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Abstract 

The reactions Il ..... 2r.+2r.-2r.° and Il ..... r.+r.-7l'0r.0 have been studied by 

using the ARGUS detector at the ée- storage ring DORIS II at DESY. 

In the 2r.+2r.-2r.° final state the production of w-mesons is observed and in 

particular the reaction 'YI -+ ww is seen for the first time. The cross section 

for Il -+ ww is found to have an enhdl1cernent at '" 1.9GeV /c2 of about 12 

nb. The topological cross sections for the reactions ,{ --+ 2r.+21i-2?r° and 

l'Y -+ w?r+?r-?r° are also measured. 

The production of charged p-P-lesons is observed in the 7r+r.-?r0 7r0 final state. 

The cross section for the reaction 'YI -+ p+ p- is measured for the first tirne. 

The cross section did not show a threshold enhancement similar to that found 

in the reaction l'Y ..... pO po and is about a factor of four smaller. A spin parity 

analysis of the p+ p- system shows that the cross section is dominated by the 

two amplitudes JP = 0+ and JP = 2+ with helicity 2. 
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Résumé 

Les réactions Il -+ 27r+27i-27r° et 'Y'Y -+ 7T+7r-7T0 7r0 ont été étudiées à l'anneau 

de stockage e+ e- DORIS II à DESY grâce au détecteur ARGUS. 

La production de mésons W dans l'état final 27r+27r-27r° a été mesurée et, 

en particulier, la réaction 'Y'Y --+ ww a été observée pour la première l')is. 

Une augmentation subite d'environ 12 nb de la section efficace pour 'YI --+ ww 

a été observée à une énergie", 1.9 GeV /c2• Les sections efficaces topologiques 

pour les réactions "l'Y -+ 27r+27r-27r° et l'Y -+ W7T+7T-7r° ont été aussi mesurées. 

La produc~ion de mésons p chargés a été observée dans l'état final7r+7r-7r°7r°. 

La section efficace de la réaction 'Y'Y -+ p+ p- a été mesurée pour la première 

fois. Celle-ci ne montre pas la même augment!Ltion au seuil de production et 

est 4 fois plus petite que la section efficace de la réaction 'Y'Y -+ pO pO. Une 

analyse de spin-parité a montré que la section efficace est dominée par les deux 

amplitudes JP = 0+ et JP = 2+ avec hélicité 2. 
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Preface 

One of the fundamental philosophical questions is "what are the constituent" 

of the matter that surrounds u", ~' The first ideas about these fundamental 

constituents were stated almost 2500 years ago when the Greek philosopher 

Democritos postulated that matter was eonstructed from atoms ( &.'ïOJ1.0 = in­

divisible). In our days this question is faeed by High Energy Physicists. Accord­

ing to the eurrent understanding, matter is built from t\V'o types offundamental 

fermions, called quarks and leptons, whieh are assumed to be strudureless. 

The quarks exist in three colours (Red, Green and Blue) anq transform as 

SU(3) triplets. They are bound together by the strong interactions and they 

form particles which are called hadrons. The observed spectrum of hadrons 

postulates that on.1y states which are colour singlets are physically permitted. 

By combining a quark and an anti-quark one can get the singlet states which 

are called mesons and by combining three quarks the baryons. These are the 

only states that have been observed unambiguously in nature. 

However, colour singlet states are also eonceivable by combining for ex ample 

two quarks and two anti-quarks or two quarks with a gluon (the carrier of the 

strong interactions) or two gluons etc. These colour singlets have not been 

observed and are onen classed as ·'exotica". 

Searchcs for these states try to find particles that do not fit into the stan­

dard rneson or baryon spectrum. One of th'e ways to look for "exotica" and in 

particular four-quark states (qqqq) is through the vector meson pair production 

iv 



- in two photon interactions. 

The interest in q7jqq state searches in the two photon collisions started \VIt h 

the observation of an unexpected large cross section for the reaction ;; -+ l pO 

around the nominal pp threshold. This led to speculation of many theor('ticaJ 

approaches varying from the simple explanation of the t-channcl factoriziitlO11 

to the existence of qqq7j-states. 

These models also made specifie quantitative predictions for the product 1011 

of other vector-meson p.airs produced in two photon interactions Tills t l!C'SIS 

contributes to the understanding of vector-meson pair production in two pho­

ton interactions with the first observation and measurement of the reactlOTlS 

'Y'Y --+ ww and 'Y'Y --+ p+ p- . It is organized as follows: In Chapter 1 a brief 

review of the kinematics for the two photon interactions is given Then existing 

theoretical models and their predictions are discussed. These models provide 

sorne background information on what should be observed expenmentally In 

Chapter 2 the ARGUS detector which is the tool to perform the experiment.al 

search is described. Information about the particle identification capabilities, 

its hardware and its software support are given. In Chapters 3 and 4 details 

of the an~ysis of the reactions 'Y'Y --+ 27r+27r-27r° and 'YI -+ r.+ 7r-7r0 7r 0 are dis­

cussed. The observation of vector mesons in these final states is presented. In 

Chapter 5 the experimental results are compared to the theoretical predictions 

given in Chapter 1. 
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Chapter 1 

Introduction 

The quantized theory of electromagnetism, Quantum Electrodynamics (QED), 

predicts that interactions occur between the field quanta, the photons. Two 

photon interactions can only be observed at large photon energies, sinee for law 

energy photons, for ex ample photons in the optieal range the cross section is 

extremely small. 

