.

The interest stems from the possibility that the i is the first positive evidence for
the existence of glueballs. It is discussed in this work, because the three-body
state K^K±TT^ manifests itself as four-particle final state through the decay of
the K° into two charged pions.

The existence of the i has been confirmed by the Crystal Ball50 and the
MARK III51 collaborations at SPEAR, and the DM2 experiment52 at the Orsay
e+e~ storage ring DCI. Its spin-parity have been determined by Crystal Ball and
MARK III to be Jpc = 0~+. These experiments were able to enhance the i
signal slightly by restricting the KK invariant mass to values lower than 1050
MeV (MARK II49), 1125 MeV (Xtal Ball50), 1320 MeV (MARK III51), and 1350
MeV (DM252). This led to the speculation that the t decay proceeds via 6n. In
that case, however, one would naively expect to see the decay t —• Sir —* r)mr,
but no evidence for this decay has been found53 The mass of the i is somewhat
sensitive to the cut on mK^, and decreases by approximately 10 MeV as result
of it. There is no evidence from the Kn invariant mass spectra that the i decays
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Fig. 2.15 Spectra of the invariant K^K*^ mass, as measured by MARK III51
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via K*K. In figure 2.15(a), we show the low end of the K®K±7rT invariant
mass spectrum as measured by MARK III. The i signal is clearly visible. For
completeness, we mention that the high mass end of the spectrum is dominated
by the r)c, which has a relatively large branching ratio to this state.

As is obvious from the title of the first publication by the MARK II collab-
oration49 on the t, it was at first identified with the £"(1420), a meson that had
been seen in hadronic decays at CERN. Figure 2.15(b) shows the K^^TT^ mass
spectrum measured by the n ' spectrometer54 at the CERN SPS. The presence
of the i?(1420) is quite evident in this spectrum, next to the £>(1285). The first
measurement55 of the l£(1420) was performed with an 81 cm bubble chamber
at the CERN proton synchrotron with proton-antiproton annihilation at rest.
The signal was observed in all KKn modes leading to a neutral state. The two
subsequent measurements by the 2 m bubble chamber at the CERN proton syn-
chrotron56 and by the O' spectrometer at the CERN super proton synchrotron54

were made at beam energies of 3.95 and 85 GeV respectively.

Recently, the £(1420) was observed57 with the Brookhaven multiparticle
spectrometer in the reactions n~p —y KgK^w^n and pp —> K^^ir^ + X. An
extensive spin-parity analysis was done on the n~ induced data. It was concluded
that the signal is mainly JPG = 0~+ with strong contributions from 6n and
K*K. However, right at the E mass is the rising edge of a predominantly 1 + +

non-resonant K*K contribution. A preliminary measurement58 from KEK in
Japan shows the existence of a narrow 0~ resonance at 1420 MeV in the channel
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Experiment

MARK II
Ref. 49

Crystal Ball
Ref. 50

MARK IU
Ref. 51

DM2 (DCI)
Ref. 52

81 cm HBC
Ref. 55

2 m HBC
Ref. 56

WA76
Ref. 54

MPS (BNL)
Ref. 57

KEK
Ref. 58

Reaction

111 j u f + f/"— —.0
J fif/ —* | J1 I*. 1*

pp -* [KRn)nn

PP —^ P\.J^m*^" IP

pp-^K^K^ + X

«-p^r,«+«-n

Mass
(MeV)

1440 ± 15

1440 ± 20

1456 ± 8
1461 ± 8

1454 ± 5
1444 ± 7

1425 ± 7

1426 ± 6

1425 ± 2

1424 ± 3

1420 ± 6

Width
(MeV)

50 ±30

55 ±30

95 ± 18
101 ± 14

92 ±16
95 ± 10

80 ± 10

40 ±15

62 ± 5

60 ± 10

31 ±26

Jpc

o-+

0 -

0 -

2++

°"
o-

Table 2.4 Experimental status of the resonances i(1440) and £'(1420).

7r~p -+ Tjn+n~n. In table 2.4, we have compiled the resonance parameters of the
t and E mesons, as reported by the various experiments. The question whether
the i and the E are one and the same particle is to date not solved. We shall
make no attempt to answer this question, but we list the arguments against the
identification of t and E:

— The t mass is systematically about 20 MeV higher than the E mass.

— The E meson seems to decay via 6n and K*K, whereas the t does not.

— Half of the experiments assign a spin-parity to the E meson incompatible
with that of the i.

As a curiosum, we note that the JADE collaboration has reported59 the
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observation of the i in the inclusive reaction e+e~ —• K®K±if* + X.

An upper limit on the two-photon width of the i was published60 in 1983 by
the MARK II collaboration. A total of about 30 events of the type 77 —*K^K±TT^
was observed, where time-of-flight (TOF) counters were used to tag the K^
and the invariant mass of one of the two remaining neutral pion-pairs had to
be within 20 MeV of the nominal if° mass to identify the K®. The efficiency
was calculated to be 0.6%. Only one event was found in the t mass range,
yielding an upper limit on the 77 width times the branching ratio into KKir
of r77_n x Bl_tK^v < 8.0 keV. The 1 was assumed to be an isotopic scalar
with Jp = 0~ for this upper limit. A more stringent upper limit was presented
recently by the TASSO collaboration61: T^^L x Bl_tKKw < 2.2 keV at 95 %
confidence level.

2.3.4 Charmonium States.

The discovery and phenomenology of the charmonium states was described
in section 2.2.6; here we shall only present some results on the 77 widths of these
states.

The first observation of rjc formation in 77 collisions was claimed recently by
the PLUTO collaboration?7 Seven events were found in the r\c mass region in the
invariant mass spectrum of K^K^ir^ events. The final state was identified by
reconstructing the secondary vertex from the neutral-kaon decay in events with
exactly four charged particles. Upper limits on TJC formation are reported by the
TASSO and JADE collaborations, using other final states. Table 2.5 summarizes
these results, indicating the reaction used to measure the upper limit. In all
reactions, the measured quantity is the product of a width and a branching ratio.
The 77 width is obtained by dividing this quantity by the branching ratio listed
in table 2.3. Where upper limits are given, we have divided by the branching
ratio measured by MARK III?0 given in table 2.3.

The Crystal Ball collaboration63 has measured the decay of the ip' to three
photons. When a distribution is made of the energy _E7 of the lowest-energy
photon, a clear enhancement appears around 130 MeV, and a weak indication
of a signal can be seen around 250 MeV. The motivation for making this dis-
tribution is that the lowest-energy photon is the first photon in the reaction
ip' —> 7X—•• 777, and that from its energy the mass of the state X is calculated,
according to m^ = mL — 2m$iE>1. The peaks at 128 and 260 MeV correspond
to the X2 and XO states, respectively; there is no signal at 640 MeV, where the
7}c would be. Table 2.5 shows the 77 widths of the xo and %2 and an upper limit
on the same for the f]c. The total widths of the x and rjc states were taken from
an earlier measurement by the Crystal Ball group?8
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Experiment

TASSO85

TASSO61

TASSO36

JADE36

PLUTO37

Xtal Ball63

R70464

Reaction

11 -+PP
77 -^KKTT

7 7 —>27T+27T~
7 7 —>r}TT+7T~

77 -^KKn

PP -* Vc^> T7

X

Vc
Vc
Vc
Vc
Vc

X2
Xo
Vc

Vc

(keV)

< 290 (95% c.l.)
< 92 (95% c.l.)
< 54 (95% c.l.)
< 65 (95% c.l.)

33 ±20

2.6 ±1.6
7.2 ±5.1

< 220 (90% c.l.)

3.8 ±4.0

Table 2.5 Experimental status of the two-photon width of the chaimonium states
X21 Xo and tjc. The branching ratios from table 2.3 were used to calculate
the upper limits.

In the last experiment64 (R704) performed at the Intersecting Storage Rings
(ISR) at CERN, a low energy antiproton beam was steered through a hydro-
gen jet to study pp annihilation to the rp, \ an<l Vc states. The states were
tagged through their decay to 77 or e+e~. The mass range was scanned by
varying the momentum of the p beam. From this measurement followed a
preliminary value for the product of the r\c branching ratios to 77 and pp of
Btic-tpp X B^c_,77 = (4.3 ± 3.6) X 10~7. Combined with the branching ratios for
Vc —> PP from table 2.3 and the total width of the rjc from Crystal Ball28 one
obtains F , ^ ^ = 3.8 ± 4.0 keV for the 77 width of the rjc.
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2.4 Motivation for the Choice of Four-Prong Final States.

2.4.1 Introduction.

Some of the theoretical models described in section 2.2 may as well, and
perhaps better, be investigated with exclusive final states of different multiplicity
than four, or even with inclusive final states. For example:

— the simplicity of a two-pion or two-kaon final state is more suited for a test
of QCD than the p°p° state, due to the problems in the identification of
the p meson.

— The validity of the vector-meson dominance and the four-quark models can
well be tested with 77 —>p°w and 77 -ww, which are five and six-pion final
states.

— Glueballs and charmonium states can be studied inclusively in e+e~ anni-
hilation events.

In the following sections, we shall present some arguments for our choice of
four-prong, all-charged final states. The arguments are based on the properties
and the performance of the TPC/Two-Gamma detector. It should be pointed
out, however, that notwithstanding these arguments, other exclusive final states
are being investigated also; they are described elsewhere.

2.4.2 QED Backgrounds.

The investigation of two-prong final states is severely hindered by the large
cross section for the electromagnetic processes 77 —>e+e~ and 77 —>/i+fi~. The
process 77 —>/z+/x~ has a cross section comparable to the process 77 —•7r+7r~
and can only be separated statistically from the latter?9 The process 77 —>e+t~
is indistinguishable from 77 -^K+K~ or 77 ~^pp in certain ranges of W^, es-
pecially at values of Wni above 3 GeV, where the dE/dx separation between
electrons, kaons and protons is small. This is illustrated in figure 2.16(a), where
the measured truncated mean energy loss dE/dx is plotted as a function of the
momentum of tracks in two-prong events. A more detailed description of the
dE/dx measurements in the TPC is given in chapter 4.2.5. The empirical rela-
tions for the various particle types are given as solid lines. The muon band cannot
be distinguished from the pion band for any value of the momentum p above 0.2
GeV. For values of p around 0.6 and 1.2 GeV, the electron band overlaps with
the kaon and proton bands, above 2.0 GeV the n/fi, K, and p bands become
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Fig. 2.16 Truncated mean energy loss (dE/dx) versus momentum of tracks in

two-prong events (a) and four-prong events (b).

almost indistinguishable. The effect of selecting four charged particles is illus-
trated in figure 2.16(b), which is identical to figure 2.16(a), except that the event
multiplicity is four. We see that the number of electrons is substantially reduced.
The remaining electrons are either from photon conversions, where one electron
escaped detection, or knock-off electrons, produced by hadrons traversing the
detector material. An occasional muon is found as decay product of a pion or
kaon. From QED, we expect the processes 77 —*e+z~
to be suppressed by a factor a2 over 77 —>e+e~ and 77
this background negligible in four-prong final states.

•cTe e+e and 77 fJ.+fJ.

t , which makes

2.4.3 dE/dx Separation.

The average momentum of the particles from a state with given mass, de-
creases as the multiplicity rises. For example, a state with W^ = 3 GeV, at rest
in the lab, will decay in two pions with p » 1.5 GeV, or four pions with p « 0.75
GeV. A lower momentum makes the identification by dE/dx easier, as is illus-
trated in figure 2.17, where we show the n/K separation in standard deviations
versus the momentum of the particle. The separation is many standard devia-
tions in the region up to 0.8 GeV, then decreases to zero in the overlap region
and finally rises again somewhat in the region of the onset of the relativistic rise.

2.4.4 Mass Resolution.

The argument used in the previous section is also valid for the resolution
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Fig. 2.18 The mass resolution for two-pion (a) and four-pion (b) final states. The
line indicates the most probable value, the shaded area covers 65% of
the events on either side of that value.

in measuring the invariant mass of the final state. The mass resolution for the
decay of a state with mass VT77 into n particles with momenta p,-, energies 2%
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and measured momentum errors Sp{ is given by

= [
7 7 (;=1 Lt=l

(2.37)

Here, rij = j£ indicates the direction vector of particle i. The assumption is made
that the error in the direction measurement of the track is small enough not to
contribute to the mass resolution. Figure 2.18 shows the relative mass resolution
as a function of the invariant mass, for two and four-pion events. This figure
is obtained by a Monte Carlo calculation with isotropically generated two and
four-pion final states (see chapter 4.5.2). The line indicates the most probable
value, and the band covers 65% of the events on either side of that value. The
four pion mass resolution is significantly better than the two pion resolution,
which is important for e.g. the separation of the rjc from the x states.

2.4.5 Acceptance.

The argument of the mass resolution is of course even more valid for mul-
tiplicities higher than four. However, if the multiplicity of the final state is too
high, the acceptance and therefore the statistics become the limiting factor in the
measurement. In chapter 4.5.5, we shall see that the acceptance is determined,
among other factors, by the triggering efficiency and the reconstruction efficiency.
Whereas the triggering efficiency rises as a power of the number of tracks in the
event, the efficiency for fully reconstructing the event decreases by that power. A
compromise between the two efficiencies is reached with four-prong events, were
the acceptance is approximately at its maximum.

Exclusive final states with neutral pions were not studied in this work, be-
cause the single-particle acceptance for a neutral pion is an order of magnitude
lower than the acceptance for a charged pion.
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3. The Photon-Photon Initial State.
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Fig. 3.1 Tie kinematics of photon-photon collisions with e+e colliding beams.

3.1 Definition of Kinematical Quantities.

Photon-photon collisions proceed via the reaction

e+e~ —» e+e~77 —> e+e~X, (3.1)

with the diagram shown in figure 3.1. p\ and -pi are the four-vectors of the
incoming, p\ and p'2 of the outgoing electron and positron. The four-momenta
are defined by pi = (p~i,iE). In the future, we shall refer to both electron and
positron as electrons. 6\ and $2 are the polar angles of the scattered electrons,
measured with respect to the beam axis. q\ and qi give the four-momenta of the
virtual photons, q\ = p\ — p[ and qi = P2 — Pz- In addition, two quantities are
defined to describe the 77 system: the center-of-mass energy Wni and Q2, the
magnitude of the four-momentum-transfer squared of the photon. W^ can be
calculated from the measured momenta of the outgoing electrons:

= [(Pi - pi) + (pa - M2 = (ft + (3-2)

or from the measured momenta of the final-state particles. The first method does
not require the reconstruction of the final state, but both outgoing electrons must
be detected (double tagging), which ieads to a substantial loss of event rate. In
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this thesis, W^ will always be calculated from the momenta of the final-state
particles. This restricts the investigation to processes in which the final state is
fully reconstructed. A value of Q2 is defined for either photon:

Q\ ̂  -«? = 2EiE'i(l - y / l - ^ y i - ^ P c o s 9t) - 2ml (3-3)

but both values can only be calculated for double-tagged events. In single-tagged
events, only one electron is observed, and the assigned Q2 value is calculated for
the photon radiated by the observed electron (Q2 = max^x,*?!))- ^ value of
Q2 fv 0 is assigned to events in which both electrons escape detection (untagged
events).

3.2 The 77 Luminosity.

A measurement of reaction (3.1) yields a value for the cross section of e+e~ —>
e+e~X. If we are to extract the cross section of 77 —*X from this measurement,
we must unfold the cross section oe+t-^,t+e-x into <x(!+e-_>rr and o y ^ x - In
general, cr^^x is a function of W^ and Q2, but it may also be evaluated as
function of angular correlations between the final-state particles.

A theoretical discussion of the cross section 0e+e-->e+e-x w a s nrs<i given
by Balakin, Budnev and Ginzburg in 197065 More detailed calculations were
given in 1973 by Bonneau, Gourdin and Martin?6 A short compilation of the
calculations is given here, together with a few numerical examples relevant to
the measurements described in the following chapters.

The expression for oe+e--,e+e-x
 c a n De obtained from diagram 3.2. The

matrix element may be written as the product of three components66: two for
the electron-photon vertices and one for the transition matrix Ax

v for 77 —*X

T = 4lMP>ih'iu(P^^)MP2Ah'/v(p2,a2)}A^. (3.4)
9i?

Here, the a,- are the spins of the leptons, and u and v are the Dirac spinors
for a free electron and positron. Using the formalism of perturbative QED, one
finds for the differential cross section for formation of the final state X with
unpolarized e+e~ beams:

e * " e '; l —
a P\a Pi

L'TTTTT COS 2<j> + L'TSTTS COS tj>.
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Fig. 3.2 The diagram for the reaction e+e~ —> e+e~X.

This expression is obtained in the helicity basis of the photons, the subscripts T
and 5 refer to transverse and scalar polarization of the photons. <£ is the angle
between the scattering planes of the two electrons in the 77 center of mass. The
terms cfy, where i,j = T,S, are cross sections for formation of the final state X
in the collision of two photons with polarizations i and j . TTS is the amplitude for
the correlation between tranverse and scalar photons, TTT iS the cross section due
to the interference of two transverse photons with linear polarizations parallel or
perpendicular to each other. The luminosity functions L,y are functions of the
kinematic variables q\ and Q2 and can be calculated exactly.

Experimental values of TTT and TTS can be extracted from double-tagged
events, where through the measurement of both electrons the angle ^ can be
determined. This measurement was done in 1983 by the TPC/Two-Gamma
collaboration for the total hadronic cross section?7 The value of TTS was found
to be compatible with zero, TTT was found to be approximately —0.5 <7e//> where
oeff = <TTT + 0TS + <*ST + &SS- After extrapolation to Q\ = Q\ — 0, a VP77-
independent value of oeff « 360 nb was measured for Win > 2 GeV.

In the study of exclusive states, the measured cross sections are integrated
over <f>, which makes the terms of equation (3.5) containing TTT an<i TTS vanish.
Since we shall only measure events with at most on quasi-real photon, the term f
Lss<?ss does not contribute. The terms Lrs°TS and LST^ST are identical under 1
the exchange of the two photons (however, for each event only one of them
contributes), and therefore equation (3.5) reduces for our purposes to

doe+e-->e+e-X = dLTT^TT + dLrs^TS- (3.6)
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Fig. 3.3 Number of events in a 100 MeV wide bin for a constant cross
section 0\77_,;r = 1 nb in a data sample corresponding to an integrated
e+e~ luminosity of 100 pb~*.

The knowledge of the W^ and Q2 dependences of LTT and I»r5 allows us to
extract the value of OTT ai*d OTS from a measurement of ^e+e-~fe+e-x- The lu-
minosity functions LTT and LTS are to good approximation (up to order m^/Q2)
identical for events with one off-shell photon. In the analysis described in the
following chapters, the cross section o^-tx — OTT + t^TS (e ** 1) is extracted
with a Monte Carlo program, using the exact expression for LTT- This event
generator, in the form of a FORTRAN subroutine GAMGAMMON, was developed by
LangeveldJ8 Using this formalism, we obtain the results shown in figure 3.3. Plot-
ted is the number of events in a 100 MeV wide W^ bin obtained for a constant
cross section o^-^x = 1 nb in a data sample corresponding to an integrated
e+e~ luminosity of 100 pb"1. The bin size and luminosity were chosen to be
representative of a typical experiment. The five curves correspond to different
values of the maximum scattering angle of any of the two final state electrons.
At an invariant mass of W^7 « 2 GeV, the number of events increases by 50% if
this angle is raised from 10 to 200 mrad.

It is sometimes convenient to use the equivalent photon approximation for
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, given by (see Renardf ch. 8.3):

dLTT 4a2
 n__^itlnr /nl7, ^ , 3 7 ^

where r) = Ei,eam/me when the scattered electron is not detected, and rj =
OmaxlOmin if it is detected in the polar range between 6min and 0max. The Low
function f(z) is defined as

/(*) = (2 + z2)2 ln(l/*) - (1 - z2)(3 + z2) (3.8)

The Q2 evolution of the cross sections GTT and OTS depends on the spin of
the produced state and is explicitly calculable in the low Q2 limit68; for a spin-0
particle, the cross section is constant in Q2, GTT{Q2 ~* 0, W77) = fJrrfO, W77). A
spin-1 particle cannot be produced in the scattering of two real photons (theorem
of Yang and Landau, Closef ch. 16.2), and CTT vanishes as (q\ — q\)2. The terms
GTS and OST are identically zero for the formation of a spin-0 state, but are
proportional to Q2 in the spin-1 case (OTS <* I2 an<* °ST °c q2).

In conclusion, for spin-0 (or 2) formation, the cross section is given by
LTTGTTI with GTT(Q2 ~* OJWTT)

 = <TJT(0>W/n)> whereas for spin-1 formation
the Q2 cross section is given by LTS^TS — LTTGTS with OTS(Q2 —> 0,W77) =
Q2G[W^) . These two models will be applied in the measurement of cross sections
of tagged events.

3.3 Formation of Resonances.

The two-photon cross section for the formation of a resonance with mass M,
spin J and total width T can be written as (see Budnev69 or Van Uitert70):

( '- M2)2

Here, Ni and JVg are the number of helicity states allowed for the photons, and
X — (qi • q%)2 — q2q2- In the limit of resonance formation by (quasi-) real photons
(fli)92 ""* 0), only two helicity states are allowed for each photon (iVi = JV~2 = 2),
and expression (3.9) reduces to

G^X(Q2 -> 0) = 8TT(2J + l ) 7 _ - _ g ^ _ _ - . (3.10)
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Integration over W^ yields

The Q2 evolution of the two-photon width depends on the spin J of the reso-
nance in the same manner as the cross section discussed in section 3.2. Therefore,
we expect that r i 7 is constant in the limit of low Q2 (Q2 <C M2) for spin-0 parti-
cles, and that it is proportional to Q2/M2 for spin-1 particles, multiplied in each
case by an additional VDM form factor proportional to (1 + Q2/mv)~

2, where
V is a vector meson. If one of the photons is highly virtual, three helicity states
(0, ± l ) are allowed for that photon. However, two of those (±1) do not con-
tribute to the formation of a spin-1 particle, because C?T <* Q4 and is negligible
compared to OTS X Q2 m the low-Q2 limit.