The first theoretical approaches relevant ta two-phaton physlcs, advanced in 

1960, were the suggestion by F. Low [1] to measure the two photon coupling of 

the 7j"0 at storage rings via the reaction eTe- ~ e=Fe-7r° and the calculations by 

Calogero and Zemach [2] of the pro cess e-e- ~ e-e-7r+7j"-. However, only in 

the seventies, when the electron storage rings were built, did the observation of 

two photon interactions become possible. The e+e- storage rings like DORIS, 

PEP, PETRA, ... , provide very intense photon sources. In the following sec­

tions, the kinematics of two photon interactions, the luminosity function and 

resonance production are briefly reviewed. More details can be found in the 

review articles of reference [3]. 
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CHAPTER 1. INTRODUCTION 2 

Figure 1.1: The two photon interaction diagram. 

1.1 Kinematics 

The two photon collisions proceed via the reaction 

(1.1) 

as in the diagram shown in figure 1.1 where X is produced by the two photons, 

"y,",( -+ X. 

For inclusive detection of X the kinematics of the reaction 1.1 is completely 

determined by the four moment a of the incoming and the scattered electron 

and positron. In the case of unpolarized beams (as in the ARGUS experiment) 

there is no overall azimuthal dependence, therefore only n.ve variables are needed 

to specify the TT system at a given beam energy Ebeam. A convenient set of 

variables is provided by the energies and the angles, with respect to the beam 
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CHAPTER 1. INTRODUCTION 3 

axis, of the scattered leptons (E~, E~, th, (2 ) and the angle <P between t.ht, two 

lepton scattering planes. 

The squared invariant mass of the spacelike photons is 

( 1.2) 

Defining the quantity 

and using the approximation Ebeam , Ei ~ me the above formula reduces to 

( 1.3) 

The center of mass energy of the Il system, denoted by W,,", lS 

( 1.4) 

A few general features of the two photon system can be noted. The photulls 

are emitted predominantly at small angles of the order me/ Ebtam wIth respect, 

to the beam axis. This leads to small (space like) momentum transfer to the 

system X. Thus the Q2 spectrum will be strongly peaked at zero, which rncans 

that most of the photons will be nearly real and the scattered electrons will be 

close to the beam axis. As a result the two photon system willllave a very smnll 

transverse momentum which is the main experimental tool used to extract two 
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photon events from the data. The invariant mass of the system X peaks at 

small energies because the photon energies follow roughly the bremstrahlung 

spectrum '" 1 / Ebeam. 

1.2 The Luminosity Function 

A measurement of reaction 1.1 yields a value for the cross section e+ e- --+ 

e+ e-X. In order to extract the cross section of ff -. X, the cross section 

0'( e+ e- --+ e+ e-X) is unfolded into 0'( e+ e- -. ff) and O'({"'( -. X). A brief 

description of the calculation of the cross section 0'( e+ e- --+ e+ e-X) is presented 

below. A detailed calculation can be found in references [4,5]. 

The expression for the cross section 0'( e+ e- --+ e+ e-X) can be ohtained 

from the diagram shown in figure 1.1. The matrix element can he factorized 

into three terms, two for the lepton-photon vertices and one for the ff coupling 

for the system X. 

The matrix element has the form 

where Si are the spins of the leptons, u and v are the Dirac spinors for a 

free electron and positron respectively . .4.;" describes the coupling of the two 

photons to the final state X. The differential crOS5 section is then 

2 d3 -d3'" 
d ( + - ~ + -X) - ct' { 1'1/ /J/''/}MX Pl P2 

(j e e e e - 64 4E2 2 2 Pl P2 "'''/J/''' E' E' 
'Ir beamql q2 1 2 

(1.6) 

where the density matrices for the photons are given by 
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(1. 7) 

and the tensor describing the production of the state X is 

(1.8) 

where Px is the four momentum of the final state X and the integral is over 

the final state phase space, r x . 

x The tensor M/411/l!II' has 256 components. By requiring Lorentz invariance 

and eUTrent conservation it can be expressed in terms of 10 indepelldent func­

tions. From time invariance arguments two of these are zero and in the case of 

unpolarized beams two more vanish. 

Working in the helicity basis described in [5], the differential cross section 

becomes 

_ œ2V(Qlq2)2 - q?q~ {d3p-;'d,3P2} 
3271'4 Eleam Q?q? E~ E~ 

x {4Pt+ pt+ (jTT + 2pt+ p~o (jT L 

+2p~Opt+(jLT + p?Op~o(jLL 
+21 pi- pt- 1 TTTcos(2rjJ) 

-8 1 pio ptO 1 TTLCOS( rjJ)} 

(1.0 ) 

where (j's and T'S are the cross sections for Il -. X for transverse (T) a.nd 

longitudinal (L) photons, and the symbols +,-,0 stand for the photon helicity. 

But for real photons we only have transverse polarizations, 50 for Q~ ---t 0, a11 
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terms with an L suhscript vanish. After integration over the angle between the 

planes of the two leptons (<jJ), the term TTT vanishes and the differential cross 

section for e+ e- -+ e+ e- X can be approximated as 

(1.10) 

Introducing the "two-photon luminosity function" for transversely polarized 

photons, .c~:;, this hecomes 

d50'(e+e- -+ e+e-X) d5,CTT 

dw} dw2d8} d82d<jJ - dw}dw2d;:dB
2

dt/J O'TT(Wn , q~, qi) (1.11) 

where w, = E-y. / Ebeam. The differentialluminosity function is defined as 

(1.12) 

,vith 

The differential luminosity function can he integrated numerically to find its 

dependence on }l'n. The resulting function d'c;; jdH'n, following the exact 
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cLt" ,., 
dWn 

0.010 

0.005 

0.001 

500.0.10- 1 

0.0 1.0 

7 

2.0 3.0 4.0 5.0 
Wn[GeV/c 2 ] 

Figure 1.2: dC:;; / dIV TI as a function of IV.,.,)" The fullline represents the exact 
calculation and the dotted line the calculation with the Equivalent Photon 
Approximation (EPA) 

calculation given in [4] and [6], for the case of Ebeam=5 GeV, is plotted in figure 

1.2. 

Sometimes it is convenient to use "the Equivalent Photon Approximatwn" 

for c,~:; given by 

(1.13) 

where 7} = Ebeam/me when the scattered electron is not detected (no t.ag modp ) 

and 7J = 8ma.x/8min when it is detected in the polar range between {}man and 

(}ma.x. The "Low function" f(z) is given by [1] 



l 

l' 

1 
1: 

( 
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(1.14) 

where z = W-r-r/2E. 

This approximation is convenient for analytical calculations of cross sections 

and is used for approximate rate estimates. For not too large z (z < 0.8) 

this formula overestimates the exact luminosity by about 10 % to 20 % but 

reproduces the shape of the function qui te well. 

1.3 The Formation of Resonances 

R 

Figure 1.3: Diagram for resonance formation in two photon interactions. 

The two-photon cross section for the formation (figure 1.3) of a resonance with 

a mass ]II!R, spin J and total width r can be written as [5] 

(1.15) 
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where hl, h2 are the number of helicity states allowed for the photons and X = 

(ql . q2)2 - q;q? l'''Y''Y is the partial l'Y width of R, and is the quantity rneasured 

in two photon production of R. In the limit of resonance formation by (quasi-) 

real photons (qi, qi -+ 0) only two helici ty states are allowed for each photon 

and the formula 1.15 becornes 

rI' 
(1 ("Y"y -+ R) = 8'1r (2J + 1) . "Y~ 

(W~ - Mk) + l'2Mk 
(1.16) 

The resonance R must have even charge conjugation, C, sinee it is formed 

from two photons. Only resonances with spin parity quantum numbers JP = 

O±, 2± , 3±, 4± ... can couple to two real photons. Spin 1 mesons do not couple 

to two real photons as required by the Landau-Yang theorem [Appendix A). 

1.4 Motivation for the Experiment 

The observation, by several groups, of an unexpectedly large cross section of the 

reaction "Y"Y -+ pOpo ref. [8-12) below the nominal pp threshold and the relatively 

suppressed upper lirnits for the reaction "Y"Y -+ p+ p- [13) (figure 1.4) generated 

great interest in vector meson production in two photon interactions. A large 

variety of theoretical models dealt with these measuremenL. Sorne of these 

models make specific predictions on phenomena that are yet. to be observed. 

In this thesis, a contribution to the understanding of the vcctor rncson pair 

production in photon-photon interactions is made by the first observation amI 

mcasurement of the channels "Y"Y -+ ww and p+ p-. Before this presentation sorne 

of the current theories are discussed, as well as sorne of the present experimental 

data. 
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150 
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100 

50 r-
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0.8 1.2 , .6 2.0 
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2.4 

W.,..,. [GeV /c 2 ] 

10 

2.8 

Figure 1.4: Cross section for 'Y'Y -+ pp from references [8-12,13]. AU the data 
are on the Il ~ pO pO channel except those from JADE that are on l'Y -+ p+ p- • 

1.5 Vector Meson Dominance model 

The Vector Meson Dominance model (VDM) is the oldest and most common 

model applied to the hadronic interactions of photons. The model was intro­

duced in 1960 by Sakurai [14] to explain the large cross sections observed in 

inelastic electron proton scattering. The model was later used to describe the 

energy dependence of the e+ e- annihilati~n into a virtual photon at low en­

ergies. It has also been applied ta explain sorne phenomena observed in two 

photon interactions. In many models used in two photon physics, the photon is 

described as a superposition of wave functions with the same quantum numbers 
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Figure 1.5: Vector Dominance Madel 

1 'li >= al l "Y > +02 11+ Z- > +0'3 1 qq > + ... (1.17) 

where the first term corresponds ta a real photon, the second to a lepton pair 

and the third to a quark-antiquark pair. The higher arder terms contain more 

than two quarks, and also interference terms. 

In the VDM one assumes that the hadronic interactions proceed via one of 

the vector mesons (pO, <P, w . .. ), since these have the same quantum numbers as 

the photon (figure 1.5). 