4. The TPC/Two-Gamma Experiment.
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4.1 Introduction.

The analysis described in this work is part of the research program of the
TPC/Two-Gamma experiment at the e+e~ colliding beam storage ring PEP at
the Stanford Linear Accelerator Center (SLAC) in California. For a description
of the PEP ring, a facility provided by SLAC that delivers e+e~ collisions at
29 GeV center of mass in six interaction regions along its circumference, we
refer to the literature!1 In this chapter, we shall first give an overview of the
detector system at Interaction Region Two (IR2), and describe how it was used
in the measurement of four-particle final states in photon-photon collisions. The
detector itself is only part of the tools necessary for the measurement; one also
needs equipment to record, store and analyze the data. The data acquisition
system and the various methods by which the large amount of data is reduced,
will not be described here. In the following sections, we shall describe the final
stages of the off-line analysis and Monte Carlo simulations, that lead to the
results discussed in the next chapter.

4.2 The TPC/Two-Gamma Detector, an Event.

4.2.1 Introduction.

The TPC/Two-Gamma detector system at Interaction Region Two (IR2) is
described extensively elsewhere?2~77 In this section, we shall merely illustrate
the use of the TPC/Two-Gamma detector system in experimental high-energy
physics through a detailed discussion of a single event. This event was recorded
on may 16, 1983, and is to date the only event identified78 unambiguously as
coming from the reaction 77 —><f><j> —• 2K+2K~. The relevance of this reaction
in the study of two-photon collisions is discussed in chapter 2.2.

We shall first describe how the event was measured, stepping through the
various components of the detector and the trigger system. A short description
of the forward detector follows. Finally, we describe how the event was analyzed
and identified.
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4.2.2 The Time Projection Chamber.

All four tracks of the event are fully contained within the active volume of
the main component of the TPC/Two-Gamma experiment, the Time Projection
Chamber72 (TPC). The TPC is a large, cylindrical drift chamber surrounding
the beam pipe, which distinguishes itself from conventional drift chambers, in
that the ionization electrons from the primary tracks drift parallel to the beam
axis, towards one of the two end planes, thereby travelling a distance of up to one
meter through the TPC gas. A rather homogeneous axial electric field is required
to achieve a constant drift velocity, needed to preserve the timing information
along the drift path. The electric field is generated by applying a high voltage (75
kV) to a central membrane halfway between the endplanes, which are at ground
potential. The magnetic field, necessary for the momentum measurement of the
charged particle, is also parallel to the beam axis, so that the electrons drifting
towards an end plane, are not affected by the Lorentz force. The magnetic field
is provided by a cylindrical magnet coil, placed outside the TPC. During the
data taking period of 1982/83, a conventional room-temperature coil gave an
axial field of 3.9 kG. In 1984 a superconducting coil was installed, yielding a field
of 13.2 kG. The good homogeneity, required for the magnetic field as well, is
achieved by a careful design of the iron of the magnetic flux return yoke.

When a cluster of ionization electrons arrives at one of the endplanes, two
quantities are recorded: the drift time of the cluster, and its total electric charge.
From the first the ^-coordinate of the origin of the cluster is determined, the
second is a measure of the energy loss of the charged particle as it went through
the gas volume of the TPC. The two quantities are measured both by wires and
pads; a grid of wires, is strung across the surface of each of the six sixty-degree
sectors of each endcap of the TPC (figure 4.1). The wires are strung 4 mm in
front of the sector, they are separated by field wires. The distance between two
adjacent sense wires is 4 mm. There are 183 wires per sector, covering a radial
distance from 22 cm to 94 cm. Below each twelfth wire, plated onto the sector
plane, is a row of cathode pads parallel to the wires. The size of the pads is
7.5 mm X 7.5 mm, their number varies as a function of the radius. The TPC
counts a total of 2196 sense wires and 13824 pads. A signal is recorded on a wire,
when an avalanche of electrons occurs in the high field gradient close to the sense
wires generated by the neighbouring field wires. A mirror charge is induced onto
the underlying cathode pads and recorded as well. Each pad and each wire is
read out through an individual electronics channel, consisting of a preamplifier
mounted directly on the back of the sector plane, a shaping amplifier, a charge-
coupled device (CCD) and a digitizer. The CCD acts as a analog shift register
and is used to record the pulse height of the signal on a wire or pad as a function
of time.
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Fig. 4.1 Schematic representation of the detection process for a particle travers-
ing the TPC. Only the wires directly above the pad rows are shown.
Between these are located 11 more signal wires and 12 Held wires.

The sequence of occurrences leading to the recording of an event, is as follows:
the e+e~ collision occurs and the final state particles traverse the detector in
a few nanoseconds, that is instantaneously, compared to the drift time of the
ionization electrons and the read-out time of the electronics. This occurrence
fires the trigger (to be discussed in the following subsection). By traversing the
TPC gas volume, the charged particles leave a trail of ionization clusters behind,
with typically 200 electrons per cm of track for a mixture of 80% argon and
20% methane at 8.5 atm. pressure. These ionization clusters drift in the electric
field with a velocity of «5 cm/(is parallel to the beam axis towards one of the
endcaps. When a cluster arrives there, an avalanche occurs and the resulting
charge, collected on the wires and induced on the pads, is amplified and offered
to the CCD in intervals of 100 ns. The distance between the central membrane
and the endcaps is 100 cm, therefore, the event is recorded in about 20 fis. After
that, the information stored in the CCD is sequentially read out and digitized
in intervals of 50 us. This results in a series of pulse heights with space-time
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coordinates (the space coordinates are from the known locations of the pads
and wires). If they surpass preset threshold values, the pulse heights and their
coordinates are written to tape for later analysis. The accuracy achieved in the
timing is «20 ns, the pulse heights are measured to within 1% accuracy, giving
a position resolution in z of about 1 mm.

The pads are used to determine the azimuthal angle <p and provide a res-
olution of «200 fim in the x-y plane if charge division between adjacent pads
is used to find the gravicenter of the cluster. A second reason for using pads
is that, although the wires yield many more measurements of the energy loss
of the primary particle, for slowly moving, heavy particles the signal becomes
very large and will saturate the wires. In that case, a measurement can still be
obtained from the pads, which have a much larger capacitance.

Given the spatial resolution of the TPC and taking into account a smearing
due to multiple scattering, the momentum resolution is found to be typically
(Sp/p)2 = 0.062 + (0.035p/Ge^)2 with the 4 kG magnetic field and {6p/p)2 =
0.0152 + (O.Olp/GeV)2 with the 13 kG superconducting magnet.

Figure 4.2 shows our <f><f> event as measured by the pads in the TPC. Figure
4.2(a) is a projection of the measured coordinates on the x-y plane. The 2-axis,
parallel to the beam axis and the magnetic field, points out of the paper, thus
making a right-handed coordinate system. The contours of the six sectors are
given by the dotted lines. Each contour represents a sector in both endcaps. The
numbers indicate recordings of electron clusters by the pads. The numbers are
assigned to tracks by a pattern recognition program. An asterisk is drawn at the
location of a spurious signal or a signal that could not be associated with a track.
We clearly see four tracks, originating from a point close to (0,0). This figure,
and the ones following, are standard event displays from the analysis programs,
used for the scanning of events, and the development of pattern recognition
programs. Each display has a heading, containing the event identification and
a few additional status words. Figure 4.2(b) gives a different view of the same
event. Now the 2-axis is pointing upwards, and to the right is plotted a coordinate
£. f is proportional to the pad row number; it is equal to the radial distance
R = y/x2 + y2 of a pad in the middle of a pad row. The figure shows all six
sectors in superposition, and is divided in two halves, separated by the central
membrane at z = 0. The dotted line at £ « 22 cm indicates the inner wall of the
TPC. To the left of that are the beam pipe and a small cylindrical drift chamber
(see below).

These two views fully describe the spatial reconstruction of the event. The
magnetic field is along the negative ^-direction, pointing into the paper. There-
fore, particles bending clockwise are negative, others positive. The tracks 2 and
4 are positive and tracks 1 and 3 are negative. A similar plot can be made for
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Fig. 4.2 TAe event 77 - ^ -» 2K+2K~ as recorded by the TPC pads; (a) is
the x-y projection of both endplanes (the z axis, the beam axis, and the
magnetic field all point out of the paperj; (b) is the z-£ projection of
the same event f£2 is « x2 + y2, as explained in the text/. The numbers
along the tracks indicate the data points, they are assigned to the track
by the pattern recognition program. The contours of dotted lines are
the sector boundaries, the sectors are numbered 0 through 5.

the wires, shown in figure 4.3. It is the equivalent of figure 4.2(b), rotated by
90 degrees. There are up to 183 points per track, but no x-y information. In
this display, it is clearly visible that track 4 kinks after it traversed about half of
the TPC volume. This kink is the signature of the decay in flight of the particle
into another charged particle and one or more neutral particles. It could also be
an elastic scatter against a nucleon in the gas; however, the recoiling nucleon is
not observed. The pattern recognition program has properly reconstructed the
first part of the track, but failed to follow the decay product. Each of the dots
represents one measurement of the energy loss of the charged track. In section
4.2.5, we shall discuss how these dEjdx measurements are used in the particle
identification.

The recording of an event is completed by measurements with other compo-
nents of the detector, as seen in figure 4.4. This figure has the same information
as figure 4.2(a), but shows in addition the remaining detectors surrounding the



58 4. The TPC/Two-Gamma Experiment.

Exp= IS. Run= 5S0, Event= B19, Pix ID= 6

Trg=' lOl'O Pnl='80000020'X Anl=' 700'X

\ \
\ \

\ \

V ,,\

\\
\\

\
V\\ \»
w

20cm
tht-50/45

Fig. 4.3 The z-f coordinates of the ionizatioa clusters as measured by the TPC
wires. One of the tracks shows a kink, indicating that a decay has
occurred.

beam axis. The beam axis is in the center of the figure, as in 4.2(a), and follow-
ing the particles radially outwards, we first encounter the inner drift chamber74

(IDC) located between the beam pipe and the TPC, at R = y/x2 -\- j / 2 « 16 cm.
The IDC is a conventional cylindrical drift chamber with four layers of wires,
strung parallel to the beam axis. Each layer has 60 cells of field shaping and
sense wires, in a staggered configuration. Although the IDC could be used in
addition to the TPC for the tracking of charged particles (it has an intrinsic
resolution in the x-y plane of 150 fim), its sole purpose is to assist in the trigger
decision. All four tracks produced hits in this drift chamber.

Leaving the TPC, the particles first traverse the magnet coil (not shown),
which represented a thickness of 1.3 radiation lengths in 1982/83, and 0.9 radia-
tion lengths after the installation of the superconducting coil in 1984. Surround-
ing the magnet coil is the outer drift chamber74 (ODC). The ODC is similar in
design to the IDC, but has 216 wires in 3 layers at R « 1.20 m. Its resolution is
similar to that of the IDC as well, but again it is only used in the trigger. The
hits that were recorded are shown as crosses in figure 4.4. Every track seems to
have some ODC hits associated with it. In reality, this is the case for tracks 1
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Fig. 4.4 Schematic front view of the detector system. Going radiutty outwards
from the beam axis at the center, we encounter.- the inner drift chamber
(a), the TPC (b), the magnet coil (not shown), the outer drift chamber
(c), the hexagonal calorimeter (d) and the union chambers (e), inter-
spersed with the iron of the magnet flux return yoAe (f).

and 3 only, not for the other two. The decay product of track 4 lines up with
the ODC hits in the x-y view, but from the z-£ view (figure 4.2(b)), it is obvious
that it does not hit the ODC. We may assume that the hits are caused by a
low-energy photon that produced an e+e~ shower in the magnet coil, probably
a photcn originating in the decay. The situation is different for track 2. Now
the hits do not line up with the track, but if the track is extrapolated, and a
straight line is drawn through the ODC hits and the signal in the next device (a
calorimeter, to be discussed next), we see that these lines intersect somewhere
in the middle of the magnet coil. We may assume that an elastic scattering has
taken place in the magnet coil, causing the particle to emerge at a different angle.

The first hexagonal structure outwards from the ODC is the hexagonal barrel
calorimeter?5 divided into two independently read-out submodules separated in
the figure by the dashed line. It has 40 layers of alternatingly lead and Geiger-
mode gas chambers, amounting to 10 radiation lengths. The Geiger-mode gas



60 4. The TPC/Two-Gamma Experiment.

chambers are read out by anode wires and cathode strips, thus providing three
dimensional detection of energy depositions. Two energy clusters are visible
in figure 4.4, of which one is associated with track 2. The second cluster can
be associated with track 4 only through one of its decay products. It can be
associated with track 1 if we assume a elastic interaction in the magnet coil as is
clearly the case with track 2. Track 3 does not give a signal in the HEX, we must
assume that it was absorbed in the outer wall of the ODC or in the inner wall of
the HEX. Finally, we note that we shall not see signals in the left and left-upper
modules of the HEX, since these were inoperative during most of the 1982/83
data taking period. The configuration shown here leads to two conclusions that
are important for the remainder of the analysis:

— the elastic scattering of particles in the magnet coil, or the decay of primary
particles, will lead to energy depositions in the HEX calorimeter, which are
easily mistaken for photons by reconstruction programs.

— The efficiency for triggers, requiring an ODC signal will be affected signif-
icantly by the absorption of tracks in the material of the magnet coil.

The outermost detector is formed by a muon chamber system?6 consisting of
four layers of drift chambers, interspersed with the iron of the magnet yoke, acting
as hadron absorber. Three of the layers measure the azimuthal angle {(p), the
outermost layer measures z and ip to within a 60 degree sector. The penetration
threshold for this system is « 1.5 GeV for muons. The muon chambers were
not used in this analysis, because muons do not contribute to either signal or
background.

Up to now, we have only discussed the radial components of the detector
system. The endcaps of the central detector are not covered by drift chambers
(other than the TPC endplanes), but have calorimetry in the form of two poletip
calorimeters (PTC) and muon chambers. The poletip calorimeters cover the
polar angle down to 200 mrad by 51 layers of gas proportional chambers and
lead sheets, amounting to 13.7 radiation lengths. The layout is shown in figure
4.5, which shows a side view of the south, upper half of the detector. The decay
product of track 4 extrapolates to the south PTC and leaves a signal in both
modules (divided in the figure by the dashed line), as is expected from a minimum
ionizing particle. Track 1 scrapes the PTC on the top without depositing energy
in it. If we follow the decay product from track 4, we expect it to impinge on
the muon chambers directly behind it. These forward muon chambers (or muon
doors, so called because they slide open during access) consist of three layers of
which two measure the x, and one the y coordinate of a penetrating track. Two
of the chambers are separated by «40 cm of iron, the whole system is separated
from the remaining detectors by the magnet iron.

We have now discussed all the elements of the detector available to identify
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Fig. 4.5 A side view of the south half of the detector system. The components
are indicated as in figure 4.4. In addition, we Aave a poletip calorimeter
(g) and forward muon chambers (k) with absorber iron (j). The detector
is symmetric between north and south.

the decay of track 4. The decay particle is not an electron, since electrons
would lose their energy in the first module of the PTC and not reach the second
module. It is not likely a muon, since it did not reach the muon chambers,
and is therefore most likely a pion. In that case the primary particle is a kaon,
since no proton has been seen to decay yet (the dE/dx measurement will later
confirm this hypothesis). This leads to the conclusion that we observe the decay
K+ —> 7r+7T° which amounts to 21% of the kaon decays. The observed track
length of ss 80 cm is compatible with the mean flight path for kaonsj CT = 371 cm.
The 7T° instantaneously decays to two photons, which explains the presence of an
energy deposition in the HEX calorimeter and the hits in the ODC. However, by
looking at figure 4.4, we see that the momentum of the kaon cannot be conserved
between the -K+ and the TT° in this scheme, since all decay particles go in the
positive rc-direction. Some neutral energy must be lost in the negative x-direction,
undetected in the inoperative HEX modules. We conclude that we cannot exactly
reconstruct the decay, but that the primary particle is certainly a kaon.
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4.2.3 The Trigger.

In the previous section, we have seen that the readout of the TPC electronics
requires at least 10 ms. Therefore, the TPC cannot be read out on each beam
crossing, since these are only 2.44 us apart in time. In order to initiate the
detector readout only on beam crossings in which a collision occurred, a system
was developed to trigger the TPC readout.

We distinguish two levels in this trigger system: the pretrigger and the actual
trigger. The pretrigger is a collection of fast logical electronic circuits, hardwired
to certain parts of the detector readout, that decides on every beam crossing
whether the actual trigger logic is to be initiated. Since the drift time in the
TPC is 5 cm/^fs, only the first « 9 cm of the TPC, measured from the endplane
inwards, can be used in the pretrigger. Looking at figure 4.2(b), we see that
only tracks 1 and 4 have fired this pretrigger, and that if those tracks would
have emerged at a somewhat larger angle, it would not have fired at all. For
large-angle tracks, ODC signals are required. This pretrigger fires if two ODC
wires are hit within a certain azimuthal range in two adjacent layers.

Finally, the pretrigger system also requires the presence of two hits in two
layers of the IDC. A pretrigger is now defined by the coincidence of the IDC and
either the TPC prompt signal or the ODC signal. The logic requires that this
coincidence is within an azimuthal range of roughly 60 degrees.

Once the pretrigger has fired, the trigger is enabled. This trigger consists of
a ripple signal and is therefore called ripple trigger. The ripple signal is derived
from the TPC wires; 23 groups of 8 wires are hardwired into logic circuits, the
majority logic units. Each group issues a majority signal, if at least 3 of the
8 wires received a signal. The rippling arises, when a majority signal on one
such group enables the logic for the next three groups, with a delay time such
that only a track coming within 20 cm in z of the interaction point will activate
all the majority units. The ripple trigger takes up to 20 jus, the time for an
ionization cluster to drift across the TPC. This means that each time the trigger
is enabled, more than ten beam crossings are lost. Hence it is desirable to reduce
the pretrigger rate. This is done by requiring two pretriggers with an azimuthal
separation greater than 60 degrees and both with an angle of more than 0.6 rad
with respect to the beam pipe. All untagged events, discussed in this work, are
taken with this two-track ripple trigger as well. Triggers involving calorimeters
will not be discussed here. A second sample of events involved a trigger from the
forward spectrometer, which will be discussed in the next section.
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4.2.4 The Forward Spectrometer.

The regions of small angle with respect to the beam pipe are covered on
both ends of the detector by a low-angle spectrometer. Although the forward
spectrometer has full particle-identification capability by means of TOF and
Cerenkov counters, it was used in this work only to measure the tag, i.e. one or
both of the final state electrons in the reaction e+e~ —^ e+e~~n —+ e+e~X. The
energy of the tag was measured either by an array of Nal crystals covering the
polar angle from 22 to 90 mrad or by a lead-scintillator shower counter covering
the range from 100 to 180 mrad. Evidence for the charged nature of the tags
was obtained from a 15 plane drift chamber system in each arm and a plane of
crossed scintillators in front of the forward calorimeters. Figure 4.6 shows an
artists view of the TPC/Two-Gamma detector system. Only one of the forward
spectrometers is shown, the other is its mirror image.

Both the Nal arrays and the shower counters were used in the triggering
of tagged events. A coincidence was required between an energy deposition in
the forward calorimeter and an occurrence in the central detector. The exact
definition of the coincidence in terms of energy thresholds and minimum angles
varied considerably between the different running periods. A detailed account of
the trigger conditions for the tagged trigger will not be given here.

4.2.5 The dE/dx Measurement.

The identification of charged particles relies in this analysis fully on the
measurement of the energy loss of the final state particles as they traverse the
TPC gas volume. In its simplest form, the energy loss for a particle with unit
charge and velocity /? = v/c is79

T ? [ln (,7(1^5) j " P\{hc) ' (4>1)

where me is the electron mass, iVo Avogadro's number, Z and A are the atomic
and mass numbers of the medium, p is the density of the medium, and / is
the effective ionization potential with approximate magnitude I = 10 x Z eV.
This expression is proportional to I//?2 for non-relativistic particles, reaches a
minimum at around /? « 0.96 and then rises slowly, due to the logarithmic
term. It is independent of the particle mass, but if plotted versus momentum,
as in figure 2.16, the curves for particles with different masses are shifted on a
logarithmic scale (the curve for electrons has reached the relativistic rise several
decades in p earlier than the graph shows). Since the momentum is measured
simultaneously with the energy loss, the point in (p, dE/dx) space can be used
to identify the particle.
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Fig. 4.6 Artist's view of the TPC/Two-Gamma detector system. Only one arm
of the forward spectrometer is shown.
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The energy loss is measured by each wire in the TPC that records an ioniza-
tion cluster from a track. Therefore, we may have up to 183 samples of dE/dx
for each track. These samples are not distributed symmetrically as a Gaussian
around the most probable value, but have an excess (Landau tail) at the high end
of the distribution. For an elaborate discussion of the Landau tail and a more
accurate expression for the dE/dx in argon-methane, we refer to Shapiro?3 For
each track, a fit can be made of the measured dE/dx distribution to the theoret-
ical distribution, but instead of this lengthy procedure, a truncated mean energy
loss is derived, that yields the most probable value to good approximation. The
truncated mean energy loss is the mean of the lowest 65% of the samples. Hence-
forth, this truncated mean energy loss will be referred to merely as dE/dx. The
dE/dx measurement depends in a non-trivial way on the angle under which the
track traverses the TPC. A correction for this angle has been made to all dE/dx
values presented here (see Shapiro?3 ch. 5.1). As was mentioned in section 4.2.5,
in some cases the dE/dx measurement is provided by the pads behind the wires.
This may happen under two circumstances:

— the energy loss is larger than « 40 keV/cm. Then the wire preamplifier
becomes saturated and the measurement meaningless.

— Two tracks are in the same 60 degree sector of the TPC with the same
polar angle to within a few mrad. Then the ionization clusters arrive at
the same time at the same wire, which measures the sum of the signals.
Pads have an additional (<p) coordinate, and resolve the ambiguity.

The pads recorded on a track are fewer in number, but the signal on each
pad is already an average over 12 wires, making the dE/dx distribution narrow
enough to be useful. The resolution achieved in the dE/dx measurement is better
than 3.7% if more than 80 wires are hit, and better than 9% for tracks with more
than 8 pads.