In two photon interactions the VDM predicts the occurrence of processes likc 

11 -+ po pO, pO <P, <P<P, WW, . .. w here bath photons convert into fia vorless "cetOl' 

mesons which then scatter elastically with one pomeron or meson exchange 

(figure 1.6). 

The cross section for such a process is 
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p,r.J.tp p.r.J.rp 

p,r.J.tp p.c.J.rp 

Figure 1.6: One pomeron or pion exchange. 

(1.18) 

where 9v.., is the coupling of the vector meson V to the photon, ]..!v is its mass 

and PVVI is the phase space factor 

(1.19) 

The coupling gll-y can be extracted from the decay of the vector meson to an 

e+e- pair. 

For example, a simplified VDM argument leads [15] to 

17(11- pp) = ( ~;)' . (~~)' . 17 (pp - pp) (1.20) 
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where ;p is the equivalent photon coupling constant to the p-meson ( 'l'v = 

em~/gv"'l and ~; = 2.85· 10-3 
), p; and k; are the momenta of the p-mesons 

p 

and photons, in the center-of-mass system, respectively 

2 (W)2 2 (n')2 (k;) = 2" and (p;) = 2 - m; (1.21 ) 

The factor Cp· /k*/ accounts for the different relative velocities for TT and 

pp at fixed invariant mass W. The e1astic cross section upp .... pp is not directly 

measurable but can be estimated from other related processes (like 7r7r -+ 7r7r, 

7rN -+ 7rN, pp -+ pp, ... ) by using, for example an additive quark model. In 

this framework one expects 

2 4 
(]pp-+pp ~ (]1r1r-1r1r ~ '3U1rN .... 1rN ~ g(]pp-PP (1.22 ) 

leading to the parametrization [15] 

( p.)2 
ub"Y -+ pp) ~ ,k* ·34 nb (1.23) 

The cross section for this simple minded VD11 calculatiol1 is shown in figure 

1.7. 

1.6 t-channel Factorization Model 

Alexander et al. [16] constructed a model using t-channe1 factorization. They 

suggest that the O'n_vv1 can be factorized as 
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(1.24) 

where the summation is over the pomeron exchange process (diffractive chan-

150 

a(nb) 

100 

50 

o 
0.8 1.2 

" 

1.6 2.0 

+ PLUTO 

2 TASSO 

! CELLO 

VOM 

2.4 2.8 

Figure 1.7: Calculation of the cross section for the reaction 'Y'Y -t pO pO according 
to the VDlvI and the t-channel factorization models. The VDM expectation is 
given as a ful1line; the t-channel factorization model by Alexander et al. as a 
dotted area and by Kolanoski as a hatched area., 

nel) and the one pion exchange pro cess (OPE), as in figure 1.6. The Fa, rep­

resent flux factors due to the different masses involved in the calculation. The 

photoproduction data, at fixed photon energies in the center of mass system 

of the final state particles, were used to estimate the cross section for different 

channels. The predir.tions of this mode! are shown in figure 1. 7. 

Their approach explains the existing data for the reaction 'Y'Y -+ po pO qui te 
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weIl. However this result is not unambiguous. Kolanoski [17] has performed the 

same calculation for this specifie channel using a different method for accountinp; 

the p width. His result is significantly different below the nominal pO po thn'shold 

and is also shown in figure 1.7. 

1.7 4-Quark States 

The existence of bound states of four quarks (qqqq) is predicted in the :r-.nT 
bag model [18]. The model assumes that colored quarks and massless colon~d 

gluons are confined in the hadrons by the introduction of a constant energy 

density term into the interaction hamiltonian. In this model the masses of the 

u and d quarks are set to zero and the s quark mass is tuned to the lowest 

qq and qqq states. The basic parameters of the model are the bag constant or 

confining pressure Et = 146MeV, the strange quark mass ms = 279MeV, the 

gluon coupling constant a: == 0.55 and a parameter that represents the f'nergy 

shifts due to zero point fluctuations, Zo = -1.84. Using these parameters which 

are "derived" from the ordinary hadrons, one can extrapolate and estimate the 

masses of the q7jqq states (18]. 

If one uses the SU(3) property of a quark pair being in either a symmetric 6 

or an antisymmetric 3 Havor multiplet, and couples the quark-pair to the multi­

plets of a qq pair taking into account the Pauli principle, then one can construd 

the multiplet structure of the qqqq states ( see for example [19], chapter 19). 

Using this recipe the following S-wave multiplets arise: 

JP - 2+ 9,36 
JP - 1+ 9,36,18,18·,18,18-
JP - 0+ 9,9*,36,36* 

Two multiplets with ident.ical overall spin and Havor content are distinguished 

by an asterisk (applied to the heavier). 
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Figure 1.8: OZI-superallowed decay for a qqqq-state. 

The four quark state can decay by simply falling apart into two ordinary 

mesons (figure 1.8). This decay is usually referred to as the Zweig-superallowed 

mode. A direct and very important consequence is that, if a qqqq state falls 

apart, then its decay width is expected to he very large, of the order of several 

hundred :MeV. This makes the detection of such a state very difficult. But, if 

the decay has a low Q-value, phase space suppression can make the resonance 

narrow enough to he identified. 