When a measured point in the [p,dE/dx) space is compared to the empirical
curves for dE/dx versus p (figure 2.16), it is not always clear what the particle
type is in regions where the curves overlap. In order to make a quantitative
statement, a quantity xj is introduced for each particle species i. It is obtained
by minimizing the expression

Here, pm and 6p are the measured momentum and the error therein, Tm and 6T
are the measured dE/dx and its error. Tt(p) is the empirical relation between
dE/dx and momentum, as in (4.1), with /? = p/^m,-. The momentum p is the
only parameter in this fit. This procedure corresponds to finding the closest
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distance between the (p, dE/dx) point and the curve for particle species t, but
in a metric determined by the errors on the measured quantities.

In some analyses^3 the x2 quantity is used to derive a probability density by

i>. = e-x?/a. (4.3)

In order to conserve probability, it must be normalized, and the expression be-
comes

where the summation is over all five particle species (e,fi,n,K,p). But it is
obvious from figure 2.16, that a particle with for example, equal x2 and \ \ ' s

much more likely to be a pion than a kaon. Therefore, one must replace (4.4)by

where i*i(p) is the average fraction of particles i at momentum p. The frac-
tions Fi are not known for photon-photon reactions, and rather than estimating
them, we have chosen for an alternative technique. We shall call a particle iden-
tification unambiguous, if its x2 value is at least 4 less than the x2 value for
the remaining hypotheses. For example, a particle is an unambiguous kaon if
XK + 4 < Xe>x£>Xp (We do not consider x2* separately). If an unambiguous
assignment cannot be made, we call a particle identification compatible with
an hypothesis, if the x2 for that hypothesis is less than 8. Particles compati-
ble with several hypotheses are called ambiguous in those hypotheses, e.g. n/K
ambiguous. In the selection of exclusively produced four-prong final states, we
shall use the unambiguous and ambiguous particle assignments, together with
conservation of charge, strangeness and baryon number, to uniquely identify a
final state.

We now return to our 77 —>2X+2X~ event to illustrate the dE/dx selection.
The main parameters of each track are summarized in table 4.1. The kink in
track 4 has led to large uncertainties in the measurement of its momentum and
dE/dx. Only 43 wires contributed to the dE/dx measurement. By looking at
the x2 values, we see that all four tracks are compatible with kaons. In addition,
tracks 1 and 3 are unambiguously kaons, according to our definition. From the
conservation of strangeness, we conclude that tracks 2 and 4 are kaons also. The
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track number

charge (e)
p (GeV)
6p (GeV)
dE/dx (keV/cm)
6{dE/dx) (keV/cm)
wire clusters
Y2
Ae

xl
x\
A

1

J

1.54
0.10
12.0
0.5
119
82.6
4.3
0.1
12.1

2

+1
1.14
0.06
12.9
0.4
162
70.1
0.1
0.1
30.8

3

•£

0.84
0.05
14.4
0.5
155
20.5
18.0
0.2
45.6

4

+1
1.31
0.21
12.3
0.8
43

25.2
0.4
0.0
5.1

Table 4.1 IVadc parameters of event 12/520/819.

event is well measured, because the vector sum of the momentum components
perpendicular to the beam axis (|£pl|) has a magnitude of 100 MeV, comparable
to the errors in the momenta. The two final state electrons are undetected and
assumed to follow the beam axis. We conclude that the event is indeed of the
type 7-7 -^2K+2K~.

With the four particles, six two-particle invariant masses can be formed;
two of those yield a double-charged state, four a neutral state. The neutral
combinations 1-4 and 2-3 yield the invariant masses mn = 1017 ± 8 and mzz =
1018 ± 4 MeV, both in agreement with the nominal7 phi mass of m^ = 1020 ± 4
MeV. This leads to the conclusion that the kaons originate in 4> mesons and that
we have observed the reaction icy —*<f><j> —» 2K+2K~.

4.3 Da ta Samples.

The results presented in the following chapters are based on data collected
during two periods of operation of the TPC/Two-Gamma detector at PEP: the
first from the fall of 1982 to the spring of 1983, the second during the same seasons
in 1984/85. The storage ring PEP was run at 29 GeV center-of-mass energy
during both cycles. Between the two cycles, the TPC magnet was upgraded from
4 to 13 kG, which led to a strong improvement of the momentum resolution. In
addition, some modifications were made to the trigger for tagged events, events
where one of the final state electrons was detected in the forward spectrometer.
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Sample

untagged 82/83
tagged 82/83
tagged 84/85

Integrated Luminosity
pb-i

73
50
42

TPC magnetic field
kG

3.9
3.9
13.2

Table 4.2 Summary of data sampies used in this work.

The result of these modifications was a reduction of the minimum angle for
triggering on single tags from approximately 40 mrad to a little over 20 mrad.

During both running cycles, the data were collected with separate data ac-
quisition systems for events triggered by the central detector only, and for events
triggered by a coincidence between the central trigger chambers and the forward
taggers. We refer hereafter to the sample obtained with the central trigger as the
untagged sample, and to the other sample as the tagged sample. Both data sam-
ples include the information of the central detector but only part of the untagged
sample has the information of the forward spectrometers. This set-up arose from
the historic development of the TPC/Two-Gamma collaboration, which started
as two independent collaborations, later merging into TPC/Two-Gamma. The
organisatorial problems of sharing the data were overcome with great difficulty,
but the total unification of the data acquisition and data analysis were never
achieved.

As a result, we have four separate data samples: tagged and untagged, from
82/83 and 84/85. The sizes and magnetic fields for these samples are shown in
table 4.2. The untagged data sample of 1984/85 was not used in this analysis,
because the data reduction had not taken place at the time this work was per-
formed. Evidently, some of the tagged events will appear in both the tagged and
untagged samples, and as a result of the high energy treshold for triggering in the
forward shower counter, some tagged events may even be in the untagged sample
and not in the tagged sample. In the analysis described here, tagged events are
excluded from the untagged samples either directly if the tag was reconstructed,
or by means of the |Epl | cut in cases where the forward spectrometer data were
not available.
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Fig. 4.-7 Vertex distributions, (a) The distance along the beam axis of the point
of closest approach of a charged track to the beam axis, (b) the radial
distance of that point to the beam axis. The arrows indicate where the
cuts were applied in the final data selection.

4.4 Selection of Four-Prong Events.

4.4.1 Introduction.

The four-prong final states are selected in two stages: first, exclusive events
are selected with four, well-measured tracks. Then the dE/dx selection is used,
to identify among those events the particular final states that we want to study.
We shall describe both selections in the following sections.

4.4.2 Multiplicity Cuts.

Evidently, only events with four primary particles qualify for the selection.
Two of those must be positive, two negative, and all-four must be measured
with the TPC. In some cases however, additional tracks may be present in the
event. These tracks are usually secondary tracks, either from the decay of a kaon
or pion or from the annihilation of an anti-proton in the detector material. To
distinguish these additional tracks from the primary particles, we impose cuts on
the distance of closest approach of the tracks to the beam axis. This distance is
separated in z, the distance along the beam axis and R, the distance measured in
the x-y plane. The distributions of z and R are shown in figure 4.7. The arrows
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indicate the values on which we discriminate, \z\ — 15 cm, R = 5 cm. Another
source of extra tracks is created by the conversion of a photon in the detector
material, yielding a characteristic pattern of two electrons, originating from a
common secondary vertex. A computer algorithm was developed to identify and
reconstruct such conversion pairs, and events with conversion pairs were rejected.
Finally, additional tracks may arise from events with higher multiplicities, where
one or more particles underwent elastic scattering in the material between the
e+e~ interaction vertex and the TPC. Events of this type are rejected in a visual
scan.

4.4.3 Visual Scan of Events and |Epl | Cuts.

Each event of the K+K~n+n~, K±7rT7r+iT~, 2K+2K~ and pp7r+7r~ samples,
and a fraction of the 27r+27r~ data, were subjected to a visual scan. The objective
of the scan was to reject falsely identified events. Frequently, the computer
algorithms fail to associate an energy cluster in one of the calorimeters with
the charged particle that deposited the energy. This is in particular the case for
secondary particles from kaon decays or antiproton annihilation, which are either
badly extrapolated or not reconstructed at all. The 2TT+2T:~ final state is, due to
the long life time of the pion, less susceptible to this problem. Events in which
energy depositions could not be associated with charged particles were rejected.
Also rejected were events with evidence for additional unreconstructed primary
tracks. The visual scan is found to be largely equivalent to a cut on |£p~l|, the
transverse momentum balance, as follows from figure 4.8, where the histogram
in (d) shows the distribution of |£pl | 2 before the eye scan, and the data points
the distribution in the selected events. The Monte Carlo result is shown as
histogram in figure 4.8(c), again with the selected data. Based on this plot, a
|£p l | cut of 200 MeV was used to remove background from samples that were
too large to be completely scanned by eye. Such a sample is shown as data points
in figures 4.8(a) and (b). The event sample used for these plots is the sample
of untagged 77 —y2n+2w~ events. The histogram in figure 4.8(a) corresponds
to a Monte Carlo calculation of that process. It does not reproduce the tail of
the |Epj_| distribution, indicating that a background of falsely identified events is
present. An estimate of this background can be obtained from events of the types
7r+7r+7r+7r~ and ir~7c~ir+7r~, which must have at least two missing particles. This
distribution is shown as histogram in figure 4.8(b). It is clearly distinct from the
2ir+2n~ data, since it does not peak at |Spl | = 0. The distribution is normalized
to the tail of the data distribution. The |£pj.| cut on the scanned data samples
is put at 400 MeV.
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Fig. 4.8 Tie |Spj_|2 distributions. The data points in (a.) and (b) are the uii-
tagged2n+2ir~ events. The histogram in (a) is for Monte Carlo events of
the same process. The histogram in (b) shows the distribu tion for even ts
of the types ir+ir+ir+n~ and tr~ v~ 7r+ jr~. The data points in (c) and
(d) represent the distribution for a sub-sampJe of untagged events after
the rejection of badly measured events by the eye scan. The histogram
in (c) shows the result from a Monte Casio simulation, the histogram in
(d) the data distribution before the eye scan. In the unscanned data,
we cut at 0.04 GeV2, as indicated by the arrow in (a).
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to the beam axis. The arrows indicate the cuts applied in the final selec-
tion. The depletions in the momentum plots are a result of ambiguous
particle identification in the dE/dx overlap regions.

4.4.4 Kinematic and Fiducial Cuts.

In order to achieve good particle identification in the TPC, a minimum mo-
mentum of 100 MeV was required for pions, 200 MeV for kaons and 300 MeV for
protons. The maximum momentum was limited to 3 GeV to ensure a good mo-
mentum determination. A minimum of 30 dE/dx samples from the TPC wires,
or 4 samples from the pads, was required, effectively corresponding to a minimum
angle 6 of 300 mrad with respect to the beam axis. The effect of the kinematic
and fiducial cuts is shown in figure 4.9, where the momentum distributions for
pions, kaons and protons and the polar angle 0 are plotted.
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4.4.5 Backgrounds.

At this stage of the event selection, we still have to deal with four types of
background events:

— events of the type 77 —>rf, where one tau decays into a rauon and neutri-
nos and the other into three pions and a neutrino, will have four charged
tracks which all appear to be pions. The neutrinos will carry part of the
momentum, resulting in a net transverse momentum, and the event will
fail the |£pj_| cut.

— Events due to e+e~ annihilation, where the missing momentum is carried
by undetected particles. There must be undetected particles, since the cut
on a maximum momentum of 3 GeV limits the visible energy to little over
12 GeV, whereas the center-of-mass energy for e+e~ annihilation is 29 GeV.

— Events arising from the collision of a beam electron with a proton in the
restgas of the PEP storage ring have a vertex randomly distributed along
the beam axis. The cuts on \z\ and R remove most of these events, the
remainder is rejected by the requirement of an anti-proton in events where
a proton is found.

— Two-photon events with higher multiplicities, where one or more particles
are undetected. Among these particles may be single photons, or particles
absorbed in the beam pipe. A fraction of these events remains after the
|£pj_l cuts, the vertex cuts, and the visual scan. A correction for this
background will be applied to the cross sections, when necessary.

4.4.6 Tagged Events.

The selection of tagged events, i.e. events in which one of the final state lep-
tons (the tag) was detected, was slightly different from the selection of untagged
events. Again, all four final state particles had to be observed in the TPC, and
the kinematic and fiducial cuts were applied. However, the transverse momen-
tum balance was calculated from the component of the transverse momentum
vector perpendicular to the plane defined either by the beam axis and the tag
direction, or in the rare case of a double-tagged event, by the two tag directions.
A cut of 200 MeV was applied to this value, identical to the cut on the total
transverse momentum for untagged events. In addition, a cut was applied to the
momentum component in the earlier defined plane. This cut was dependent on
the energy resolution of the tagging device, and set to 400 MeV for the Nal array
and 800 MeV for the shower counter. Only tags detected in the Nal array or
shower counter were considered in this work.

The forward spectrometer exhibits a rather complex geometry, dominated
by the presence of the septum magnet iron, partly shielding the Nal array and
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Fig. 4.10 Tag energy spectra, for (a) the Nal arrays, (b) the shower counters of
the forward spectrometers.

shower counter. Fiducial cuts were applied to the energy depositions to avoid
deterioration of the tag energy measurement due to showering of electrons in the
magnet iron Ox :n support structures. A precise description of these fiducial cuts
and the impact thereof on tag measurements is given by Kees?0

The 15-plane drift chamber system of the forward spectrometers supplied
information about the charge associated with the energy deposition and a mo-
mentum measurement, which is meaningless at the momenta under considera-
tion. Events with energy depositions without evidence for associated charge were
rejected.

The tagged events were part of the sample subjected to a visual scan. Ad-
ditional tracks in the same spectrometer arm as the tag, identified in the scan,
were assumed to originate from an interaction of the electron with the detector
material or the beam pipe. Events with evidence for a charged track in the spec-
trometer arm opposite to the tag, were rejected. Low-energy neutral clusters in
the forward spectrometer (E < 300 MeV in the Nal array, E < 500 MeV in the
shower counter) were generally ignored.

The resulting tag energy spectra for the Nal array and the shower counter
are shown in figure 4.10. We notice that the spectra peak close to the full beam
energy, as we expect from the Q2 dependence of the 77 luminosity function.
The cut-off at the low-energy end of the spectra originates from the tag energy
threshold in the trigger definition.
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Fig. 4.11 The distribution of dE/dx versus p for the finaV state particles of the
reactions TT —y2v+2ir~ (a), "n —*K+K~n+ir~ (b), 77 —*ppn~]'ir~ (c),
and icy —tK^K^ir^ (d). All distributions are shown after the fiducial
and |Spj_l cuts. All events, except those of reaction (a), were subjected
to a visual scan. Plot (a) shows only « 2% of the events.

4.4.7 Identification of Final States.

The algorithms used for the identification of final states become more com-
plicated as the final state becomes more complex.

The selection of -77 —>27T+27T~ events. Since this final state is by far the most
proliferous, the cuts on dE/dx are kept simple: all particles are required to
be compatible with pions, and at least one to be unambiguously a pion. This
loose cut will allow some feed-through of the other final states, but their total
contribution is only of the order of a few percent. The dE/dx versus p spectrum
so obtained, is shown in figure 4.11 (a) for only « 2% of the total sample.

r
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The selection of 77 -+K~*~K~?r+?r~ events. We require at least one unambigu-
ous kaon and one unambiguous pion. Of the remaining two particles, at least one
must be kaon compatible and one pion compatible. If a K/V ambiguity between
these two remains, the sign of the particle determines its species, so that charge
is conserved separately for kaons and pions. Figure 4.11 (b) shows the dE/dx
versus p distribution for the K+K~n+n~ events. We clearly see the pion and
kaon bands and how they merge at p « 0.9 GeV, where the particle assignments
become ambiguous.

The selection of 77 —*ppir+%~ events. This event selection is fully analoguous
to the K+K~7r+ir~ selection, with the kaons replaced by (anti)protons. The
dE/dx versus p distribution is very similar, it is shown as figure 4.11(c).

The selection of 77 -^2K+2K~ events. For this final state, all particles must
be compatible with kaons, and two particles with equal charge must be unambigu-
ously kaons. This selection, followed by the visual scan and |£p l | cuts, yielded
only two events. Therefore, we do not show the dE/dx versus p distribution.

The selection of 77 -^•K°K±7rT events. The K^K*^ final state manifests it-
self through the decay of the neutral kaon to two pions as K±w^'jr+n~. It is
selected by requiring the charged kaon to be identified unambiguously, and the
three remaining particles to be compatible with pions. However, the two pions
with opposite charge of the kaon could not be TT/K ambiguous. This last require-
ment was imposed to reject feed-through from 77 —>K+K~n+i:~. This selection
and a |£pj_| cut yielded a sample of 233 events. An additional handle on the
identification of this final state is given by the K®; its decay to 7r+7r~ should
give a clear signal in the invariant 7r+7r~ mass spectrum. The 7r+7r~ spectrum
of figure 4.12 shows indeed a clear K® signal. The histogram below the data
is from the 7r+7r+ or n~n~ combination and is equivalent to the combinatorial
background in the 7r+7r~ spectrum. The solid line indicates a fit to the data of
a Gaussian distribution on a polynomial background. The peak centers at 500
MeV and contains 82 ± 14 events above background. Events with one n+ir~
invariant mass between 400 and 600 MeV were considered for further analysis
and subjected to a visual scan. This scan reduced the number of events from 143
to 46. Figure 4.11(d) shows the distribution of dE/dx versus p for the selected
events. We can clearly distinguish the pion and the kaon bands, and notice that
the pion band is more densely populated than the kaon band.
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4.5 Monte Carlo Simulations.

4.5.1 Introduction.

One of the goals of the investigation is to measure the 77 cross section of
various processes as a function of one or more kinematical variables. The only
quantity measured directly is the number of observed events iV in a certain range
of a particular kinematical variable. We shall take the 77 invariant mass W^
as an example of such a variable. Then the following expression is obtained
for the number of events measured in the W^ range AW^7 in a data sample
corresponding to an integrated e+e~ luminosity £,nJ:

- £
int

f
JA

(4.6)

The integration is performed over the phase space £ with the restriction that the
value of W~n that corresponds to $ is within AW71. The acceptance for an event
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with phase space coordinate f is given by the function A(£). Using (3.6), we
may rewrite this as

N{Wn) = £i*t I MO "rr-x(O dLrrit), (4-7)
•/AW,,

where a^-,x = °TT + £0^5 an<I £ « 1. In the cross section measurements, we
choose the W%7 intervals in such a way that the cross section is to first order
constant over the whole interval. Then the cross section becomes

tint JAWV, A\£) dLTT[i)

and is known if the integral can be evaluated. The luminosity function LTT c a n

be analytically calculated, but A(£) can not; even if A(£) were known, one could
only solve the integral for the most simple final states.

The common method of solving this integral is by means of a Monte Carlo*
program. In a Monte Carlo program, an integral is calculated by randomly
generating space points (throwing events) and evaluating the integrand at those
points. The sum of many such values, devided by the number of throws, then
gives the integral. A variety of methods has become available to increase the
efficiency of this process and to handle integrals of functions with poles. Reference
81 provides some details for the interested reader.

It has become practice to divide Monte Carlo calculations into three stages:
event generation, detector simulation, and event analysis. They will be described
in the following sections. Following that, the results of Monte Carlo calculations
for the various four-prong final states will be discussed.

4.5.2 Event Generation.

At this first stage, the four-vectors of particles in a final state are generated,
according to a model of the process under investigation. In this work, photon-
photon collisions are generated, where the 77 center of mass is chosen according
to the formulas for LTT (see chapter 3.2). Constraints on the phase space are
imposed by the selected maximum polar angle for final state electrons and by
the selected invariant mass W^. Then the decay of the state with mass W77 to
the final state under study is calculated. For example, in case of the

• Monte Carlo techniques make use of random numbers, as does gambling, a way to acquire
money; hence the name.
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final state, a three-body phase space generator creates a charged pion, a charged
kaon, and a neutral kaon. The distributions of angles between the particles are
always chosen to be isotropic. Between ten and a hundred thousand of these
events are generated and submitted to the next stage of the Monte Carlo, the
detector simulation.

4.5.3 Detector Simulation.

The detector simulation is generally the most computer-time consuming. In
it, the generated particles are followed through the detector, and the detector
response is simulated. This requires a detailed knowledge of the properties of the
detector, and of the mechanisms through which particles interact with matter.
The program calculates the particle's position at short intervals along its trajec-
tory, and keeps track of the amount of material it has traversed with a materials
table, stored in a data base. The lifetime of the particle is known, and for exam-
ple in the case of the K®, a decay of that particle may occur, after which the two
charged pions from that decay are followed. The energy loss due to ionization in
the material is known, and is applied to the particle's momentum, as it travels
through the medium. Nuclear interactions in the material may occur, resulting
in the absorption of the particle, the production of a hadronic shower or merely
the elastic scattering of the particle. The cross sections for inelastic and elastic
scattering are tabulated as functions of the particle type and its momentum. The
showering of electrons, as well as the pair-production by photons are simulated.
In this manner, the particle trajectory in the detector is determined.

Then follows the simulation of the detector response, a more difficult under-
taking, since each detector has its unique properties. The ideal method for mod-
eling a detector response is from the data, taken during a physics run by means
of independent detector components. For example, the response of a calorimeter
to photons can be modeled by means of low energy electrons, identified as such
by the TPC. This gives an in situ modeling of the efficiency, the gain and the
resolution of that device. This method has been successfully applied to the po-
letip calorimeters, but it fails when applied to the hexagonal calorimeter, because
this calorimeter is shielded from the TPC by 1.3 radiation lengths of materials
in the form of the magnet coil and the outer drift chamber, causing electrons
and photons to shower. The second method is the modeling of a detector with
data obtained in test beam runs. These are of limited use, however, because
the circumstances in test beams are usually different (better) than during the
operation at the storage ring. The final and least reliable method is based on the
confidence that the detector properties are sufficiently well understood by theory,
that the response can be calculated. Part of the acceptance is determined by the
triggering efficiency, which is of course closely related to the detector response.
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We have seen in an earlier section that the charged trigger of the TPC is rather
involved; its simulation is complex and leads to a substantial contribution to the
systematic error.

4.5.4 Analysis of Monte Carlo Events.

The final contribution to the acceptance calculation is given by the data
selection and analysis code. In particular, the detection of exclusive final states
depends critically on the ability to identify particles. In many cases, kaons,
though well detected and reconstructed, may not be distinguished from pions,
which causes the event to be lost. In order to simulate this efficiency correctly,
the Monte Carlo generated events are usually formatted in the same way as real
data, so that the identical analysis program can be applied to them.

4.5.5 Acceptance Calculations.

In this section, we shall present the acceptance curves for some of the final
states discussed in this work, together with the systematic errors that we can
assess from the Monte Carlo calculations. The curves shown are given either as
function of W^ or as function of Q2. The Q2 « 0 curves are valid for tagging
angles less than 22 mrad, which corresponds to an average Q2 of w 0.01 GeV2.
To illustrate the effects of the various contributions to the acceptance, we shall
start with the K+K~n+n~ final state, because it has a more complicated event
selection than the 27r+27r~ final state, which we shall discuss first in chapter
5. The K+K~n+ir~ events are generated isotropically and according to phase
space. Figure 4.13 shows the loss of events as function of W^ at <32 « 0 for each
of the stages of the acceptance calculation:

— figure 4.13(a) shows the percentage of events kept after the requirement
that each track have an angle of more than 300 mrad with respect to the
beam axis, pointing to the TPC, and that each pion have a momentum of
at least 100 MeV and each kaon at least 200 MeV. This efficiency rises with
W^, as we expect, because events with higher masses have more kinetic
energy available to the final state particles. The systematic error due to
these cuts is the change in the ratio of the number of measured events to
simulated events due to an increase of these cuts by « 20%, or, in other
words, the relative change in cross section if we raise the cuts by « 20%.

— Figure 4.13(b) shows the percentage of events that have all four tracks
reconstructed in the TPC. This percentage includes both the effects of
nuclear interactions in the detector material in front of the TPC, and the
detection and reconstruction efficiency of the TPC itself. Again we observe
a slight rise with W77, this time caused by the notion that particles with
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Fig. 4.13 Tie efficiency for detection and identification of the K+K~ir+w~ finai
state as function of the center-of-mass energy W^, split into the differ-
ent contributions to the acceptance, (a) The effect of fiducial cuts; (b)
the percentage of events that have all four tracks detected in the TPC;
(c) the triggering efficiency; (d) the efficiency of the analysis program to
identify the state. The shaded areas indicate the systematic uncertainty
on these efficiencies.

higher momenta are less likely to be absorbed in the detector material. The
decrease in efficiency at higher masses is caused by the detection inefficiency
close to sector boundaries. This inefficiency is larger for tracks with small
curvature (high momentum), since these tend to follow the sector boundary
and remain undetected, whereas tracks with large curvature bend out of
the sector boundaries, and are at least partially reconstructed. The error
in this part of the acceptance calculation cannot be calculated using the
data. Instead, we assume that the amount of material in front of the
TPC, and the corresponding nuclear.cross sections are known to within
10',{). We add 10% to the material in the Monte Carlo and repeat the
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acceptance calculation; the difference with the original calculation is then
assigned as systematic error. An additional 10% due to the uncertainty in
the reconstruction efficiency is added in quadrature.

— The triggering efficiency is shown in figure 4.13(c). The systematic error for
this efficiency was given by the difference between the triggering efficiency
from the Monte Carlo and from a data sample taken with a tagged trigger.
This tagged trigger is looser than the TPC charged trigger and can there-
fore be used to find its efficiency. Events of the type 77 —*-2TT+2^~ were
used for the data sample, they were compared to isotropically generated
events of the same type. It is, however, not clear whether the event topol-
ogy particular to tagged events influences the TPC triggering efficiency.
Therefore we have adopted the Monte Carlo calculation and assigned the
difference with the measurement to the systematic error.

- The efficiency of the data selection program is shown in figure 4.13(d).
This efficiency is dominated by the identification of tracks by means of
dE/dx; the other contribution is from the |SpjJ cut. The data selection is
described in detail in chapter 4.4. The systematic error is estimated as in
(a) by varying the cuts and noting by how much the cross section changes.
The acceptance falls with rising W^, because the dE/dx selection is less
efficient for particles with higher momenta.

The overall efficiency for detecting the K+K~n+n~ final state is evidently
the product of the curves of figures 4.13(a) through (d), and is shown in figure
4.14, together with the systematic error, which is taken to be the squared sum
of the individual errors. In the cross section measurement, an additional error
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of 10% is added in quadrature to account for the uncertainty in the integrated
e+e~ luminosity. The total error is then the quadratic sum of the systematic
error and the statistical error.

The efficiency curves for some of the other processes under study are shown
in figure 4.15. In figure 4.15(a) and (b), two four-pion final states are shown;
non-resonant 77 —>2w+27r~ and 77 —>p°p°. The pQp° final state was generated
as in reference 33 with an energy dependent width of the p° meson (details
will be given in chapter 5.2). Below the p°p° threshold, the acceptance for
77 —>p°p° is substantially lower than the 77 —>27r+27r~ acceptance, but above
threshold, the acceptances are the same to within 10%. This is generally the
case for related final states: the efficiencies for 77 -+K+K~ir+ir~~, 77 -^K*0KTT,

and 77 —tK*°K*° are equal to within 5%, the efficiencies for 77 —>pp7r+7r~,
77 —*-A°A°, and 77 —>A++A are equal to within 10%. The acceptance also
decreases, when one of the resonances in the final state is very close to threshold,
as is the case in e.g. <f>p° and AA. The acceptances for (f>p° and (j>4> are shown
in figure 4.15(c) and (d). Here, the branching ratio7

 B$^,K+K-
 = 49% is taken

into account. The branching ratio BKo_,v+jr- = 69% is taken into account in
the calculation of the acceptance of the K°K±7r^ final state, which is shown
in figure 4.15(e). It rises sharply above threshold, but decreases quickly with
increasing W^, due to the selection against n/K ambiguous, high momentum
tracks (see section 4.4.7). Finally, in figure 4.15(f), the acceptance for the process
77 —>ppir+7r~ is shown.

We have chosen to display the acceptance curves in discrete mass bins rather
than as smooth curves, for two reasons: first, the cross sections are calculated
and shown in the same discrete mass bins, and secondly, the deviations of the in-
dividual bins from a smooth curve are indicative of the statistical accuracy of the
Monte Carlo calculations. The statistical error of the Monte Carlo calculations
is added in quadrature to the statistical error of the data in the cross section
calculation, but it is usually small compared to the latter.

4.5.6 Acceptance Calculation for Tagged Events.

In order to simulate the acceptance for tagged events, we must make the
efficiency a function of both W^ and Q2. The considerations of the previous
subsections with respect to the central detector remain unchanged, since we still
require the four final state particles to be detected in the TPC. But now, we
also require the measurement of at least one of the two electrons in the fiducial
volume of the forward spectrometer. To simulate this, a detailed Monte Carlo
was run that tracked electrons through the beam pipe and the detector material
of the forward spectrometer. The most important components of the forward
spectrometer are the Nal arraj' and the lead-scintillator shower counter, which
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4.15 The detection and reconstruction efficiency as a function of the 77 in-
avariant mass W^ for the processes 77 —»2^+27r~ (a), 77 —>p°p° (b),
77 - ^ p ° (c), 77 - ^ W, TY ->KQK±K* (e), and 77 -ppTr+Tr- (f).
The shaded areas indicate the estimated systematic errors.
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Fig. 4.16 The acceptance for tugged events of the reaction 77 —*2n+27r as a
function of Q2, averaged over W77 from 1.2 to 3.6 GeV. The shaded
area, indicates the systematic uncertainty on the acceptance.

not only measure the tag energy, but also provide the trigger for the event, in
coincidence with a charged track in the TPC. The triggering efficiency for tags
with more than 4 GeV in the Nal or more than 10 GeV in the shower counter is
close to 100%, and does therefore not contribute to the systematic uncertainty
on the acceptance.

The trigger definition has changed considerably during the period of data
taking. Part of the change is due to varying beam conditions. The early running
cycles (82/83) were characterized by high triggering rates due to accidental hits,
forcing the trigger logic to be rather restrictive. In the later running cycle, the
accidental background was strongly reduced. Furthermore, technical improve-
ments were applied to the trigger logic. The result of these changes is that the
minimum tagging angle is not the same throughout the whole sample. Under
bad conditions, this angle had to be raised to w 40 mrad in order to maintain
acceptable trigger rates, but under ideal circumstances, the tagging angle was
brought down to the inner edge of the Nal array, at « 20 mrad. The effects
of the trigger changes are included in the Monte Carlo calculations, as well as
the increase of the magnetic field from 3.9 kG to 13.2 kG. The increase of the
magnetic field affects the mass resolution and also the detection efficiency. The
mass resolution plays a minor role in the investigation of tagged events, therefore
we can compare the sum of the data samples to the sum of the corresponding
Monte Carlo samples.

The acceptance curve obtained in this manner, is shown in figure 4.16, as
a function of Q2 averaged over W^ between 1.2 and 3.6 GeV. The acceptance
shows a very irregular structure, which is not due to low statistics in the Monte
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Carlo simulation, but caused by a low-efficiency region between the Nal array
and the shower counter, where a shower is not fully contained in either of these
devices. It is not a sharp cut-off, because Q2 is a function of both angle and
energy of the tag. In addition, some irregularities arise at low Q2, due to the
varying trigger definitions and the presence of a cone in the beam pipe at 45
mrad. The efficiency shows a gentle rise with W^ from « 8% at W^ = 1.2 GeV
to » 13% at W77 = 3.6 GeV.

The acceptance for tagged K+K~Tr+n~ events (not shown) is very similar,
because the identification of the final state is to first order independent of the
presence of a tag.

4.5.7 The LUND Monte Carlo.

The Lund string fragmentation model, introduced in chapter 2.2.5, is man-
ifested by the LUND Monte Carlo program, of which version 5.3 was used in
the calculations. Input to this Monte Carlo are the energy and direction of the
primary quarks. From these, it produces a final state of hadrons. The model
is governed by a set of parameters, for which the defaults were obtained by a
comparison to high energy e+e~ annihilation data. In order to efficiently simu-
late low energy fragmentation, a set of parameters was chosen that was tuned82

to describe the multi hadron events used in the measurement of the hadronic
structure function of the photon?3 These parameters, some of which are variable
with the 77 mass, are:

— the ratio of s to u or d quark production in the fragmentation, r. The
e+e~ experiments indicate a value of r « 0.3, whereas r = 0.2 is more
appropriate to 77 collisions.

— The minimum available energy left to the system before fragmentation is
stopped, is given by

Wmin = « » n + »** + »*»,• + *"»*.)• (4-9)

Here g,-§y is the quark pair that is to break to a final pair qnqn. The energy
Wmin r i s e s linearly from 0.1 GeV below W^ = 1.5 GeV, to 1.1 GeV at
W-11 = 3.2 GeV. The constant k rises from 1 to 2 in the same range.

— The u, d quark masses and the sigma on the transverse momentum that is
given to created qq pairs are made linear functions of W^ in the interval
between 0.8 and 8 GeV. The mass mUi<j varies from 175 to 325 MeV in that
range, and oVt from 250 to 375 MeV.

The QED formalism for the formation of lepton pairs in 77 collisions was
chosen to reproduce the angular distribution of the qq pair with respect to the 77-
axis, and to give the relative rates for uu, dd, and sS formation. The differential
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cross section is given by84

_ 4 a2

/ ( l - /? 2 cos 2 0) 2 ' ^ 1 U j

where 0 is the angle of the (anti)quark with respect to the 77-axis in the 77
center of mass. The quark velocity 0 is

where m, is the mass of the quark flavor i, and e; its charge in units of e. The
flavor i is produced in a fraction

( 4 1 2 )

of the events.

The Lund model by construction conserves momentum and flavor, but since
the initial state is unknown, charge conjugation is not conserved. In particular
at low Wn^, C = — 1 states like p°7r°, p0<q, etc., are generated abundantly. These
two-particle final states were rejected. In addition, states like p°7r+7r~ have
positive charge conjugation if the 7r+7r~ pairs are in P, F,... waves. These states
are in practice indistinguishable from the 5-wave states and may therefore lead
to an overestimate of the cross section.
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5.1 Introduction.

The data selection described in the previous chapter has resulted in a total
of 4887 untagged events of the type *yy —>X, where X is a final state with four
charged particles, and 1053 tagged events. The events are distributed among the

Event type

27r+27r-
K+K~TT+7T-

2K+2K-
ppw+ir~

Untagged
events

4637
175

39
2

27

Tagged
events

992
42
17
0
2

Table 5.1 Summary of event samples after the final state selection and all cuts.

various final states according to table 5.1.

In the following, some results obtained from these event samples will be pre-
sented, in sections corresponding to different topics. The data for most processes
will be shown in each section. Most results are obtained from the untagged data
samples. The topics are: the two-particle invariant mass spectra, the production
cross sections, the angular correlations and upper limits on resonance formation.
In the end, a section will be devoted to the tagged data samples.
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5.2 Two-Particle Invariant Mass Spectra.

5.2.1 Introduction.

In four-particle final states, up to six two-particle invariant mass combina-
tions can be made. Four of those lead to a neutral pair, the remaining two are
doubly charged. With the exception of the pp7r+7r~ final state, where the equal
sign combinations may yield A + + or A , we are only interested in the oppo-
site sign combinations. In some cases, equal sign combinations may provide the
shape of the background. In the following we shall discuss the spectra for each
of the final states. Only untagged events, i.e. events in which both final state
leptons escaped detection, are considered.

5.2.2 Pair Spectra in 2n+2w~ Events.

The spectra of the invariant mass of pion pairs in 77 —>27r+2;r"~ events are
shown in figure 5.l(a-c), for three ranges of the total invariant mass W^. The
opposite sign combinations are shown as data points with four entries per event,
the same sign combinations are shown as the histograms underneath, with two
entries per event. The spectra in (b) and (c), for VF77 ranges of 1.6-2.0 GeV and
2.4-3.6 GeV respectively, clearly show evidence of p-meson production. The solid
line in figure 5.1(b) is a fit to the data of a relativistic Breit-Wigner resonance
curve, superimposed on a polynomial background. The mass and width obtained
by this fit agree well with the nominal mass and width of the p-mesonl A con-
tribution from the /(1270) is included in the fit shown in figure 5.1(c). In this
graph, both the peak position and the width of the p° and / were fixed at their
nominal values. Figure 5.1(a) corresponds to a W77 range below the threshold
for p°p° production (1.2-1.4 GeV), and as a result the p-signal, if present at all,
is distorted. The figures 5.l(d-j) show the correlation plots for the pair masses
corresponding to the data in figures 5.1(a-c). In figures 5.1(d-f), the opposite
sign combinations are plotted, with two entries per events, and figures 5.1(g-j)
show the equal sign combinations, with one entry per event. The correlation
plots (d,e,g,h) contain only 20% of the events shown in the histograms. In fig-
ures 5.1 (d) and (e) we clearly see a clustering of events in the p°p° region, which
is absent in the equal sign plots of figures 5.1(g) and (h). This means that even
below the nominal p°p° threshold, a p°p° signal seems to be present. The graphs
shown in the last row of figure 5.1, for W^ beween 2.4 and 3.6 GeV, suggest that,
although p-meson production is still present, the p°p° channel is not dominant.
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Fig. 5.1 The invariant mass distributions of pion pairs in -n —•27T+27T events,
for different ranges ofW^. The data points in (a-c) are for opposite sign
pairs (four entries per even*), the histograms are for the equal sign pairs
(two entries per event). The curves in (b) and (c) are fits to the data
of a Breit-Wig-ner resonance curve. The correlation plots correspond to
the histograms, (d-f) showing the opposite sign pairs (two entries per
event), (g-h) the equal sign pairs. The scatter plots (d,e,g,h) contain
only 20% of the events. The W^ range is from 1.2 to 1.4 GeV for the
top row, from 1.6 to 2.0 GeV for the middle row, and from 2.4 to 3.6
GeV for the bottom row.
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In order to obtain quantitative estimates of the number of p° mesons in the
27r+27r~ events, we have adopted the models for p°p° and p°7r+7r~ production
introduced by the TASSO collaboration33, and repeated some of their measure-
ments. In these models, an Ansatz is introduced to describe the differential
production cross section:

^ ^ (5.1)

Here, Ri(W^,^) is the four-particle phase space density, X = W^/2, and
fltO^Tr) and &(£) represent the W^ and the £ dependent parts of the matrix
element for the process i, respectively. The W^ dependence of the matrix ele-
ment and the flux factors are absorbed in C(W^, f), and is taken to be constant
in a 200 MeV bin of W71. In untagged four-pion events, we may choose seven
independent coordinates, since of the twelve possible coordinates describing four
particles in three-momentum space, one is determined by the value of W^, three
are determined by conservation of momentum, and a fifth is redundant because
the four-pion system is invariant under rotation around the 77 axis. We have
chosen f = {mi2,m34,6i2,0ni2,$ni2,9W34,<j)W3i). The symbol maj stands for the
invariant mass of the pion pair (a,b), where the pions are numbered n^w^^n^.
The angle 812 is the polar angle of the particle pair (1,2) with respect to the
77 axis in the 77 center of mass. The angles 9nab and <f>Kab are the polar and
azimuthal angles of the pion a(b) in the center-of-mass system of the pair (a, b).

The phase space density is taken to be identical for all processes, the dis-
tinction between the processes is made through the matrix element &, where t
stands for p°p°, p°7r+7r~, or 27r+27r~. Here, we only consider isotropic production
and decay of these final states and therefore </{(£) is independent of the angular
coordinates, only determined by m\2 and 77234. But since we have two pairs of
identical bosons in our 27r+27r~ final state, we must construct a matrix element
symmetric under interchange of two pions with the same charge. The functions
satisfying these requirements are:

and ( 5-2 )

where BWP is a Breit-Wigner resonance curve with an energy dependent width
of the p:

^v ' fl"(m? - m2 — impr)



5.2 Two-Particle Invariant Mass Spectra. 95

and

with p* = 1 /2 \An 2 -4m2, p* _ i / a y m a - 4m2 and7 m, = 769 MeV, r p = 154
MeV.

In Monte Carlo calculations, events were generated according to expression
(4.7) with constant matrix element, and a weight |<7i(£)|2 according to (5.2) was
assigned to the accepted events. The phase space factor i?4(W

/
77, £), multiplying

the matrix element |<7i(£)|2, was generated using the recursion relation between
Rn and Rn~i twice:

, 17134)

with R2(M, mi,mj) = TT— and

= (M2 - (mi + mf
P~ 2M

The masses mu and 17134 are generated randomly between 2mn and W^ such
that mi2 + rri34 < W^, and the event configuration is obtained after a hit-and-
miss selection on diJ^W^). The acceptance curves as a function of W^ for p°p°
and 27r+27r~ obtained by this calculation are shown in figures 4.15(a) and (b)
and are seen to be quite similar. The acceptance for p°n+ir~ lies between the
two.

We have two methods at our disposal to extract the fiactions A,-, where
i = p°p°, p°7r+7r~,2JT+27T~ and X '̂At — 1» from the data, using the three sets of
Monte Carlo generated and accepted events. Both methods involve an optimiza-
tion procedure.

The first method is to make distributions of the phase space coordinates £,
or quantities related thereto, of the real events as well as the generated ones and
to minimize the quantity x2> given by

SNd(n)

The index n stands for a bin in the distributions, and the quantities Nj,(n) and
Ni(n) are the number of entries in that bin for the data and the Monte Carlo
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process i respectively. The error 6Ni{n) is given by \ZNd(n), if the statistical
error in the Monte Carlo calculation can be neglected with respect to that of
the data. The Monte Carlo events iV,-(n) are accepted events, i.e. events that
survived the detector simulation and were selected by the data-analysis code. In
this manner, the calculation of Aj is independent of the detector properties.

A strong disadvantage of the method is, that the bin n must in principle be a
small volume A£ in the parameter space, which in our case is seven dimensional.
This means that the number of bins is large, and thus the number of entries per
bin will be small, leading to large uncertainties in the determination of X{. How-
ever, in cases where most of the phase space parameters can be integrated out,
it is sufficient to consider only a subspace of f. This method of x2 minimization
will be applied in the following sections, where K+K~7r+7r~ and pp7r+7r~ final
states are discussed.

The second method is based on assigning a probability Pi for being from
the process i to each event, and maximizing the likelihood A for the whole data
sample:

with the constraint £),- A, = 1. Here, the product is over all events n, and £n is
the phase space coordinate vector of event n. The probability function for each
contribution is normalized to unity by

(5-9)

Taking the logarithm of expression (5.8) converts the product into a sum over
all events. This maximum likelihood procedure is described in reference 33, and
requires maximization of the quantity log A, given by

The factors A, C and R\ in expression (5.9) are independent of the process i
and therefore contribute an additive constant to log A and are inactive in the
maximization. The advantage of this method is that all correlations between the
phase space coordinates of each event are preserved. The disadvantage is that
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Fig. 5.2 The fractions of the 2JT+2JT~ final state, contributed by the processes
p°p°, p°ir+n~, and 2ir+2n~ as a function ofW^. The results from the
TASSO collaboration^ are included for comparison.

the detector properties are integrated out by the expression f A(£)dai(£), which
is independent of n and does therefore not correct for the acceptance on an event-
to-event basis. The method is nevertheless valid, because the detector acceptance
.A(£) does not show large variations or singularities in densely populated regions
of£.