Sinee the q7jq-q states can be considered as bound states of meson pairs, 

two photon interactions, whieh according to the VDM proceed via two vector 

mesons, are expected to provide a "clean" channel to look for qqqq states decay­

ing into two vector mesons. Aecording to Landau-Yang's theorem (Appendix 

A) only qqqq states with JP either 0+ or 2+ can he produced in two photon 

interactions. 

These ideas have been worked out by two groups [20,21]. In the following, 

the results obtained by Achasov et al. [20] will be presented. Li and Liu [21] 

use a slightly different formulation, but they arrive at very similar results. 

Aceording to the formulation described hy Aehasov et al. the " width of a 
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qqqq state R decaying via two neutral vector mesons is expressed as 

(1.25 ) 

with the amplitude A given by 

, , e '-0 = 10 2 {1 Tf "T/' 

A (R ~ 110 Va -+ Il) = 9R-rr = 9004 (VoVo) fv . Iv' . C· J2 V
o 

-1- Vd (1.26) 

where A(Vo V~) is the probabilityof a four quark resonance ta be in the Fo V~ 

state. C is a term which accounts for the fact that not all the available spin 

state::; can turn into massless photons and is If for JP = 0+ and !li for 

JP = 2+. The factors 1 and v'2 are due to Bose statistics, and 90 is the Zweig­

superallowed dimensional coupling constant which is of the arder of 10 GeV. 

Using these results, the cross section for Il ~ R(qqqq) -+ VF' is expressed 

as : 

( R( - -) VV') (2J + 1) . pVV' 9Rrr9nvvI 1
2 

(J Il -+ qqqq ~ = 2 
327rW'Y")' D(a,mR,W"'Y'Y) 

(1.27) 

where pvv' is the phase space factors for the two vector mesons, as in 1.19, 9n"'Y"'Y 

is the coupling of the two photons to the resonance R, 9RVV' is the coupling of 

the resonance to the two vector mes ons 

gRVV' = 90A(VV') (1.28 ) 

D is the inverse of a Breit-Wigner resonance propagator 
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qqq7j l p+p- pOpo K*+1(*- 1(*oï\rl ww wcP pO cP wpo cP~ 
CO(iV 0 \ft l 0 0 1 0 0 0 0 2 -2' 
CS(~) 0 0 0 1 l 0 _! 0 0 0 2 2 2 

C;(Q) 1 0 0 _1 ! 0 0 If 0 0 2 2 

E(,M) 2 -If Jf 0 0 0 0 0 0 0 

C1T(~) 1 0 0 0 0 0 0 0 1 0 
CO(36) 0 If 1 0 0 ~ 0 0 0 0 2J3 2 

C~(3G) 1 0 0 ! 1 0 0 If 0 0 2 -2 
CS(3Q) 0 0 0 ! ! 0 Jf 0 0 0 2 2 
CSS(aQ) 0 0 0 0 0 0 0 0 0 1 

Table 1.1: The flavour structure of the four-quark-states. 

The width fR (lV,.'Y) is the sum of the partial widths rRVVI of all the meson 

pairs that contri bute to the decay of the resonance R 

(1.30) 

In the case of the p-meson which has a large width, the flux factor is weighted 

by the resonance shape of the meson. The parameter a in 1.29 is the only free 

parameter of the model and takes into account aIl the contributions from the 

non-Zweig-superallowed decays to the width of the qqq7j resonance. 

In addition, the MIT bag model predicts several resonances with similar 

masses which contribute to the same channel. Their contribution to the reac-

tions Il ~ l'V' is shown in Table 1.1. 

Using the Achasm' formulas [20, (1985)J, the cross sections for several,,-+ 

VV' processes have been calculated and are shown in figure 1.9. 
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Figure 1.9: Expectations for the cross sections of qqqq-states decaying in various 
vector mes on pairs according to the formulation given by Achasov et al. in 
reference [20, (1985)]. 

The model predicts a cross section for the reaction Il -+ pO pO of the order of 

100 nb whereas the predicted cross section for the reaction 11 - p+ p- is much 

smaller. This is oU result of the interference between the isoscalars CO(36, 2+) 

and 0°(9,2+) and the isotensor E(36,2+), which are degenerate in mass. As 

first pointed out by Li and Liu [21, (1982)], a resonance with definitc i50spin 

o or 2 yields different ratios of the cross sections betwecn neutral and charged 

decay modes. This is obvious if one writes down the isotopie structure of the 

two p-meson wave funétions : 
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(1.31 ) 

(1.32) 

where 10>, 1 2 > are the isospin states. For 1=0 (fTI-+popoj(fn-+p+p-=lj2 and 

for 1=2 the ratio equals to 2. 

1.8 Glueballs 

"Y 
c 

~ 
• 

JI'" (0) 
• 

ë 

"Y 
c 

~ 
• q 

• JI'" 
(b) 

• • ë q 

Figure 1.10: Diagrams for the decays a) J j'If -+ "fGluebali and b) 
J j'Y! -. "f:M eson 

The MIT bag model [22] predicts, in addition to the 4-quark states, introduced 

in section 1.6, the existence of bound states of "gluons, the so called gluonium 

states and often referred to as glueballs. Several of these states are predicted, 
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(a) 

(b) 

q 

Figure 1.11: Diagrams for the reactions a) l'Y -. Glueball and b) II -. .At eson 

with masses less than 2 GeV, and width of the order of hundreds of MeV due 

to the strong coupling to the hadrons. The glueballs are expected to have the 

same quantum numbers as the ordinary hadrons. This makes it difficult to 

distinguish a glueball from a meson. 