We have used the maximum likelihood method in the determination of the
fractions A,. The results are shown in figure 5.2, as a function of W77. The
systematic uncertainties of the acceptance calculations do not impact strongly
on the fraction calculation, since systematic effects to first order affect the three
processes equally. The errors on the fractions are the internal errors generated
by the fitting procedure, corresponding to one standard deviation. The system-
atic errors are of the order of 0.2, and arise from the model dependence of the
p resonance shape, and from differences in the acceptance calculations for the
final states. The p°p° component remains unchanged, when only events with a
momentum balance |Epl | less than 100 MeV (instead of 200 MeV) are included
in the fit, except for the two bins in W^ between 1.2 and 1.6 GeV, where an in-
crease is observed of 11% and 20% respectively. Since the increase is still within
the errors, we do not attribute significance to this effect.

We conclude that the 2%+2ir~ final state is predominantly p°p° at masses
below the nominal pp threshold, but that the p°p° component diminishes rapidly
with increasing mass and vanishes above 2 GeV. The p°Tr+n~ component shows
the opposite behavior: it is compatible with zero below threshold, and rises above
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threshold until it approximately equals the non-resonant component, which is at
a constant level of « 40% throughout the whole mass range. Our results agree
well with those from the TASSO collaboration33, also shown in the figure, but
cover a larger range of W^.

An attempt was made to include the process -77 —*A\TT in the fit. The Ansatz
for the matrix element was chosen as:

gAin oc {BWAl{mi23)(BWp[m13) + BWp(m23))+ , . .
+ perm u tat ions},

where BWAl is a Breit-Wigner curve describing the A\ meson. The p°p° and
non-resonant 2TT+2TT~ components are not seriously affected by including the
A\-IT final state, but the p°ir+7r~ component changes considerably. In the three-
parameter fit, the p°7r+7r~ component was absent below the pp threshold, but
it contributes « 50% to the four-parameter fit, balanced by a negative A\TV
contribution of the same magnitude. Above threshold, large variations in the
p°7r+7r~ and A\Tt components between adjacent mass bins indicate that the fits
are not stable. That this instability is caused by the similarity of the Aii: and
the p°7r+7r~ states, is confirmed when we fit the data to p°p°, Ain, and 2%+2TT~
only. In this fit we obtain fractions, which are within the quoted systematic
errors identical to those shown in figure 5.2.

5.2.3 Pair Spectra in K+K~n+n~ Events.

The distributions of the two-particle invariant mass spectra of untagged
77 —>K+K~n+ir~ events are shown in figure 5.3. Figure 5.3(a) shows the K+K~
spectrum, which has a general trend of rising from zero at threshold to a max-
imum at w 1.3 GeV, and then falling as a result of the rapid decrease of the
photon-photon flux at higher masses. The rise is caused by the increase of de-
tection efficiency and of available phase space. However, just above threshold, a
spike is visible, which we attribute to the production of <j> mesons. If we assume
that all events below 1040 MeV are <j> compatible, we count 11 <f> mesons with a
possible background of 2 events from no/i-resonant K+K~n+n~. Figure 5.3(b)
shows the ir+n~ spectrum, with shaded the mass combinations recoiling against
the <j>. In neither histogram is there strong evidence of p° mesons, we conclude
that we observe the reaction 77 —Kfnr+ir~, but not 77 -^<f>p°.

The <j>it+-K~ events are removed from the sample before the spectra shown
in figure 5.3(c) and (d) are plotted. Figure 5.3(c) shows the correlation between
the K+ir~ and the K~n+ masses. The events are concentrated in the lower-left
corner of the plot with two faint bands extending upwards and sideways. The
distribution is symmetric under charge reversal. The sum of the projections on
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Fig. 5.3 Two-particle invariant mass distributions in the final K+K ir+/x sam-
ple, (a) K+K~; (b) n+n~, shaded are the masses recoiling against a <j>
meson; (c) K+n~ versus K~ir+; (d) the projection of (c) on both axes,
if± j rT (data points) and K^ir^ (histogram). The <f>ir+ ir~ events were
excluded from the distributions of (c) and (d).

either axis of this scatter plot is shown as data points in figure 5.3(d). The his-
togram in this figure shows the same distribution for the equal sign Kn pairs.
Since both distributions have two entries per event, we have divided the bin con-
tent by two, in order to make the plot comparable to pair spectra of the 2^+2TT~

events, where there are two opposite sign pairs for each equal sign pair. The
solid line through the data points represents a fit to a Breit-Wigner resonance
curve on a polynomial background. The results of this fit agree with the reso-
nance parameters of the if*0 (892) meson, which leads to the conclusion that we
observe the production of K*° mesons.

The contribution of the final states K*°K*°, K*°K±TT:^, and non-resonant
K +K~K+n~ to the K+K~n+n~ sample was estimated by fitting event distribu-
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tions of the three processes, generated by Monte Cailo, to the correlation plot of
figure 5.3(c). The Monte Carlo events were generated as asual with a constant
matrix element, but a weight was assigned to each event, in order to reproduce
the yV-yy distribution of the data. The efficiencies for the tiiree processes were
found to be equal to within 5%. The fractions, averaged over the mass range of
1.8 to 4.0 GeV, are:

K+K-n+w- : 47±15%,

K*°Kn : 44±14%,

Kt0KtC : 9± 7%.

The errors shown are the quadratic sum of the statistical and the systematic
error. The latter was obtained by varying the bin size in the fitting procedure
and recording the variations in the fractions.

The contribution from the vector-vector state K*°K*° is compatible with
zero, the event sample can be described with equal contributions of K*
and non-resonant

5.2.4 Pair Spectra, in K^K*-** Events.

In the K±T::^'K+'K~ final state, the invariant mass of one of the two TT+IT~ pairs
has already been used to select the K^K±TT^L events; we show its distribution
in figure 5.4(a) merely for completeness. In figure 5.4, the measured events are
indicated by data points, the histograms are from a Monte Carlo simulation, in
which K^K^Tt^ events were generated isotropically and according to three-body
phase space, and weighted as a function of W^, in order to obtain the W^
distribution of the data. All distributions are compatible with the results of this

i Monte Carlo. The K±K, mass distribution (figure 5.4(d)) does not show an
| enhancement in the £(980) region; the Kir mass distributions (figures 5.4(b) and
* (c)) peak in the vicinity of the if* (892), but are compatible with phase space

as indicated by the histogram. The investigation of 77 -^K*K was not further
pursued.

An ambiguity may arise in the assignment of the pions to the K° in the case
that both 7r+7r~ masses are in the K® range. In this case, the mass closest to

'. the nominal K° mass is chosen. A possible misidentification will affect the mass
I distributions of K*^ and K***, but not the K^ir* and K^K*^ masses.
I This effect is small and estimated to occur in less than 3 events.
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K^K®. The data points are for measured events, the histograms [or
Monte Carlo events.

5.2.5 The Search for <f> Mesons in 2K+2K~ Events.

Events from the reaction 77 —*2K+2K~ have the same combinatorial prop-
erties as the 2ir+2'K~ events, and the same pair spectra could therefore be cal-
culated. However, with the two events identified as 2K+2K~ events, the dis-
tributions will not be statistically significant. In contrast to the 2ir+2in~ case,
where the number of p mesons can only be obtained statistically, in the 2K+2K~
events the <j> mesons can be counted on an event-to-event basis, because the <f> is
a narrow resonance (F = 4.0 MeV), located in a scarsely populated area of the
K+K~ phase space. We have already established in chapter 4.2, that one of the
two events is of the type <f><j>\ similarly, we conclude that the second event is of
the type 4>K+K~. The presence of three </> mesons in two 2K+2K~ events is
remarkable in comparison with the 11 4> mesons in the 175 K+K~n+n~ events,
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but consistent with the large number of p mesons observed in the 27r+27r~ data.
The four-particle invariant masses of the two events are W^ = 5.1 ±0.2 GeV for
the <fxf>, and 3.06 ± 0.07 GeV for the <j>K+K~ event.

5.2.6 Pair Spectra in ppn+w~ Events.

In the pp7r+7r~ final state, we may expect contributions from the dibaryon
states AA, A0A0, and A + + A , since the lambda and delta decay to pw. A
first observation of 15 events from this reaction was reported by the TASSO
collaboration?6 No significant production of A + + A , A0 A0 or AA was observed
and upper limits were given. The A+A~ and A~A+ states are not easily ob-
served, since the decay involves neutral pions or neutrons, for which the detection
efficiency is low.

The pair spectra are shown in figure 5.5. Figures 5.5(a) and (b) show the
correlation plots between the two neutral pw pairings and between the two double-
charged combinations. In the first, we see no events compatible with AA, assum-
ing a mass range of the lambda of MpT < 1160 MeV (MA = 1115 MeV). We find
that 7 events are compatible with the A°A° hypothesis, if we assume a mass
range from the pn threshold up to 1.4 GeV. This mass range is chosen by taking
into account the mass and the width of the A0 (MAo = 1232 MeV, FAo = 115
MeV) and an estimated experimental mass resolution of 25 MeV. We apply the
same criteria to figure 5.5(b), the scatterplot of the same sign mass combinations,
and find 12 events compatible with the A + + A hypothesis. The projections
on either axis of the two scatter plots are shown in figures 5.5(c) and (d) as data
points. The histograms in these plots are the same distributions of Monte Carlo
events of the type -77 —>ppTV+ir~, generated- isotropically and according to phase
space, and weighted according to W^. Although the data peak at the A mass in
both spectra, the same resonance shape is produced by the Monte Carlo events
of non-resonant ppn+ft~. A fit of Monte Carlo distributions of pp7r+7V~, A°A°,
and A + + A events to the data yields the following fractions:

ppn+TT- : 108±28%,

A°A° : -10± 7%,

A + + A ~ : 2±15%.

The 7T+7r~ and pp invariant mass spectra (figures 5.5(e) and (f)) are compatible
with non-resonant ppn+n~ production as well.
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5.3 Production Cross Sections.

5.3.1 Introduction.

Once the four-prong final states are identified, we may proceed to calculate
production cross sections for the processes we observe, and upper limits on pro-
cesses we do not, or not clearly observe. Before we present the results on these
calculations, we shall discuss the backgrounds present in the data samples.

5.3.2 Backgrounds.

It was pointed out in chapter 4.4.3, that our data sample was partly sub-
jected to a visual scan. In particular, events from the low-statistics processes
•7-7 —>K'i'K~ir+w~, KgK*^, 2K+2K~, and ppir+ir~ were scanned by eye, and
badly measured events, or events with additional photons were rejected. After
the eye scan, the |Spl | distribution (figure 4.8(c)) agreed well enough with the
|£pl.| distribution predicted by a Monte Carlo calculation of the same processes,
hence no further background was subtracted. However, estimates of the num-
ber of incorrectly identified events were made for each process, by submitting
Monte Carlo samples of 25T+2TT~ and K+K~ft+ft~~ events to the analysis pro-
grams for the other processes. In this procedure, we find that the K~l~K~ir~l~n~
sample may be contaminated by 13 events (7%) from the 2ir+27r~ final state.
The K^K*^ and pp7r+7r~ samples have possible backgrounds of six (15%) and
five (19%) events, respectively. The two 2K+2K~ events are assumed to be free
of background.

The 27T+27r~ sample is too large to be scanned by eye. A fraction of it
was scanned to ensure proper identification of the events by the selection code.
It is seen in figure 4.8(a) that the Monte Carlo calculation of |Spj_|2 does not
reproduce the data very well, and that a substantial background from badly
measured events is still in the sample. In order to model this background, we
have selected events of the types 7r+7r+?r+jr~ and 7r~7J~7r+7r~, reversed the sign
of the first pion and subjected them to the same analysis code as the 27r+27r~
events. Clearly, these events have at least two missing particles, and as a result,
the |Epj_|2 distribution, shown as histogram in figure 4.8(b) does not peak at
|EpX|2 = 0, but is rather flat. This distribution is assumed to have the shape of
the background. The magnitude of the background is calculated as follows: we
subtract a Monte Carlo distribution (figure 4.8(a)), normalized to the data, from
the data. The background spectrum is then multiplied by a factor that makes
the number of events with |Epl | > 0.5 GeV equal to the difference spectrum
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above 0.5 GeV. In the cross section determination, a weight 1 — w was assigned
to each event, where w is the relative contamination as a function of |Spl| . As
a result, we find a contamination of 13% in the mass bin from 1.0 to 1.2 GeV,
decreasing to 11% between 1.2 and 2.0 GeV, and then rising again to 15% at 4.0
GeV. The 27r+27r~ and p°p° cross sections quoted in the following subsection are
corrected for this background.

5.3.3 Cross Sections.

The cross sections are calculated as a function of the invariant mass W^ of
the two-photon system, by dividing the raw event distribution by the acceptance
(figure 4.15), and by the integrated 77 luminosity (figure 3.3).

The calculated cross sections are compiled in figure 5.6 and table 5.2.

In figure 5.6(a), the production cross section for the process 77 —>2n+2ir~ is
shown. All four-pion events were used in this calculation, regardless of whether
the state was formed through p°p°, through p°7r+7r~ or non-resonantly. We have
used the acceptance curve for non-resonant 2ir+2-K~ (figure 4.15(a)). The errors
shown are statistical only. The uncertainty in the level of the cross section is
determined by the systematic errors indicated in figure 4.15. In figure 5.6(b),
the p°p° component of the 27r+27r~ sample is shown. It is obtained from figure
5.6(a) by multiplication with the p°p° fraction of figure 5.2(a). The uncertainty
in the fraction determination is not correlated to the uncertainty in the 2?r+23r~
cross section, and the error in the p°p° cross section is therefore the quadratic
sum of the two. We have included the results from the TASSO collaboration33

in our plot, which are in good agreement with our data. Thus we confirm the
observation, first made by TASSO in 1980, of a broad threshold enhancement in
the 77 —>P°p° channel.

A somewhat similar phenomenon can be observed in the K+K~ ir+7r~ chan-
nel, plotted in figure 5.6(c). The cross section for 77 -^K+K~w+w~ rises from
threshold to a maximum value of « 20 nb around W^ = 2 GeV, and then
decreases slowly with rising W^. The width of the threshold enhancement in
K+K~K+K~ is of the order of 1 GeV, significantly larger than in the 2?r+2^~
case. The errors shown are statistical only; the systematic errors are of the same
magnitude. The K +K~7r+7r~ cross section is calculated irrespective of the pro-
duction mechanism (about 50% of the cross section is contributed by K*°KTC,

see section 5.2.3), except for the <f>n+n~ component, which is shown separately
in figure 5.6(d).

The <f>ir+ir~ cross section has a maximum of « 3 nb between 2.0 and 2.5
GeV, and then drops rapidly to zero above 4.0 GeV. The acceptance curve for
<j>p° (figure 4.15(d)) was used to calculate the cross section; statistics dominate
the uncertainty in the measurement.
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(GeV)

1.0-1.2
1.2-1.4
1.4-1.6
1.6-1.8
1.8-2.0
2.0-2.4
2.4-2.8
2.8-3.2
3.2-3.6
3.6-4.0

(GeV)

1.0-1.2
1.2-1.4
1.4-1.6
1.6-1.8
1.8-2.0
2.0-2.4
2.4-2.8
2.8-3.2

(GeV)

2.5-3.0
3.0-3.5
3.5-4.0
4.0-4.5
4.5-5.0

65.0
145.9
172.2
146.9
104.8
58.6
22.2
10.7
5.1
2.9

*b

38.4
112.3
91.3
63.2
21.0

4.7
3.1
1.1

11.9
3.0
2.2
1.3
0.1

-•27T+27T-)

(nb)

±
±
±
±
±
±
±
±
±
±

(nb)

±
±
±
±
±
±
±
±

TnbT
±
±
±
±
±

10.8
15.7
14.8
11.7
8.1
4.3
2.1
1.4
1.0
0.9

11.7
12.4
11.6
10.1

1.9
0.7
1.1
0.9

3.7
1.2
1.0
0.8
0.5

(GeV)

1.7-1.9
1.9-2.1
2.1-2.3
2.3-2.5
2.5-2.7
2.7-2.9
2.9-3.1
3.1-3.3
3.3-3.5
3.5-3.7

(GeV)

2.0-2.5
2.5-3.0
3.0-4.0
4.0-5.0

(GeV)

1.2-1.6
1.6-2.0
2.0-2.4
2.4-2.8
2.8-3.2

4.3
19.2
13.1
14.4
11.3
12.7
5.5
4.2
3.5
3.4

CT(T

3.1
0.6
0.3
0.0

6.6
8.0
5.1
0.0
4.7

"(nb)

±
±
±
±
±
±
±
±
±
±

(nb)

±
±
±
±

Inb)
±
±
±
±
±

2.1
4.4
3.0
3.1
2.7
2.9
1.7
1.5
1.6
1.4

r+7r~)

1.3
0.4
0.3
0.9

K-±7r*)

2.3
1.8
1.7
1.1
3.3

Table 5.2 The production cross sections of four-prong events as a function
The errors on the cross sections ore counting errors only.
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The cross section for 77 —>ppir+-K~ is shown in figure 5.6(e). In contrast to the
27r+27r~" and K+K~n+7T~ cross sections, it does not rise, but has its maximum
value of « 12 nb in the mass bin just above threshold, and then decreases to zero
at 5 GeV.

Finally,, in figure 5.6(f), the cross section for 77 —fK°K±7rT is shown. The
values are corrected for the unseen decay modes of the K° (K° -* Kf and K® —•
7r°7T0). We observe little structure other than a cross section of « 7 nb, dropping
to zero at 2.6 GeV. In the mass bin between 2.8 and 3.2 GeV, two events are
observed, possibly from i)c decay, which has a large branching ratio to KQK^^'.

5.3.4 Upper Limits on Cross Sections.

In the previous subsection, we have established cross sections for various
four-prong final states. A few channels, closely related to those states, cannot be
positively identified. We shall present here the upper limits on the cross section
as a function of TV77 for those channels.

An upper limit on a cross section is not a well defined quantity? In general,
upper limits are quoted with a confidence level, i.e. the probability that the real
value is less than the given upper limit. For example, if a quantity has a Gaus-
sian distribution around a mean value, 95% of the measurements will be within
two standard deviations of that value. One way to obtain an upper limit at 95%
confidence level is then to add twice the error on the measured value to that mea-
sured value. Another possibility is to assume an event distribution according to
Poisson statistics, and to calculate the number N, such that the probability for
the actually measured number of events in a Poisson distribution with mean N is
less than 5%. The upper limit with 95% confidence level is then the cross section
for N events. The first method makes the incorrect assumption of a Gaussian
event distribution, the second method does not take into account the effect of
systematic errors in the acceptance calculation. In this thesis, we shall calculate
conservative upper limits by adding three standard deviations to the measured
cross sections. Furthermore, a conservative approach is taken by assuming that
all events compatible with a certain reaction, are actually produced in that re-
action. This eliminates the need for model-dependent background subtractions.

The upper limits for the production of <t>p°, <j><j>, and K*°K*° are shown as a
function of W^ in figures 5.7(a)-(c). The branching ratios of 4> to K+K~ and
K*° to K^ir* are accounted for in these figures. Because of the large width of
the p meson, the <j>n+w~ events were weighted with a Breit-Wigner resonance
curve with proper normalization. A similar weighting procedure was used for
the K*°K*° events. The curves shown in the figures (a)-(c) are the predictions
by Achasov et aAj2 for four-quark resonant states. The </>p° curve is from figure
2.7, with m = 1.95 GeV and o = 0.5. The curves for <fxj> and K*°K*° are from
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Fig. 5.7 Upper limits on the production cross sections for 77 —*<j>p° (a), <j><j> (b),
K*°R*° (c), AA (d), A0 A0 (e), and A++A— (f), as a function ofWln.
The curves in fa-cj are predictions for four-quark states by Achasov et
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figure 2.6. We see that our upper limits do not contradict the four-quark models,
but some parametrizations of the resonances are excluded by the <f>p° limits.

The upper limits on the production of baryon pairs are shown in figure 5.7(d)-
(f). The limits on A°A° are very high, because the decay of A0 A0 to ppn+Tr~
is suppressed by isospin by a factor of nine compared to the decay of A + + A
to the same state. Our upper limits are several orders of magnitude larger than
the calculations by Farrar?0 (not shown).

5.4 Angular Correlations.

5.4.1 Introduction.

The angular correlations between the final state particles allow us in some
cases to determine the spin and parity of that final state. In the following subsec-
tion, we shall show the results on angular correlations in the 2TT+2IT~ final state,
in particular for its p°p° component. This s-channel analysis is similar to the
one performed by TASSOf3 and the results will be compared. The conclusions of
the analysis pertain only to s-channel formation, as in the four-quark and similar
models, and not to the i-channel factorization models as introduced by Alexander
et a/.? Angular distribution between the final state particles in K+K~7r+w~ and
ppTT+7T~ events are shown in the next subsection, and are compared to Monte
Carlo distributions.

5.4.2 Angular Correlations in 77 —t2ir+2ir~ Events.

In order to study the angular correlations in 77 —*P°p° events, we consider the
formation of 27r+2w~ as a two-step process: two p° mesons are formed, which
then each decay to two pions. We shall only consider untagged events, which
excludes the formation of spin-1 states, and confine ourselves to the spin states
0 and 2 and angular momenta between the p° mesons of L = 0 and 1. The
p°p° component of the 27r+27r~ events is significant only below 2.0 GeV. Since
in that mass range, the p mesons have small momenta, it is justified to use a
non-relativistic formalism for the angular distributions.

The p°p° matrix element, introduced in equation (5.2), is extended by a
function ip(Jp,Jz; £), describing the rotational properties of the final state:

JZ; fl +
+ permutation }.
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Here Jz is the helicity of the state Jp and £ is the set of relevant angles (see
section 5.2.2): 612 (= #34), the angle of the p° mesons with the 77 axis; 9ni2

and 0K34, the polar angles of the pions with respect to the 77 axis in the rest
frame of the p° mesons, and $,r12 and $jr34, the azimuthal angle of the pions in
the same frame. In addition, a redundant azimuthal angle ^12 (= ^34) of the
p° mesons in the 77 frame is introduced. This angle cannot be measured in
untagged events and will be integrated out. The permutations are obtained by
replacing 12 by 14 and 34 by 23. However, this means that the two components
of the wave function are evaluated in different coordinate systems. In practice,
the interference between the two components is small because the corresponding
Breit-Wigner terms are usually only significant for one of the permutations.