Radiative J jiI! decays are suggested as a good source of glueballs. These 

decays proceed via the lowest QCD diagram sho\\'n in figure 1.10. 

In this diagram the cc pair of the J j'If annihilates into a photon and two 

gluons. The coupling of the two gluons to the cc pair is of the order of 0';. In 

the case in which an ordinary meson is produced we have another factor Ct; duC' 

to the addition al coupling of the gluons to the quarks of the meson. From that. 

we can conclude that the ratio of the widths of a glueball G and a meson Al 

(assuming the same properties for the glueball and the meson) is 
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r ( JI'!! -+ 'YG) 1 
r (JI'!! -+ 'YM) = a~ (1.33) 

On the other hand, in the case of two photon collisions, the formation of a 

glueball proceeds via a quark loop with coupling proportional to a2a~, whereas 

the (jëj-meson has a coupling proportional to 0:2 because of its direct creation 

(figure 1.11.). Therefore, for two photon interactions we have 

1.9 

(1.34) 

Related Measurements from Other Exper­
iments 

Figure 1.12: Vector meson nonet for the lowest mass states. 

Vector meson pair production has been extensively studied in radiative J 1'iI! 
decays as weIl as in the two photon interactions. In the following, existing mea­

surements for the processes J l'I! -+ 1 VV' and 'Y'Y -+ VV' are presented, where 
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V, V' are vector mes ons from the lowest mass vector meson llonet (figure 1.12). 

Combined measurements of the two processes can give useful information for 

the existence of glueballs (see section 1.8). 

1.9.1 Radiative Jj'I! Decays. 

event. 

CI) 
100 

(c) 
20 

ID 

15 

10 

5 

o 
1.0 2.0 3.0 1.~ 2.0 2.5 3.0 

Figure 1.13: Mass spectra of the two vector mesons for the decays a) 
JjiJ! ~ ,popo b) JliJ! ~ ,p+p- and c)JjiI! ~ ,ww. 

Most of the data on vector meson pair production in radiative J IiI! decay5 come 

from the MARK III and DM2 collaborations. 

The reaction J l'I! ~ ,pp has been observed by both collaborations [24] in 

the neutral and the charged modes, with structures around 1.5, 1.8 and 2.1 

GeV/c2 (figure 1.13). A spin parity analysis showed that these tentative 5tates 

have JF = 0-. 
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Mass [GeV / c2
] VV' JjJ 

"" 1.5 pp 0 
....., 1.8 pp 0-
"" 2.1 pp 0-
< 2.0 ww 0-
....., 2.2 </J<P 0-
< 2.0 K*oî{*° 0-

Table 1.2: States decaying into l'V' observed in radiative decays J Iw --. ,l'V' 

The measurement of the reaction J Iw -+ ,ww showed an ww peak below 2 

GeV Ic2 (figure 1.13), also having JP = 0-. 

The decays Jlw -+ ,wifJ, Jlw -+ 'Y</JifJ and J/w -+ 'YK*°K*° show structures 

with JP = 0- as weIl. Table 1.2 summarizes these results. Common to all these 

reaction. is the result that the measured branching ratios are of the order 10-3 • 

A summary of all these results and an attempt to explain the data can be found 

in the review article on the J lw decays by Kopke and Wermes [26]. 

1.9.2 Vector Meson Pair Production in Two Photon In­
teractions 

The two photon interaction experÏIhents do not have the luxury of high statistics 

data samples as in the case of the J Iw studies. '\Te have to deal with very small 

data samplcs measured in terms of tens to hundreds of events. 

The channel studied the most is " ~ pO pO. It \Vas observed for the first 

time by the TASSO collaboration [8, (1980)] at PETRA. The measurement was 

confirmed by MARK II [9] at SPEAR and CELLO [la] at PETRA. The main 

point of these measurements is the surprising large cross section far below the 

nominal pp threshold (figure 1.4). In aIl these analyses fits were performed to the 

2;r+2ii"- spectra assuming that they are an in coherent mixture of papa, pOrr+rr­

and non-resonant 27r+27r-. In 1982, the TASSO group performed a spin-parity 

analysis of the po po system by using the maximum likelihood technique that is 
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Figure 1.14: Existing results on the " --+ pO pO spin-parity analysis. The crossc~ 
represent the measurement by TASSO [8] and the circles the measurement by 
PLUTO [11]. 
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Channel Wn [GeV/c2] O'[nb] (95% CL) Experiment 
2.0-2.2 <35 
2.2-2.4 <12 

<pp 2.4-2.6 <8 TASSO [27] 
2.6-3.0 <2 
3.0-3.4 <1 
3.4-4.2 <0.5 
2.2-2.4 <67 
2.4-2.6 <7 