In general, the functions ip{JP,Jz,t) can be written as a product of three
spherical harmonics, one for the decay of 77 to p°p° and two for the p° decays:

M ml mi (5.13)

The summation is over all combinations of mi, mi and M for which m\+m.2 = m
and m + M = Jz. The restrictions on j and L are that the vector sum of j and
L be equal to J:

Additional restrictions on the quantum numbers j and L are imposed by the
properties of the initial state and by the conservation of parity and C-parity.
The initial photon-photon system consists of two identical bosons, and therefore,
the total wave function which can be written as ip — ip'spaced'spin^isospini must be
symmetric. The isospin wave function is symmetric for p°p° (/ = 0 or 2). The
spin component of the wave function is determined by the vector sum of the spins
of the p mesons, and since each of those has (2j + 1) eigenfunctions, there are a
total of (2j + I)2 = 9 independent spin functions. Of those, the combinations

|1±1> = x/Va|l±l>|l O j - v / ^ l l O)|l±l> and

1)

are antisymmetric, where we define the notation as

\jm) = (jimiJ2m2\jm)\jimi)\J2m2), (5.15)
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Table 5.3 Clebsch-Gordon coefficients for angular correlations in the 77 —tp°p°
process.
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and Oi m iJ2m2 U"*) &Te *n e Clebsch-Gordan coefficients that couple the overall
spin state \jm) to the two p mesons \jim,\) and |j2ni2). For the antisymmetric
spin wave functions, an antisymmetric space wave function is needed to make
the overal state symmetric, and this is obtained by introducing an angular mo-
mentum L between the two p mesons with L = 1,3 Here we only consider
L — 1. The angular momentum is coupled to the spin function through the
Clebsch-Gordan coefficient {LMjm\JJz). The parity of the state being given
by P = (—1)^, we obtain the wave functions in the second column of table
5.3 as contributing to the spin-parity state in the first column, with a relative
magnitude given by (jimiJ2m2\jm)(jmLM\JJz} (third column).

The fact that the initial state consists of two massless vector particles, leads
to two additional contraints:

— the spin-one state is excluded, and so are spin-two states with Jz = ±1,
due to helicity conservation.

— The state Jp = 2~ with Jz = ±2 can only be produced with L = 1, j —
1, M — 1 and m = 1. However, j = 1, m = ±1 requires either mj = 0
or m,2 = 0, which is not allowed for (quasi-) real photons. Thus, Jp = 2~
appears only with Jz = 0.

The final state Jp = 2+ appears with both Jz = 0 and Jz = 2. In the initial
state with two (quasi-) real photons, however, the Jz = 2 is statistically six
times more abundant than the Jz = 0 state as can easily be seen in the following
expansion:

|2±2)= |1 1)|11)+ | 1 1 } | 1 1 )

|2 0) = V ^ | 1 1 > | 1 I H / V l l 1>|11> ^ ' '

There is in principle no reason to expect that the p°p° state with Jp — 2+ be
produced in the same ratio, but for simplicity we have made this assumption.

With the coefficients of table 5.3 and the definitions of Y{
m{0, <f>) in terms of

6 and <f>, we find the following expressions for ip(Jp,Jz; f):

3/ [cos0,r12cos9r
(47TJ

v/3
COS0oj,,

(4TT) 3 /2

(5.17)

where 0aj is the angle between the pions 1 and 3, i.e. the angle between the decay
directions of the pions in the p rest frames.
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(5 18)
+ sin On sin 9n2 cos 0,r34 sin(<£i2 - 4>,r12)

The Jp = 2+ states are listed separately:

V>(2+,0; f) = v / (3cos9Wl2 cos$„„, - cos0oi,), (5.19)
(4TT) h

and

Finally,
if>{2 ,0; f) = T T - V —

(5 21)
+ sin 0i2 sin 0* cos 0 s in (^ - <f>n)

The above matrix elements are now included in the maximum likelihood
fit of expression (5.10), so that a simultaneous six parameter fit can be made of
27T+27T- (phase space), p°7r+ir-, p°p°{Jp = 0+), pV(O-) , p°p°(2+) and pV(2~)
contributions to the data. The partial waves are added incoherently, and a
possible interference between the different components is therefore neglected.
The efficiency for each of these processes was calculated separately in a bin of
W^. The resulting fractions are shown as a function of W^ in figure 5.8, together
with the results obtained by the TASSO collaboration?3 The conclusion of the
TASSO collaboration that there is little contribution from odd-parity states is
confirmed by our data. Also for the states with positive parity our results are
in reasonable agreement with the TASSO data, but we do not find sufficient
evidence for the statement by TASSO that 0+ is dominant over the 2+ state
between W ^ = 1.3 and 1.6 GeV. Our conclusion is rather that 0+ and 2+

contribute equally in that mass range.
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Fig. 5.8 Fractions of untagged 2jr+27r~ events, contributed by 2n+2n~ (phase
space) (a), pPir+ir" (b), p°p°(Jp = 0+) (c), p°p°(0-) (d), p°p°{2+)
(e), and p°p°(2 ) (f), as a function ofW^. The diamonds indicate our
measurements, the squares are results from the TASSO collaboration?3

The errors are statistical only.
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Fig. 5.9 The \gpopo |2 distribution of the 2n+2n~ events as a function of different
angles: (a.) the poiar angle of the p° meson with respect to the 77
axis; (b) the polar angie of the pions with respect to the 77 axis in
t ie p center of mass; (c) the angle between the decay planes of the
two p's; (d) the angle between the two decay directions of the p's. The
dotted lines represent the Monte Carlo distributions for Jp = 0 + events,
acceptance corrected. The solid lines are Jp = 2 + , which coincides
with the distribution of isotropic p°p° production. The dot-dashed and
dashed lines represent 0~ and 2~ distributions, repectively. The data
are included with statistical errors only. The events are in the mass
range between 1.4 and 1.6 GeV.

Figure 5.9 shows an example of the angular distributions in 27r+27r" events.
Plotted is the magnitude of the matrix element, |fly>,,o|2, as in equation (5.12).
Two entries are made, one for each permutation of particles. The data, indicated
with statistical errors only, are in the mass range between 1.4 and 1.6 GeV. They
are compared to Monte Carlo curves for isotropically generated events, weighted
by \gpopo{Jp,Jz)\2 as in (5.12) with Jp = 0+ (dotted lines), 2+ (solid lines),
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0~ (dot-dashed lines) and 2~ (dashed lines). The Monte Carlo distributions are
corrected for acceptance effects. The 2+ distribution coincides with isotropic
production of p°p° as in the three-parameter fit. The angular correlations are
plotted as a function of cos#12 (a), cos^1 2 and cos^ 3 4 (b), <j>Vl2 — <f>W3i (c) and
cos0oi, (d). Figure 5.9(b) is not very instructive, but from the other figures it is
clear that the negative parity states do not agree with the data.

It was noticed by the TASSO collaboration that for low masses, the sum of
the partial waves yields less than the p°p° contribution in the three parameter
fit, and that instead the poir+7r~ contribution increases. It was suggested that
the explanation lies in the fact that we imposed a cut-off in the partial wave
expansion of the isotropic p°p° state as defined by (5.2). However, this effect can
also be attributed to the detection efficiency for the 0+ and 2+ states, which are
up to 40% higher at low masses than the acceptance for isotropic p°p° production.
To test this, we have performed the six parameter fit again, now assuming the
same acceptance for all partial waves, and in that case, the 27r+27r~ (phase space)
and p°7r+7r~ fractions of the three parameter fit are reproduced within the errors,
and the sum of the partial waves yields the same as the p°p° fraction of the three
parameter fit. We conclude that the discrepancy is an artefact of the fitting
method. It was pointed out in section 5.2.2, that the maximum likelihood method
works only if event distributions do not peak in areas of low acceptance. The
invariant mass distributions of the three parameter fit satisfy this criterion, but
not the angular distributions, some of which are sharply peaked (c.f. equation
(5.17)). A proper way to perform the likelihood fit is in bins of the relevant
angles, but then the results are limited by statistics, even for this large data
sample.

The evolution of the distribution shown in 5.9(a) with W^ is shown in figure
5.10, where |syy)|2 is plotted as a function of cos #„.+„.- in four bins of Wni.
The data are corrected for acceptance and the errors are statistical only. The
first mass bin displays the same isotropic behavior observed in 5.9(a), but be-
yond 2.0 GeV, the distributions are clearly peaked towards low scattering angles

« 1).

5.4.3 Angular Correlations in K+K~ir+it~ and ppn+n~ Events.

The advantage of the K+K~n+w~ and pjj7r+7r~ final states is that the rel-
evant angles can be assigned unambiguously. The first angle is the angle that
the neutral KK pair makes with respect to the 77 axis, in the 77 center of mass.
There is one such angle per event, since the pairs are back to back. This distri-
bution is shown in figure 5.11 (a) as the data points. The second is the angle that
the kaon or pion makes with respect to the 77 axis in the center-of-mass frame
of the neutral Kir pair. Now the kaon and pion of the Kir pair are back to back,
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Fig. 5.10 The distribution of \gpopo\2 as a function ofcos6T+r-, where 6K+r- is
the angle of a jr+ w~ pair with respect to the 77 axis in the 77 center-
of-mass system, for four ranges of W^. The data are corrected for
acceptance, and only statistical errors are shown.

but since we have two pairs, there are two entries per event, as shown in figure
5.1l(b). The histograms in both figures are the same distributions made for
Monte Carlo events, generated according to isotropic phase space, and subjected
to the detector simulation. The data are shown for the whole range of W^,
and the Monte Carlo was adjusted to fit the Win distribution of the data. We
conclude from the figures that the event distribution is compatible with isotropic
production of K+K~n+n~.

In the case of ppn+n~ events, we have selected only events compatible with
A + + A production. The angles are defined as with the K+K~ir+n~ events,
but the pairs are now doubly charged. The resulting angular distributions are
shown in figure 5.12(a) and (b), together with results from Monte Carlo Simula-
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center of mass (one entry per eventj. (b) event distribution as a function
of the angle of the kaon with respect to the 77 axis in the center-of-mass
frame of the neutral Kir pair (two entries per event). The data points
represent the measurements, the histograms result from a Monte Carlo
simulation with isotropically generated K+K~TT+IT~ events.
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Fig. 5.12 (a) Event distribution of untagged ppn+ir events compatible with
A + + A as a function of the angle of the charged pn pair with re-
spect to the 77 axis in the 77 center of mass (one entry per event),
(b) event distribution as a function of the angle of the proton with re-
spect to the 77 axis in the center-of-mass frame of the charged pit pair
(two entries per eventj. The data points represent the measurements,
the histograms result from a Monte Carlo simulation with isotropically
generated ppn+ n~ events.

tions of isotropically generated pp7r+7r events. The data are again compatible
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with isotropy.

5.5 Upper Limits on Resonance Formation.

5.5.1 Introduction.

The cross sections given in section 5.3 can be used to derive upper limits
on the formation cross sections of known resonances with positive charge con-
jugation. Of particular interest are upper limits on the 77 widths of I (1440)

and J7c(2980), presented in the following subsections. Whereas the iota has been
established in the KKn final state only, the rjc has been observed in most of the
final states discussed in this thesis. All upper limits calculated in this section are
with 95% confidence level.

5.5.2 Limit on i(1440) Formation.

The invariant mass spectrum of K^K±TrZf events (figure 5.6(f)) does not
exhibit any excess of events in the t(l440) mass region. However, since this region
is only little above threshold, there is only a small acceptance voor K^K±it^,
which also rises steeply with W^. In order to understand the acceptance and to
assess the systematic uncertainties in the acceptance calculation, Monte Carlo
events were generated! simulating a resonance with the parameters7 of the t. The
accepted mass distribution is shown in figure 5.13 as the histogram, compared
to the measured data points. The amplitude of the Monte Carlo distribution
corresponds to the upper limit derived from the data. The upper limit was
derived by a comparison of the correlation plots of ^njc°K±irIi: vei*sus fn^o^±
between data and Monte Carlo. All events compatible with 1 formation were
included in the upper limit, leading to a value for the product of 77 width and
decay branching ratio of

r 7 7 ^ t x B^KRir < 1.6 keV (95% c.l.) (5.22)

* The Monte Carlo simulations and the calculation ieading to the upper limit were performed
by Yao Xun Wang of the University of California at Santa Barbara. For this upper limit, the cuts
on the event selection described in section 4.4 were slightly altered: \z\ < 20(15) cm, R < 10(5)
cm |Epl| < 200(400) MeV, pT > 120(100) MeV, pK > 310(200) MeV and 0min > 350(300)
mrad. The values in parentheses indicate the standard cuts used in this thesis.
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Fig. 5.13 The invariant mass distribution of untagged K^K^ir? events. The
histogram is the Monte Carlo calculation corresponding to a partial
width T^-u. x Bl_tKj[r = 1.6 keV. The data points are measured
events.

This value is insensitive to the mechanism for iota decay. Monte Carlo events
were generated with the t decaying via K*K and i]w, which yielded similar upper
limits.

To extract an upper limit on Y^-n, the branching ratio to KKw must be
estimated. Since this is the only channel in which the t has been established, the
branching fraction is assumed to be of the order of 70%, giving Y^-n < 2.2 keV.
The branching fraction cancels in the calculation of the stickinessf * introduced
in section 2.2.7, which becomes more than 65 times that of the pseudoscalar r\
meson and 13 times that of the rj' meson.

5.5.3 Limit on J7c(2980) Formation.

Upper limits on TJC formation can be calculated using the four-prong states
27r+27t—, K+K'K+TT", <j><j>, K^K*^ and ppTr+jr". Of these, only the 2K+2IT-

and K+K~n+ir~ samples yield sufficiently many events in the mass range of the
r)c, that a background can be subtracted by means of a fit. The experimental
width of the expected signal is determined by the detector resolution, which is
» 75 MeV at W^ « 3 GeV for a four-pion state. The total width7 of the r\c,
rVc < 20 MeV, can be neglected. The mass resolution for the K+K~ir+jr~ final
state is only slightly better. Figure 5.14 shows the event distributions in the r\c

mass range of 77 -+2jr+27r~ (a) and 77 —*K+K~T:Jr%~ (b) events, together with
the result of a fit of a polynomial background and a Gaussian resonance curve
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Fig. 5.14 The in variant mass spectra of Ty -^2ir+2n (a) and 77 —*K+K TT+TT
(b) events, in the mass region of the ijc. The solid lines represent fits to
the data of a Gaussian resonance shape on a polynomial background.
The width of the Gaussians is determined by the experimental resolu-
tion, the peak position 18 at the r\c mass!

Final state (X)

27T+27T-

K+K~7T+T:~

K°K±JKT

PP7T+7T

(keV)

<0.9
<0.84
<2.7
<0.34
<3.2

(keV)

< 6 9
< 37
< 8 4
< 4 3

—

Table 5.4 Measured upper limits at 95% c.l. on the two-photon width of the r)e.
The branching ratios given in tabie 2.3 were used to extract the values
of Ti*,-,n~ from the measurement.

with a FWHM of 180 MeV, centered at 2981 MeV. No enhancement is visible
in the event distributions, which is confirmed by the small amplitudes that the
fit assigns to the Gaussians. The areas under the curves are converted to 77
cross sections integrated over W^ and, together with the acceptance calculated
in 4.5.5 and the luminosity given in 3.2, yield the upper limits listed in table 5.4.

The measuments actually yield a 77 width times the branching ratio into the
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final state. A value for the 77 width is obtained by dividing that upper limit by
the branching ratio as measured by the MARK III experiment30 (see table 2.3).

The KgK±/jrZF spectrum shows two events compatible with the r\c hypothesis.
We obtain the cross section from figure 5.6(f), multiply by an energy interval

= 360 MeV and use equation (3.11) to obtain the upper limit for r77_,^c x
listed in table 5.4.

The same method is applied to the ppir+7T~ sample, which has five events
compatible with r)c formation and the 2K+2K~ sample, where no events are
found. However, the mass resolution at the TJC mass increases for these final
states, due to their high threshold. A value of 120 MeV is taken as FWHM of
the expected r\c signal. The results are again shown in table 5.4. The branching
ratio of r/c to pp7r+7r~ is still unknown, therefore only the product of branching
ratio and 77 width is quoted.

5.6 Tagged Da ta Samples.

5.6.1 Introduction.

In this section, we shall present results of the measurement of tagged events,
in particular the dependence of the cross section on Q2, the four-momentum
squared of the virtual photon. This quantity is calculated on an event-to-event
basis by a measurement of the energy and angle of one of the final state leptons
in the forward spectrometers. The number of tagged events for each of the four-
prong final states is listed in table 5.1. The tagged 27r+27r~ and K+K~n+ir~ data
samples are approximately five times smaller than the corresponding untagged
samples. The tagged K^K^it^ sample is surprisingly about 40% of the size of its
untagged equivalent. In the following subsections, we shall first treat the 2n+2w~
and K+K~n+ir~ data in parallel, and then discuss the K®K±irT data.

5.6.2 Tagged 77 ->2ir+2ir- and 77 -+K+K-n+%- Data.

As a result of the measurement of Q2, the cross section now becomes a func-
tion of both W^1 and Q2. Unfortunately, the number of events is substantially
reduced, which forces us to choose wide bins of Q2 and W^, and to use projec-
tions of these variables whenever possible.

In order to make a meaningful comparison of tagged and untagged data, we
must first establish whether the features observed in the untagged events persist
at higher Q2. To this end, we plot similar pair spectra as we have shown for
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untagged events in section 5.2: figure 5.15 shows the pion-pair mass spectra, for
all 2ir+2w~ events with Q2 > 0.1 GeV2. Comparing with figure 5.1, we see that
the spectra for tagged and untagged data are very similar; again there seems to
be a p°p° component even below threshold, and there is a clear p°p° signal above
threshold, which seems to vanish in the highest mass bin, between 2.4 and 3.6
GeV. The magnitude of the p°p° component as a function of W^ was established
as in section 5.2.2 by a maximum likelihood fit, in two bins of Q2 and five bins of
W^. The results of this fit are shown in table 5.5, showing the p°p° fraction as
a function of W^ for two different ranges of Q2. The errors (statistical only) on
the fractions are large, but it is clear that the general trend is preserved as Q2

increases. Consequently, we shall in the following consider the 2TT+2TT~ sample
as a whole and make no distinction between its various components.

The same applies to the K+K~w+n~ final state, for which we show the pair
spectra in figure 5.16. Figure 5.16(a) shows the K+K~ spectrum, where six
events are compatible with <^r+7r~. The n+n~ mass spectrum does not show
any structure and is therefore not shown here. In figure 5.16(b) we show the
opposite-sign Kn mass spectrum as data points, the histogram represents the
same-sign combinations divided by two, as in figure 5.3. In spite of the limited
statistics, a if* (892) enhancement is visible. We have not attempted to establish
the K*°Kw component separately.

In the previous chapter, we have established the detection and reconstruction
efficiency for tagged events: in figure 4.16 we have shown the efficiency as a
function of Q2, averaged over the full W%7 range from 1.2 to 3.6 GeV. For the
calculation of the cross section, the efficiency is determined in bins of both W^
and Q2. Using the value of the 77 luminosity function in the same bins, we obtain
the cross section according to (4.8). The results of this calculation for the 27r+27r~
events are shown in figure 5.17, where the cross section is plotted as a function of
Q2, in four bins of W^. The errors on the Q2 « 0 data points are the quadratic
sum of the systematic and the statistical errors. For the tagged data (Q2 > 0)
only the statistical errors are shown. The systematic errors are correlated, except
for the error on the first data point of each distribution, which is calculated from
the untagged data sample. A background of the same magnitude as calculated
for the untagged sample was subtracted from the tagged data.

The solid line in each figure is the p-pole form factor, corresponding to figure
2.3(a). The dashed line is a form factor with a pole at the J/ip mass (as in figure
2.3(d)). Both are normalized to the cross section at Q2 « 0. We see that neither
curve fits the data very well at any value of W^. However, a linear combination
of the two form factors agrees well with the data, as indicated by the dot-dashed
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Fig. 5.15 Tie invariant mass distributions of pion pairs in tagged YY —*2ir+2n~
events, for different ranges of W77. The data points in fa-c) are for
opposite sign pairs (four entries per event), the histograms are for the
equal sign pairs (two entries per evenfcj. The curve in (b) is a fit to
the data of a Breit-Wigner resonance curve. The correlation plots cor-
respond to the histograms, (d-f) showing the opposite sign pairs (two
entries per event), (g-h) the equal sign pairs. The W71 range is from
1.2 to 1.4 GeV for the top row, from 1.6 to 2.0 GeV for the middle row,
and from 2.4 to 3.6 GeV for the bottom row.
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1.2-1.4
1.4-1.6
1.6-2.0
2.0-2.8

Q 2 « 0

0.77 ± 0.02
0.53 ± 0.05
0.31 ± 0.06
0.11 ± 0.05

0.1 < Q2 < 0.5 GeV2

0.67 ± 0.18
0.77 ± 0.13
0.25 ± 0.20

-0.05 ±0.11

Q2 > 0.5 GeV2

0.46 ± 0.37
0.67 ± 0.29
0.22 ± 0.12

-0.01 ±0.16

Table 5.5 The fraction of the 2it+2ir Una/ state, contributed by the p°p° process
as a function ofW^, in three ranges of Q2. The errors are statistical
only.
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Fig. 5.16 Two-partic/e invariant mass distributions in the tagged K+K n+w
sample, (a) K+K~, (b) K±ir^ (data points) and K±ic± (histogram).
The <f>x+ir~ events were excluded from the distributions of (b).

line. This line represents a least-squares fit of the expression

(5.23)

to all data points, including the measurement at Q2 « 0. The values obtained
for dp and oji$ are not the same throughout the whole range of W^\ the p-pole
form factor is dominant at low masses, but towards higher masses the J/ip-pole
contribution increases. This is quantitatively shown in figure 5.18, where the
data points indicated by diamonds are the relative contribution of the p-po\e
form factor, 0p/{op + <7j/v)> aa a function of W^. For comparison, we have
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Fig. 5.17 The cross section for the process TJ —*2n+2i: (including p°jr+7r~ and
p°p°) as a function of Q2 in four bins of W^ as indicated. The solid
lines represent the p-pole form factor, the dashed line a J/ip-pole form
factor and the dot-dashed line a linear combination of the two. Tile
dotted linos represent the generaUted vector-meson dominance model.
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Fig. 5.18 The relative contribution of the p-pole form factor to the Q2 dependence
of the 77 -+25r+2jr~ cross section as a /unction ofW^-,, indicated by the
diamonds. The squares represent the p°p° contribution to the untagged

events. The errors are statistical only.

included the p°p° contribution to the untagged 27r+27r~ events as data points
indicated by squares. Although both distributions show a similar behavior, it is
not clear that any correlation really exists.

The dotted lines in figures 5.17 show the Q2-dependence in the generalized
vector-meson dominance model (GVDM). In this model a linear combination of
several form factors is assumed, similar to the model introduced here, but the
parameters are chosen to describe inelastic ep scattering? The cross section is
written as

with

E rv + QVl-42 '

ry

(5.24)

(5.25)

The constants are rp = 0.65, rw = 0.08, r^ = 0.05, and rc — 0.22. The GVDM
curve agrees well with the data for W^ between 1.6 and 2.0 GeV, but not in the
other mass bins.

The Q2 dependence of the formation cross section of the charmonium states
TJc xo and X2 is expected to be similar to the J/V'-pole form factor (see figure
2.3(c) and section 2.2.6). It was suggested by Erne14 to enhance a possible char-
monium signal by using tagged data; the low-mass continuum is then suppressed
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Fig. 5.19 The cross section for the process 77 -*K+K~n+v~ (including K*°Rw
and K*°R*°) as a function of Q*. The curves are defined as in figure
5.17.

by the p-pole form factor, whereas the charmonium signal is only slightly re-
duced. However, the presence of a J/tp-poh component below the rjc threshold
suggests a gradual transition from a VDM dominated cross section to a regime
where QCD calculations are valid.

The Q2 dependence of the 7-7 —yK+K~w+ir~ cross section is shown in figure
5.19, averaged over the W77 range from 1.6 to 3.6 GeV. The curves in this figure
are defined as in figure 5.17. As in the 2K+2K~ events, the cross section decreases
rapidly with Q2, and can be well described by a />-pole form factor.
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5.6.3 Tagged 77 -tK^K*^ Data.

In the introduction to this section we have already observed that the tagged
K°K±irZF data sample''' has more events relative to its untagged equivalent than
the 27r+27r~ and K+K~-K+TT~ samples.

The effect is illustrated in figure 5.20, where the invariant mass distributions
in the tagged mode are compared to those in the untagged mode, for the processes
77 ->27r+27r~ (a), K+K~ir+TT" (C) and K^K*^ (e). The left scale corresponds
to the tagged events, which are shown as the solid histogram. The dashed his-
tograms represent the untagged spectra, which are reduced by a factor five to
match those of the tagged data in the case of the 2IK+2TT~ and the K+K~ir+w~
events. No significance can be adhered to the magnitude of this normalization
factor, since it results from the intrinsic properties of the final states, as well
as from differences in acceptance and integrated luminosity. However, the latter
two effects are similar for all final states considered. Indeed, the four events ob-
served in the K®K±ir^i mass region beyond 1.6 GeV are in agreement with the
expectation from the untagged sample. However, below 1.6 GeV, there is a clear
excess of events which we attribute to the formation of a resonance.

The scatter plots in figure 5.20 show the correlation between the invariant
mass and the magnitude of the virtual photon's four-momentum squared. The
low-mass 2-K+2"K~ and K+K~ir+n~ data ((b) and (d)) show a tendency to ac-
cumulate at low Q2, whereas the low-mass KgK±nzf: events (f) are more equally
distributed. The four high-mass points are indeed at low Q2. The phenomenon
that a resonance is not observed in the collisions of (quasi-) real photons, but
only in events where one of the photons is off mass-shell, is to be expected in the
case of formation of a spin-one particle (see chapter 3.2).

The background under the peak is estimated to be around two events, with
a maximum of four events. The probability that a background of four events
fluctuates up to the observed number of 13 events is very small ( « 3 x 10"~4).
The cleanliness of the sample is evident from figures 5.21 (a) and (b); in (a), the
|EpjJ2 spectrum, where |Epl | is calculated from the four particles plus the tag,
is shown for selected events that passed the eye scan. The events accumulate
at 0, as expected from exclusive events. A cut is applied at | £p l | < 200 MeV,

' The Monte Carlo simulations for the single tagged K^K^TT* state and the width calculation

were performed by Yao Xun Wang of the University of California at Santa Barbara. The cuts

used in this analysis were identical to those described in the footnote on page 120, with the

exception of the cut on the KJ mass, which was 498 ± 45 MeV, instead of 498 ± 70 MeV. Using

the same cuts as for the 2ir+2n~ and K+K~n+n~ analyses, we find 19 events with an overlap

of 15 events. This discrepancy is well within the systematic errors.
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Fig. 5.21 (a) The |Sp l | 2 distribution of tagged JK'°if±jrT events, after the dE/dx
selection and the eye scan. A cut is applied at | Sp l | < 200 MeV, in-
dicated by the arrow, (b) The w+ir~ invariant mass distribution of the
events satifying the |EpjJ cut (two entries per event). The arrows in-
dicate the selected K° mass bin. (c) The correlation between Af^.Ojr±
and Af^.±xT of the tagged KfK*** events below 1.6 GeV. The con-
tours indicate kinematical boundaries for invariant masses of 1.3, 1.4
and 1.5 GeV. The horizontal and vertical bands correspond to the K*
mass regions.

yielding 24 events. The TT+TT invariant mass spectrum of these 24 events is shown
in figure 5.21 (b), where a clear K° signal is visible. The bin size corresponds to
the mass resolution at the K® mass. Each event yields two 7r+7r~ combinations,
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therefore the spectrum has a 50% combinatorial background. A conservative cut
on the K® mass is applied at 498 ± 45 MeV and yields the final sample of 17
events.

A Breit-Wigner fit, taking into account resolution and acceptance effects
yields a mass for this particle of 1417 ± 13 MeV, with a width of 35± j^o MeV.
These parameters make this particle compatible with the spin-one version of the
controversial 2?(1420) meson (see chapter 2.3.3). It would be the first observation
of spin-one formation in two-photon reactions.

For a comparison with data on the £'(1420) it is important to investigate the
Dalitz plot of the resonance and in particular to look for the decay channel K*K.
The correlation between Afĵ .Ojr± and M^. i jrT for the 13 events below 1.6 GeV
is shown in figure 5.21(c). The contours in this plot indicate the kinematical
boundaries for K^K^ir* states with masses of 1.3,1.4 and 1.5 GeV, the smallest
contour corresponding to 1.3 GeV. The lines indicate the (FWHM) mass ranges
of the charged and neutral K*; eight of the thirteen events are compatible with
K*K.

The distinction between the spin-0 and the spin-l hypotheses for the events
observed below 1.6 GeV is shown in figure 5.22. Equation (3.9) was used to cal-
culate the two-photon width for both the spin-0 and the spin-l case as discussed
in chapter 3.3. In figure 5.22(a), the product of the (unknown) branching ratio
of the resonance to KKn and the two-photon width are plotted as a function
of <92. For this plot, the thirteen events were divided up in three bins of Q2.
Two events were rejected because their tags were outside the fiducial volume of
the Nal array, and in each bin, a 15% (2/13) background was subtracted. For
the calculation, Monte Carlo events were generated with the parameters of the
£(1420) meson, without an implicit Q2 dependence. The thus obtained widths
for the three tagged data points are between 2 and 3 keV. The solid line in figure
5.22(a) represents a /j-pole form factor fitted to the tagged points, and is not
in disagreement with these. However, when extrapolated to Q2 — 0, this form
factor is incompatible with the upper limit obtained from the untagged data,
and the spin-0 hypothesis is therefore ruled out.

In figure 5.22(b), the quantity (M2/<52)F77* (times the branching ratio) is
plotted to test the spin-l hypothesis. The tagged data points are calculated as
in (a), with an additional factor (2.7 + lJ/fWi-Ni) = 6 from equation (3.9). The
solid line again represents a /j-pole form factor which is now quite compatible
with the untagged data point. This point is shown as a limit, one standard
deviation above the value obtained when the events from the untagged sample
below 1.6 GeV are attributed to the resonance. The extrapolation of the p-po\e



134 S. Experimental Results.

10.0

5.0

CD

S 1.0

f-H 0 .5

CQ

0.1

i '

\

\

—H

-r
6
K

s

I I I ,

(a) Spin-0

I I I "

01

m
CM

N

a

0.5

tht-71

10° -H

io-i
1.5 2 0

»2 //-._TT2IQ2 (GeV2)

0.5

Fig. 5.22 The two-photon width corresponding to the events below 1.6 GeV in the
KgK^ir^ mass spectrum, as a function ofQ^, for the spin-0 model (a),
and the spin-1 model (b). In (a.), the quantity B x T17- is plotted, in (b)
the quantity B X (M2/Q2)r^^.. The solid lines are fits of a p-pole form
factor to the tagged data in both cases. The notug data are represented
by a 95% c.l. upper limit in (a), and by a 67% c.l. upper limit in (b).

form factor in the spin-1 model to Q2 sa 0 yields a value

B x ^5- r^ . = 6 ± 2 ± 2 keV, (5.26)

where the first error is statistical and the second systematic. This value is cor-
rected for the unseen decay modes of KKn, under the assumption that the
resonance is an isotopic scalar.
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6. Discussion of the Experimental Results.
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6.1 Introduction.

A variety of experimental results has been described in the previous chapter.
In the following sections of this chapter, we shall discuss the observations in the
light of the models introduced in chapter 2.2. The results can be summarized as
follows:

1. The reaction 77 —>27r+27r~ was measured, and found to have a cross section
well over 100 nb at an invariant mass around 1.5 GeV.

2. The 2K+2IT~ events are contributed by the final states p°p°, P°TT+7C~ , and
non-resonant 27r+27r~, with a strong p°p° component even below the nom-
inal pp threshold, diminishing towards higher masses.

3. The p°p° state is dominated by approximately equal amplitudes of Jp — 0+

and 2t , the negative parity states seem to be excluded. The p°p° events
can also be well described by an isotropic production model.

4. The four-pion final state is present in tagged events as well. Although the
statistics are limited, the same fractions of p°p°, pn+n~ and 27r+27r~ events
seem to contribute as in the untagged sample.

5. The Q2-dependence of the production cross section follows a p-pole form
factor at low masses, but becomes shallower at higher masses.

6. The K+if~7r+7T~ final state was established, with a peak production cross
section of « 20 nb at Wni « 2 GeV.

7. The K+K~%+n~ sample is made up of $7r+7r~, K*°Kn and non-resonant
K+K~n+7r~ events. Only upper limits have been obtained on <f>pQ and
K*°K*° production.

8. The properties of the K+K~TT+7T~ state are preserved in tagged events,
with a Q2 dependence compatible with a p-pole form factor.

9. Two events of the type 77 -+2K+2K~ were found, one of which is identified
as <j>4>.

10. The final s tate K^K^ir^ was established, with a cross section of « 6 nb
around 2.0 GeV.

11. Upper limits were obtained for formation of i(1440) and 77c(298O), both
decaying to this final state.

12. In tagged K^K^ir^ events, an excess of events around W^ « 1.42 GeV
suggests the presence of a resonance with spin one.

13. A measurement of the process 77 —*pp7r+7r~ yields a cross section of a few
nanobarn between W^7 = 2.5 and 4.0 GeV, in agreement with a published
result by the Tasso collaboration!6
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The conclusions (1.) through (3.) confirm the earlier results by the TASSO
collaboration33 on the four-pion final state. The final state K®K±7r:f had been
observed earlier in "n collisions by Markll?0 PLUTO37 and TASSO?1

6.2 The Production Cross Sections.

6.2.1 Introduction.

The production cross sections presented in the previous chapter exhibit a
common behavior, namely a maximum a little above threshold, and a rapid de-
crease beyond that. In particular, the p°p° component of the 27r+27r~ data shows
a mass dependence reminiscent of resonance formation. The VDM description,
introduced in equation (2.2) does not adequately explain the data, and neither do
established resonances (/(1270),e(l300)), since their branching ratio to 27r+27r~
is too small. In the following, we shall first compare the data with the t-channel
factorization model by Alexander et a.1.9 and the four-quark models by Achasov
et a/.12 and Li and LiuJ5 Then we show that the matrix elements for the 27r+27r~
and K+K~ir+ir~ final states are very similar. We compare our results to pp an-
nihilation and photo-production data. Finally, a comparison is made to LUND
Monte Carlo Calculations.

6.2.2 A Comparison to Existing Models.

In figure 6.1 (a), the measured p°p° cross section is shown together with the
calculation by Alexander et a/.? The corresponding cross sections for the <f>p° and
<f>tf> final states (chapter 2.2.2) are well below our upper limits for these processes.
The calculations for p°u and w production are shown in figures 6.1 (a) and (b),
together with the upper limits by PLUTO62 and JADE38 The measurements
do not exclude the factorization model, although the uu upper limits indicate
that this calculation overestimates the cross section. The p+p~ cross section is
estimated to be of to order of 6 nb at W^ = 2 GeV, and to decrease beyond
that, under the assumption that one-pion exchange (OPE) prevails.

The measurements are equally well described by the four-quark models, as
is evident from figure 6.2. This figure shows a calculation introduced in chapter
2.2.3, where three four-quark states (one isotopic scalar and two isotopic ten-
sors) conspire to produce the observed enhancement in p°p°, and at the same
time, through destructive interference, to suppress the production of p+p~. The
isoscalar resonance is the exotic £7(36,2+), the two isotensors are the crypto
exotic states C(36,2+) and C(9,2+). All three have a mass m = 1.4 GeV, and
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Fig. 6.1 The t-ciannei factorisation modeJ by Aiexander et al.f compared with
the cross section for 77 —*p°p° as measured by the TPC'/Two-Gamma
experiment (a), and upper limits on p°u) (b) and uu (c) production by
PLUT&2 and JADE?8

the parameter a from equation (2.13) is a = 0.5. In addition to the four-quark
resonances, a contribution to the p°p° cross section from the /(1270) was added.
The / does not contribute more than 15%, however. The four-quark models are
not excluded by our upper limits on <j>p°, <j><j> and K*°K*°, as is evident from
figure 5.7 in chapter 5.3.4.

Both the {-channel factorization and the four-quark model were introduced
following the observation of the p°p° enhancement, and therefore provide an a
posteriori description of the data. The question remains whether the signal is
due to a resonance or merely a threshold effect.
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periment and 77 -+3r+5r~jr°ir° in the p+p~ band measured by JADE?6

The curves correspond to four-quark model calculations by Achasov et

6.2.3 The Continuum Production Model.

The shape of the p°p° cross section, rising below and falling above threshold,
is very suggestive of a resonance. Resonances observed in the J/tp decays to
7P/> and 7WW (see chapter 2.3.2) seem to sustain this hypothesis. The signal in
J/t(/ decay, however, is claimed to be largely of pseudoscalar nature, in contrast
with our analysis of the p°p° signal, which excludes states with negative parity.
Furthermore, the resonance shape of the cross section is to a large extent caused
by the limited phase space available for p°p° production at small W77. The
W^ dependence of the matrix element \g'\2 in equation (5.1) can be obtained
by dividing the measured p°p° cross section of figure 5.6(b) by expression (5.1),
evaluated with constant g. This calculation has been presented by the TASSO33

collaboration, and yields a spectrum without resonant features, that can be well
described by a W~™ dependence with n = 11.4 ± 0.6. The same calculation
performed on our data yields a similar spectrum with n = 11.6±0.7. In addition,
we have performed this fit on the full 2ir+2ir~ sample (figure 5.6(a)) in order to
compare with the K+K~7r+7r~ data (figure 5.6(c)). The result of this calculation
is shown as data points in figure 6.3. The W77 behavior of the matrix element is
parametrized by the curve, which is a fit of the function aW~f to the data. The
value of n from this fit is n = 8.0±0.2. The resonance shape is not clearly present
in the matrix element. The results for the K+K~K+n~ data are indicated by
the squares in figure 6.3. The W77 dependence and the magnitude of the matrix
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elements for the two processes are very similar, suggesting similar underlying
production mechanisms, close to threshold.

At higher masses, the phase space effects for 2T:+2-K~ and K+K~n+n~
become similar and both processes are therefore expected to follow a similar
power-law dependence of the cross section as introduced in chapter 2.2.4. In
this quark-counting model, the cross section is suppressed by W~^ for each ele-
mentary fermion or photon in the scattering, according to equation (2.16). The
7^ —+27r+27r~ process can be represented diagrammatically as in figure 6.4, where
we have omitted any gluon lines, and only show one of the many permutations for
each diagram. In the pure p°p° production diagram, shown in figure 6.4(a), six el-
ementary fields contribute to the scattering process, leading to er^^OpO oc W~^.
In the diagrams for p°w+7r~ and 2n+2w~ production (figures 6.4(b) and (c)),
there are eight and ten fields leading to W^-dependences of W1^10 and W~J4, re-
spectively. The presence of p° mesons in the 2n+2ir~ events does not necessarily
follow from the diagrams in figure 6.4 only. The p°p° state can be formed with
diagram (b) through final state interactions of the pions as well?7 This effect is
expected to occur preferentially at low W^, and is a possible explanation of the
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Fig. 6.4 Schematic diagrams for the production of p°p° (a), p°7r+ir~ (b), and

2ir+2%~ (c) in photon-photon collisions. Gluon Iine3 are omitted, and
only the basic diagram is shown for each process.

origin of the large p°p° contribution close to threshold.

In a fit of the function aW~* to the total 27r+27r~ cross section above 2.0
GeV, the value n = 5.2 ± 0.5 is found, making the W^7 dependence somewhat
natter than that expected for meson pair production.

This reasoning can easily be extended to the K+K~TV+n~ process, for which
we find a similar W^ dependence, by replacing one of the u, d quark lines in
figure 6.4 by a strange quark. Then the K*° becomes the equivalent of the p°,
and one of two pions is replaced by a kaon. The resulting matrix element for the
K+K~TT+TT~ state is comparable to the 2TT+2TT~ matrix element. This similarity
is expected in QCD}6 and has been observed19 in the measurement of 77 —>7r+7r~
and 77 —+K+K~. A fit to the cross section above W77 = 2.5 GeV now yields
n = 4.6 ± 1.9, again comparable to the 27r+27r~ case.

Several uncertainties arise in an attempt to estimate the magnitude of the
cross section from the QCD calculation by Brodsky and Lepage}6 even in the
case of p°p° production:

— since the p° is a neutral meson, the cross section depends heavily on the
(unknown) meson wave function.

— The predictions are for p°p° states, where both p° mesons are either trans-
verse or longitudinal.

— As is usually the case, the QCD calculations are valid for high masses only.

For our comparison we choose the W^ bin from 2.4 to 2.8 GeV, just below the
charmonium threshold. The p°p° fraction is 9±5% of the events, corresponding to
a cross section of 2 nb. The cross section for wave function (a) of figure 2.8 aver-
aged over cosfl* < 0.8 yields VK6

7cr77_ffoTo = 2 X 9 nb GeV6. Thus, for 77 ->/t»°/»°
at W77 = 2.6 GeV we find, using (2.18), <T^^pOpo = 7.5 x 18 nb GeV6/W^ = 0.4
nb, considerably below the measured value.
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Fig. 6:5 A comparison between the production cross sections of2ir+2x (a) and
K+ K~7r+ir~ (b) in pp annihilation and in two photon collisions. The
data points with horizontal error bars are the cross sections established
in this work, normalized to the integrated cross section. The solid lines
are fits to the pp data?2

6.2.4 A Comparison to pp Annihilation Data.

An additional argument for the continuum production model of 2n+2w~ is
found in a comparison between the shapes of the 27r+27r~ production cross sec-
tions in pp annihilation and two photon collisions. The pp data were described
in chapter 2.3.2, and it was pointed out that at 2.2 GeV, the event sample is
dominated by p°7r+ir~ and isotropic 2w^2n~, as is the case in 77 collisions. In
figure 6.5(a), the 77 —*2w+2iv~ cross section is superimposed on the 2K+2'K~

production cross section in pp annihilation. The normalization is given by the
area under both curves, and is determined mainly by the first two data points.
The solid line is a fit of aM~n to the pp data, resulting in n = 6.1 ± 0.1. It
appears that there is a similarity in the cross section evolution of the two pro-
cesses, indicating a common underlying production mechanism. Figure 6.5(b)
shows the same distributions for the K+K~w+n~ final state, where the same
effect is observed.

6.2.5 A Comparison to Photo-Production Data.

For a comparison of the two-photon data to photo-production data, we must
keep in mind that:

— the low mass spectrum in 7p —» 2ir+2ir~p is claimed45 to be dominated
by the p'(1600), a spin-one particle that cannot be formed in untagged
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Fig. 6.6 In variant mass distributions of 2ir+2% (a) and K+ K ir+n (b) events,
from two-photon collisions (data points) and photo-production experi-
ments45'46 (histograms). The data points are cross sections in nanobarn

. (left scale) with statistical errors only, the histograms represent event
counts. The histogram in (a) is corrected for acceptance.

two-photon data, and that

— a quantitative comparison of cross sections should take into account the
dependence of the photo-production cross section on the photon energy and
the scattering angle. The data from the Omega Photon Collaboration45'46

are integrated over these variables.

In figure 6.6, the 77 —»27r+27r~ and K+K~7r+ir~ cross sections, established
in chapter 5.3, are compared to event distributions from the reactions "yp —>
2jr+27r~p and 7p —> K+K~ir+ir~p. The left scales correspond to the two-photon
cross sections, indicated as data points. The normalization between the 77 and
the 7p (histograms) results is arbitrary. The 7p —• 27r+27r~p data are corrected
for acceptance, the 7p —>• K+K~7r+7T~p data are not.

It is remarkable that the low mass (< 2 GeV) 2ir+2ft~ data agree rather
well in shape, whereas the high end of the spectrum shows a discrepancy. As-
suming the //(1600) origin of the 7p data, one would expect the opposite. The
K+K~TT+IT~ spectra show a strong similarity in shape, again indicating similar
production mechanisms for the two processes.