<P<P 2.6-3.4 <2 TASSO [27] 
3.4-4.2 <1 
4.2-6.0 <0.5 
1.8-2.0 <55 

1(*01(*0 2.0-2.4 <18 TASSO [27] 
2.4-2.8 <10 
2.8-3.5 <8 
1.6-1.9 <15 

ww 1.9-2.2 <18 PLUTO [28] 
2.2-2.5 <20 
1.6-1.9 <18 

wp 1.9-2.2 <10 PLUTO [28] 
2.2-2.5 <20 

Table 1.3: Upper limits for the cross sections 'Y'Y --+ VV'. 

described later in the p+ p- analysis section. Recently PLUTO [U] and TPC/2'Y 

[12] have also published a spin parity analysis of the pO pO system. A compaxison 

of aU these angular analysis is shown in figure 1.14. The results are rather 

inconclusive, the only point that one can make being that positive parity states 

clominate the cross section. 

The upper limits for the reaction p+ p- by JADE [13] (figure 1.4) showed that 

charged pp production is suppressed. This made things even more interesting 

sinee the four-quark state models predicted just this kind of suppression (see 

section 1.6). 
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Figure 1.15: Cross sections for vector meson pair production from ARGUS 
[29,30,32] (exc1uding the results presented in later sections of this thesis). 
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Channel W")''')'[GeVjc2
] O'[nb] qqqq-modei 

~p 1.9-2.1 <1.1 (95% CL) f'W 28 nb 
</Jw 1.9-2.5 <1.7 (95% CL) f'W 1 nb 

~~ 2.2-2.5 <7.1 (95% CL) f'W 4 nb 

Table 1.4: Upper limits for the cross sections ,"( -+ <pp, "(, -+ </Jw and ,"( -+ <P<P 
from ARGUS [30,31]. 

The upper limits for vector meson pair production in two photon interactions 

existing before the ARGUS measurements are listed in Table 1.3. ARGUS 

has made measurements of five vector meson pairs produced in two photon 

interactions. For the remaining three, limits have been derived and they are 

shown in Table 1.4. Figure 1.15 shows the ARGUS results for the vector pair 

production in two photon collisions. In this thesis, the first observation of the 

channels " -+ ww and p+ p- is discussed in detail. 



Chapter 2 

The ARG US Detector 

2.1 Introduction 

The ARGUS detector is located in one ofthe two interaction regions (figure 2.1) 

at the DORIS II e+e- storage ring at the Deutsches Elektronen SYnchrotron 

(DESY), situated in Hamburg, 'West Germany. 

The ARGUS detector [34] is a magnetic solenoidal spectrometer which was 

designed [35] as a univers al tool to analyze final states from electron-positron 

interactions at energies around 10 Ge V, and in particular to study the T -system, 

both above and below the BOBo threshold, charmed meson systems, r-Iepton 

physics and two photon interactions. 

These studies require good charged tracking capabilities with good momcn­

tum resolution and charged particle identification, as weIl as good ncutral Cll­

ergy measurement. These criteria were fulfilled by constructing a detector that 

was finely segmented, with components of the greatest possible rc!:>olutioll aud 

minimal multiple scattering and by maintaining regular calibratlOn. 

Starting from the interaction point outwards, ARGUS consists of a Vertex 

Drift Chamber immediately outside the beam pipe, the main Drift Chamber, th(> 

Time of Flight system, the Shower Counters and finally a set of muon chambers 

29 



( 

( 

CHAPTER 2. THE ARGUS DETECTOR 

DORIS II 

CRYSTAL BALL 
Experiment 

Figure 2.1: The DESY /DORIS II Accelerator Complex 

30 
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(figure 2.2). Thirteen copper coils provide the 8 kG solenoidal magnetic field 

which is contained by an iron flux return yoke. The effect of the ARGUS 

magnetic field on the beams is compensated for by coils extending along the 

beam pipe into the detector. 

Charged particles can be identified both by the measurement of specifie 

ionization, dE/dx, in the main drift chamber and by the measuremeat of their 

velo city by the Time-of-Flight system. The momentum measurement 1S done 

with the drift chamber whUe the vertex drift chamber improves the vertex 

reconstruction. Discrimination between electrons and hadrons is performed 

mainly by the shower counters, which also allow the measurement of photons 

with energy as 10w as 50 MeV. Three layers of wire chambers identify muons. 

The magnet eoils, the flux return iron yoke and the shower counters serve as 

absorbers. 

The components of the ARGUS detector are discussed in more detail in the 

following pages. 

2.2 DORIS 

The DORIS II (acronym for DOppel RIng Speicher) storage ring [33] provides 

the experiment with electron and positron bcams that interact within the de­

tector. The layout of the accelerators is shown in figure 2.1. The e1ectrons are 

supplied to the system by a smalllinear accelerator LII\ AC 1 w hi ch accelerates 

them up to 55 MeV. The electron beam is then injected into tbe DESY syn­

chrotron. The positrons are produced by bombarding a tungsten targct with 

electrons from LINAC II. Because the positron production rate is Jow, the)' are 

accumulated in a small storage ring called PIA (Positron Intensity Accumula­

tor). \iVhen enough positrons have been saved, they are a1so transferf(~d into 

the DES\" synchrotron. The electrons and positrons are thcn accelcrated at the 

requestec1 energy between 4.5 and 5.5 GeV and they are mjected into DORIS. In 
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ARGUS 

'. 