6.2.6 A Comparison to the LUND Model

The results of the LUND model calculations introduced in sections 2.2.5 and
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Fig. 6.7 A comparison of measured production cross sections of 2x+2ir~ (a),
K+ K~ n+ w~ (b), ppn+ir~ (c) and K^K^ir^ (d) in 77 collisions (data
points) to the event fractions for the same reactions obtained by a modi-
fied version of the LUND string fragmentation model (histograms). The
Monte Carlo distributions are normalized to the data for each process
separately.

4.5.7, are expressed in fractions of the total number of generated events. In order
to extract a cross section, the total hadronic cross section must be known. The to-
tal cross section has been measured?7 and was found to be constant at otot « 360
nb down to invariant fy masses of 2 GeV. Below 2 GeV, only model calculations
exist, which indicate a l/W^ behavior. The results of the calculations are shown
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in figure 6.7, where the production cross sections of 77 —y2n+2Tr~, K+K~TT+W~ ,
K^K±n^i and pp7r+ir~ as measured in this experiment, are compared to the
fractions of LUND Monte Carlo events for the same reactions. The similarity in
the shapes between the data points and the Monte Carlo curves (histograms) in
figures (a), (b) and (d) is remarkable. The curves are normalized to the data for
each distribution separately, by the integral under the curves. The normalization
factors are 1041 ±40 nb for 2n+2ir-, 591 ±57 nb for K+K~n+7t-, 206±41 nb for
K^K±ir^ and 830±192 nb for pp7r+w~. These numbers can be directly compared
to (Ttott an<i confirm that the Monte Carlo overestimates the total cross section
significantly. The systematic errors on the normalization factors correspond to
the overall systematic errors on the cross sections and are as large as 40 %. How-
ever, the factors for 2ir+2w~ and K+K~ir+w~ are in reasonable agreement with
each other, indicating the similarity between both processes. The normalization
of the ppn+w~ data is dominated by the first mass bin, which causes the Monte
Carlo curve to be significantly above the data in the higher mass bins. In the
K®K±irf data, the first four data points agree well in shape with the Monte
Carlo; the data point at 3 GeV lies above the curve, but the two events in this
mass bin can be from r\c formation, which is not simulated by the Monte Carlo.

The parameters chosen for the LUND Monte Carlo, effectively suppress the
generation of p°p° events. Events with six quarks are generated abundantly,
leading to a significant p°ir+n~ contribution, rising from 0 at 1.0 GeV to « 80%
of the 2n+2n~ events at 1.5 GeV and remaining constant beyond that. As stated
before, the experimentally observed production of p°p° is possibly due to final
state interactions87 between the pions, which are not simulated in the Lund
model. These interactions are expected to be strongest near the threshold for
p°p° production. Similarly, no significant number of K*°K*° events is generated,
but the fraction of K*°Kn events contributing to the K+K~n+ir~ final state
varies from w 65% below W^ = 2 GeV to « 55% above 2 GeV, which is in
agreement with the experimental results. Finally, half of the ppn+ir~ events are
accounted for by production of A pn+ and A++pjr~. It should be pointed
out that the final states <j>pQ and <£jr+7r~ cannot be produced in this model. A
different mechanism must account for the observation of these events.

The effect of selecting the angular distribution of the leading quarks with
respect to the 77 axis according to (4.10), is reflected in figure 6.8. This figure
is similar to figure 5.10, except that now not the matrix element for p°p° is
plotted, but all two pion combinations enter with weight one. The peaking
behavior at low scattering angles (cos$r+r- « 1), observed in figure 5.10 persists
in this distribution. The curves (histograms) represent the same distributions as
obtained from the LUND Monte Carlo, and are seen to be in good agreement
with the data.
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Fig. 6.8 The distribution of events as a function of cos $„+„- (two entries per
event) in six bins ofW^^. The angle Br+T~ is the polar angle of a pion
pair with respect to the 77 axis in the 77 center of mass. The curves
(histograms) correspond to LUND Monte Carlo calculations, in wAicn
quarts are produced with the angular distribution oflepton pairs.

6.2.7 The Q2 Dependence.

The dependence of the p°p° production cross section on Q2 does not discrim-
inate between the models discussed above. In the low-mass region of W^ below
2 GeV, the expected Q2 dependence (figure 2.3) of the ^-channel factorization
model is rather compatible with the p-pole form factor expected from four-quark
states, and observed in the formation of the / and »;' up to Q2 = 5 GeV2. The
data in this region (figure 5.17(a) and (b)) are rising above the p-pole form fac-
tor. At values of W77 above 2 GeV, the factorization model implies an even
steeper decline of the cross section with Q2, whereas the data show the opposite
behavior. However, the p-pole form factor does not fit the data, either. The Q2

dependence in figure 5.17 is calculated for all events of the 2x+2ir~ sample. It
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is conceivable that the p°p° component follows a diiferent form factor than the
2w+2ir~ and p°n+ir~ components. This hypothesis is sustained by figure 5.18,
which shows that the p-pole contribution to the Q2 shows the same pattern as the
p°p° contribution to the 27r+2jr~ events, namely it decreases with W^. However,
the conclusions from the maximum likelihood fits to the tagged data, shown in
table 5.5, indicate that the p°p° contribution remains constant as a function of

6.3 The X°if±7r=F Da ta in the Eji Mass Range.

6.3.1 Introduction.

The upper limit on the 77 width of the t(1440), derived in chapter 5.5.2,
can be used together with the results from radiative J/rp decays to obtain a
quantitative measure of the gluon content of the 1. In the following subsection,
we shall adhere to the reasoning suggested by Rosner?8 which has been applied
to assess the gluon content of the pseudoscalars rj and 77', and the tensor mesons
/ and / ' . An introduction to the calculation of the radiative transition width
between vector and pseudoscalar mesons is given by Closef ch. 4.3.2.

6.3.2 The Gluon Content of the t(l440).

Following Rosner88 we assume that any physical state |\P) can be written as
a linear combination of the basis states

\uu) + \dd)
1 ' = T/2 '

and \G) = |gluonium),

so that I*) = x\N) + y\S) + z\G), with x2 + y2 + z2 = 1, and evidently x2 + y2 < 1
when gluonium is present. Charmonium admixture will be neglected.

In 517(3), we can calculate the radiative and the 77 width for a state |\P).
The 77 width of a pseudoscalar is given by (see Renardf ch. 8.4)

(6-2)
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and gp-^ is proportional to the average squared of the quark charges in the meson
P. Thus, for the i, with \i) = x,\N) + yt\S) + zL\G),

/ e 2 + e 2 \ 2

r or I -r » ^ + „ p2 1 m
3

V V 2
 2 / (6.3)

j. / o i
oc

with a proportionality constant independent of the mass and the quark content.

We can gauge this width to that of the TT° (|TT0) =

(6.4)
1 3

a — ml,
36 "

to obtain

, 2 2.2 keV

using the Particle Data Group7 value for the ir° width and our upper limit on t
production. The quantities eo and ê  are the quark charges (eu =

 2/z, e<j = —V3).
We show this result graphically in figure 6.9, where the upper half of the x-y
plane is shown (the lower half is obtained by rotation over 180"). The half circle
indicates the x2 + y2 = 1 boundary. The physical states on this boundary have
no gluon admixture. The condition (6.5) is shown as the slanted band crossing
the plane. The shaded areas at either side of this band are excluded by our upper
limit. We see that a substantial portion of the circle cannot be excluded and we
realize that even for F,.-*^ = 0, the solution with xt = —y/2yt/5 « —0.27 exists,
without any gluonium admixture. However, we have additional information from
radiative J/ip decays, in particular from the reactions J/ij) —> 7X, where X —>
7P° and X —> 7$.

The radiative widths are calculated in a way similar to the 77 widths, now
using the magnetic moments of the quarks. The width of the 1 decay to 7p°
becomes
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Fig. 6.9 The x-y plane for the t(l440) meson. The circle segment corresponds
to zero gluonium admixture. The shaded areas are regions excluded by
experiment.

The factor 3 arises from spin statistics, and we assume that /xu = nd — nud.
The phase space factor is represented by k^, where k^ is the photon energy in
the J/ip barycenter. The reaction JJ4> —*• lX, X —> ip° has been measured
by the MARK III collaboration" and an enhancement was observed around the
t(l440) mass. However, the width of the observed signal is larger than expected,
and it is therefore not certain whether the i is actually observed. We shall treat
the quoted value of Tt_t^ — 1.5 MeV as an upper limit for our purposes. This

radiative width is compared to the reaction w -> TT0"/ (W = '""'"U^), for which

(6.7)

The proportionality constants are the same in equations (6.6) and (6.7), and
therefore

I\-KV0O _ / m\ — m\ mw \ , 1.5 MeV
(6.8)it - m* 789 keV"
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This limit is shown as the two vertical lines in figure 6.9, excluding the regions
to the left and right. This limit adds no information to the question of gluon
admixture, and the large value of i -+ 7/>° seems indeed in contradiction with
the low value of the 77 width.

Finally, the 55 content of the 1 can be probed by its radiative decay to the <f>
meson, which is assumed to be a pure ss state. The radiative width is

(6.9)

and therefore

T t ^ ^ 12 £ ( m? - ml m» \ , 2.4 MeV
. rw_^o 9lilA\ml-m\mt]

 Vl 789 keV' ^ '

with //« = z/sHu,d- A preliminary upper limit of rt_>7^ < 2.4 MeV (90% c.l.)
on the decay of the iota to 7$ is again given by the MARK III collaboration?1

No enhancement is observed in the 7^ invariant mass spectrum. Nevertheless,
due to a low efficiency for this final state, the upper limit on the 7^ branching
ratio is 1.6 times larger than the branching ratio to 7p°. Expression (6.10) yields
an upper limit on yL of yL < 2.7. This value is outside the boundaries of figure
6.9, and therefore not very restrictive. For a definite assessment of the gluonium
admixture, a more precise measurement of 1 —> 7^ is mandatory.

Meanwhile, the large value of its stickiness, introduced in chapter 2.2.7, serves
as circumstantial evidence for the glueball nature of the t(1440). This stickiness
is greater than 65, if the stickiness of the rf is chosen to be unity. For comparison,
the stickiness of the r\' is of the order of Sni/S^ « 5.

6.3.3 The Tagged K^K*** Data and the £(1420).

In chapter 5.6.3, the observation was described of a resonance compatible
with the £(1420) meson, and a value of 6 ± 2 ± 2 keV was extracted for its width
times its branching ratio to KKTT.

The existence of this signal in photon-photon collisions had been predicted
in 1984 by Renard?9 who has applied the quarkonium formalism to relate the
two-photon width of spin-1 particles to that of the /(1270) meson. In this way,
he predicted the values of M2/<92r77* to be 1.3 keV for a uu,dd state, 0.1 keV
for a sS state, and less than 0.3 keV for a qqg state. Although the uncertainties
are large, our experimental result does not agree well with Renard's calculations
and is certainly incompatible with the pure ss hypothesis for the £(1420).
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6.4 Conclusions.

We have measured four-prong final states in photon-photon collisions, and
separated the events according to the number of charged kaons in the event. All
final states are found to be similar in that they are produced as quasi-threebody
and quasi-twobody states as well as through the isotropic four-particle channel.
The pair-mass spectra show evidence of p°, <f>, K® and K*° meson production.
The cross sections for all these processes rise from threshold to a maximum,
and decrease with increasing W^. This behavior is in contradiction with simple
vector-meson dominance models. It agrees with models of resonant four-quark
states, and with ^-channel factorization models. There is also a similarity to pro-
duction of the same states in pp annihilation and photo-production experiments,
which suggests that in all these cases continuum production of four prong states
is observed.

A rather naive Monte Carlo calculation using the Lund string fragmentation
model with modified parameters reproduces the shapes of cross sections and the
angular distributions in high-mass 27r+2fl"~ events well.

The four-particle invariant mass distributions were used to establish upper
limits on r)c formation. These upper limits are not in disagreement with cur-
rently accepted models. In untagged K^K±IKT events, an upper limit on i(1440)
formation is established, which sustains present evidence for the glueball nature
of that particle.

The properties of the 2ir+2n~ and K+K~n+ir~ final states are preserved in
the tagged mode. The Q2 dependence of the 2ir+2n~ production cross section
changes from a p-pole like distribution at low invariant masses to a flat distribu-
tion as expected in hard scattering processes, at larger values of W^. In tagged
KgK±irIf events, an enhancement around 1420 MeV is visible, which is com-
patible with formation of the spin-one version of the 2£(l420). This is the first
measurement of the formation of a spin-one object in photon-photon collisions.
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Summary

This thesis describes the measurement, analysis and discussion of the reaction

77 -*X,

where X is a hadronic final state with four charged particles. In particular, we
have investigated the states 2JT+27I-, K^^n+n-, K+K-n+n~, 2K+2K~ and
pp7r+7r~. The experiment was performed with the TPC/Two-Gamma facility at
the e+e~ collider PEP at the Stanford Linear Accelerator Center.

The process 77 —>27r+27r~ had been measured in the beginning of this decade,
soon after e+e~ colliders with sufficiently high beam energies became available.
It was found that the large cross section for this process close to threshold could
not be accounted for by a simple model in which the two photons convert to
vector mesons and then scatter elastically. The shape of the measured cross
section suggested the presence of a resonance in this channel, and many such
interpretations were brought forth in the following years.

In the second chapter of this thesis, these interpretations and theories are re-
viewed and a motivation is given for the investigation of states similar to 27r+27r~,
but containing kaons and protons. Also, the existing data from related exper-
iments in radiative J/ip decays and hadronic collisions are listed. In the last
section of the chapter, the outstanding features of the TPC/Two-Gamma detec-
tor for the measurement of four-prong events are emphasized.

Chapter three is a very brief overview of the kinematical properties of the
two-photon initial state, which is brought about by the exchange of two photons
by the colliding electron and positron.

In chapter four, the actual measurement of four-particle final states is illus-
trated by means of a single event. In this manner, the apparatus is introduced,
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and the selection code for the different final states is explained. In the same
chapter, the principle for the calculation of cross sections through the use of
Monte Carlo simulations is shown and the detection efficiencies for the various
final states are given. The latter are of the order of a few percent.

The results of the measurements are presented in chapter five. The earlier
results on the four-pion data are reproduced quite well, and we also find the res-
onant shape of the cross section. Events with kaons are much less abundant, but
nevertheless we are able to extract their production cross sections and establish
some of their properties. It is found, for example, that half of the K+K~ir+ir~
events originate from K*°K±ir^, and a few percent from ^TT+TT-. Of the four-
kaon events, one is <f>K+K~, the other <j><j>. We find no evidence for production
of A or A baryons in the ppir+ir~ events. The K±7r=F7r+7r~ events are through
the conservation of strangeness bound to originate from the KgK±n^: final state,
which is of interest because the glueball candidate t and the charmonium state
T)C have considerable branching ratios to KKn. We establish upper limits on the
formation of these particles. Our upper limits indicate that the t is very sticky.

The results described thusfar are for events in which both photons are almost
real or massless. In addition, a fraction of the 77 collisions occur with one virtual
or massive photon. These events have the distinctive feature that one of the initial
state electrons emerges at a large angle and is detected in the apparatus (it is
tagged). We have compared the tagged data with the untagged data and find
little difference in properties between them for the 27r+27r~ and K+K~n+n~
states. However, in the K®K±ir:* data, a resonance appears at the mass of the
E/i in tagged events, which is absent in the untagged events.

A discussion of the experimental results is given in chapter six. The measured
production cross sections are compared to existing models, to results from proton-
antiproton annihilation and photo-production experiments, and to Monte Carlo
simulations with a modified version of the Lund string fragmentation model.
We conclude that the observations are compatible with continuum production of
multi-particle states, and that the nature of the 2n+2ir~ cross section is caused by
a threshold effect rather than a resonance. Also, a model-dependent calculation
of the gluon content of the t is presented.

Finally, we conclude that the resonance observed in the tagged K^K±^
data coincides with the spin-one version of the earlier observed, controversial
£(1420) meson. Following the Yang-Landau theorem, a spin-one particle cannot
be formed with massless photons, but could be observed when one of the photons
is off the mass shell. It is an exceptional circumstance, that the mere appearance
of a particle in one data set and not the other, clearly determines its spin.



Samenvatting 163

Samenvatting

Dit proefschrift beschrijft de meting, uitwerking en bespreking van de reactie

waarin X een hadronische eindtoestand van vier geladen deeltjes is. We hebben
in het bijzonder de toestanden 27r+27r~, Ä'±7r=F5r+7r~, K+K~n+n~, 2K+2K~
en ppiv+w~ onderzocht. Het experiment is uitgevoerd met de TPC/Two-Gamma
opstelling aan de e+e~ opslagring PEP in het Stanford Linear Accelerator Center.

Het proces 77 —>27T+27T~ was voor het eerst gemeten in het begin van dit de-
cennium, kort nadat e+e~ botsers met voldoende hoge bundelenergieën beschik-
baar kwamen. Men vond dat de hoge werkzame doorsnede voor dit proces dicht
bij de drempel niet verklaard kon worden met een eenvoudig model waarin beide
fotonen veranderen in vectormesonen die vervolgens elastisch verstrooien. De
vorm van de werkzame doorsnede suggereerde bovendien de aanwezigheid van
een resonantie in dit kanaal en een soortgelijke uitleg werd in de daaropvolgende
jaren door velen voorgesteld.

Een overzicht van deze interpretaties en theorieën wordt gegeven in het
tweede hoofdstuk van dit proefschrift. Een motivering wordt gegeven voor het
onderzoeken van toestanden die lijken op 2ir+2ir~, maar die kaonen en protonen
bevatten. Ook worden bestaande gegevens van verwante experimenten genoemd.
Deze zijn van het stralende verval van de J/ip en van hadronische botsingen.
In de laatste sectie van het hoofdstuk worden de bijzondere eigenschappen van
de TPC/Two-Gamma detector voor het meten van vier-deeltjes toestanden be-
nadrukt.

Hoofdstuk drie is een zeer kort overzicht van de kinematische eigenschappen
van de twee-foton begintoestand, die teweeggebracht wordt doordat het botsende
electron en positron elk een foton uitzenden.



164 Samenvatting

De eigenlijke meting van vier-deeltjes toestanden wordt toegelicht in hoofd-
stuk vier aan de hand van een enkele gebeurtenis. Op deze manier wordt de ap-
paratuur ingeleid en wordt de selectie code voor de verschillende eindtoestanden
uitgelegd. In hetzelfde hoofdstuk wordt het beginsel getoond van de berekening
van werkzame doorsnedes met behulp van Monte Carlo nabootsingen. De ef-
ficiëntie voor het waarnemen van de verschillende eindtoestanden wordt gegeven.
Deze is van de orde van enkele procent.

De meetresultaten worden gepresenteerd in hoofdstuk vijf. Wij reproduc-
eren de vroegere metingen aan de vier-pion eindtoestand tamelijk goed en vin-
den ook de résonante vorm van de werkzame doorsnede. Gebeurtenissen die
kaonen bevatten zijn aanzienlijke minder veelvuldig, maar desalniettemin zijn
wij erin geslaagd werkzame doorsnedes te bepalen en enkele eigenschappen van
deze gebeurtenissen vast te stellen. Het blijkt bijvoorbeeld, dat de helft van de
K+K~ir+ir~ gebeurtenissen afkomstig is van K^K^it^, en een paar procent
van (̂ 7r+7r"~. Eén van de twee 2K+2K~ gebeurtenissen is <j>K+K~, de ander <j>4>.
Wij vinden geen aanwijzingen voor productie van A of À baryonen in de ppw+w~
gebeurtenissen. De K±n^w+jr~ gebeurtenissen zijn als gevolg van behoud van
vreemdheid beperkt tot de toestand K^K^it^. Deze toestand is van belang om-
dat de lijmbal kandidaat i en de toverbal r}c voor een aanzienlijk deel vervallen
naar KK%. Wij hebben bovengrenzen aan de vorming van deze deeltjes bepaald.
Onze bovengrenzen geven aan dat de t zeer kleverig is.

De tot nu toe beschreven resultaten zijn afkomstig van gebeurtenissen met
twee reële of massaloze fotonen. Daarboven vindt een gedeelte van de 77 botsin-
gen plaats met één virtueel of massief foton. Deze gebeurtenissen hebben de
uitgesproken eigenschap dat één van de verstrooide electronen onder een grote
hoek verschijnt en waargenomen wordt in de apparatuur (het is gemerkt). Wij
hebben de gemerkte gegevens vergeleken met de ongemerkte gegevens en vin-
den weinig verschil in hun eigenschappen voor de 2îr+27r~ en K+K~ir+ir~ toes-
tanden. Echter, in de gemerkte KgK^ir^ gegevens verschijnt een resonantie bij
de massa van de E/t, die afwezig is in de ongemerkte gegevens.

Een uiteenzetting van de experimentele resultaten is gegeven in hoofdstuk zes.
De gemeten werkzame doorsnedes worden vergeleken met bestaande modellen,
met resultaten van proton-antiproton annihilatie en foto-productie experimenten
en met Monte Carlo nabootsingen met een aangepaste versie van het Lund model.
Wij stellen vast dat de waarnemingen in overeenstemming zijn met continuüm
productie van veel-deeltjes toestanden en dat de aard van de 27r+27r~ werkzame
doorsnede eerder het gevolg is van een drempel effect dan van een resonantie.
Bovendien wordt een modelafhankelijke berekening van de lijminhoud van de 1
gegeven.

Tenslotte stellen wij vast dat de resonantie, gezien in de gemerkte K°
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gegevens, samenvalt met de spin-een versie van het al eerder waargenomen, om-
streden, £(1420) meson. Volgens de stelling van Yang-Landau kan een spin-een
deeltje niet gevormd worden door massaloze fotonen, maar zou het gezien kunnen
worden als een van de fotonen van de massaschil af is. Het is een buitengewone
omstandigheid dat de spin van een deeltje duidelijk bepaald kan worden doordat
het wel in een verzameling gegevens verschijnt en niet in de andere.
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