Figure 2.2: The ARGUS detector. 1) Muon chambers, 2) Shower counters, 3) 
Time of flight counters, 4) Drift chamber, 5) Vertex chamber, 6) Iron yoke, 7) 
Solenoid coils, 8) Compensation coils 9) Mini beta quadrupole . 
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DORIS, electrons and positrons are circulated in the same beam pipe in single 

bunches with currents of about 30 mA per beam and crossing period at th€' 

two interaction points of 1 }lS. Typical run periods are of the order of one hour 

at which point the beams are replenished. The beam sizes at the interaction 

points have a standard deviation of about 80 pm in y, 500 }lm in x and 2.5 cm 

in z, (the coordinate system is defined with z along the beam axis and x in the 

plane of the storage ring pointing to the center), if they are assumed to hav(' 

Gaussian distributions. 

The luminosity of a storage ring is given by : 

(2.1 ) 

where 1+ ,1- are the currents of the positron and the electron beams in Amperes 

respectively, e is the electron charge, f is the revolution frequency and (J:r, (Jy ar€' 

the beam sizes in the x-y plane in cm. The luminosity for the DORIS ring with 

typical running conditions 18 about 1Q31 cm-2 S-l and the integrated luminosity 

delivered to the detector per day about 800 nb- l . 

2.3 The main Drift Chamber 

The heart of the ARGUS detector is the main Drift Chamber (De) [36]. It mea­

sures the drift times of charged particles passing through its active volume and 

the specifie ionization deposited along the track length. These measurement~ 

lead to good momentum and spatial resolution and good particle identification. 

The drift chamber is also used as a component of the second level trigger. 

The chamber has a cylindrical geometry with au inner diameter of 30 cm. tin 

outer diameter of 1 ï2 cm and a length of 2 m. The materials used were clJO~ell 

to minimize the multiple scattering of particles coming from the interactiolJ 
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point. The inner wall is made of 3.3 mm thick carbon· fibre epoxy, the outer 

one of 6 mm thick aluminum. The end plates are rigid enough to support the 

"" 31200 N tension of the wires and are made of 30 mm thick Al. 

There are 5940 sense and 24588 potential wires arranged in 36 concentric 

layers, comprising a total of 5940 drift cells. Each drift cell is 18 mm by 18.8 

mm with a 30 /lm diameter gold-plated tungsten sense wire surrounded by 76 

/lm Cu-Be field shaping wires. The potential wires are under a tension of 1.1 N 

and the sense wires are under a tension of 0.7 N. In order to allow measurements 

of the z coordinate every second layer is at an alternating positive and negative 

stereo angle (with a stereo angle sequence of 0°,+0:,0°,-0: and so on). The 

stereo angle a increases with the radius r as Jr from 40 mrad in the innermost 

layer to 80 mrad in the outermost layer, see figure 2.3. 

The chamber operates at a pressure of 1035 mbar in an environment of 

9ï % propane (C3Hs), 3 % methylal (CH2(OCH3)2) and 0.2% water vapor. 

The water was added after diseharges occurred in one of the chamber's seetors. 

After the addition of water the chamber eured itself and it has been operating 

smoothly sinee. The cathode wires, together with the chamber housing, are 

kept at a ground potential. 

In order to maintain stable operation, the drift chamber is monitored and 

calibrated on a regular basis. Pulser runs, during which a pulse of known am­

plitude is fed through each ADC. are done once a day during the data eollecting 

periods so that the calibration constants for the dE / dx measurements can be 

updated. In addition, daily trim runs are performed on the TDC's to maintain 

their time resolution and so the spatial accuracy of the chamber is maintained. 

Off line analysis calculates the distance of the track for each wire, by using the 

drift-time relation. The resolution of the drift chamber for Bhabha tracks is 

190 /lm and for multihaclrons 220 pm (figure 2.4). 

For fast particles ( p > 1 GeV/c ) the momentum resolution is dominated 



CHAPTER 2. THE ARGUS DETECTOR 35 

• • • • • • • • • • • •••••• 
• • • • (0) • 

• •••••••••••••••• 

• • • • • • • • 
• • • • • • • • • • 
• • • • 

• • • • • • • • • • • • 

• SENSE WIRE 

• P01ENTIAL WIRE 

ni FVZZZ772Z7777ZZ??9 
OUTER WAll 6 mm AL 

-END PLATE JOmm Al ._ LAVER 1 
n6 ~ - -,; ... 1 - - - -.::.;:::.:::-:: (b) 
221 ~ - ., oftM r POTE NT lA!:,. LAYER---=-

Il 
1-1 

211 
O' lAYEQ 2 

ZOI POTENTIAL LAYER 3 
- - - - - - r,;;"'L - - - - - ----

200 
... LAVER 1 

~ - - ~_=r -- - -:::-=-:=--

\to 
POTENTIAL LAVER 2 

.... '" 
110 

O' LAVER 1 

172 
10 ... ", POTENTIAL LAYER 1 -

,INNER WALL 33 mm CARBON flBER 

• 
1 (, ..... ) 

Figure 2.3: Cross sections of the Drift Chamber. a) perpendicular b) paralle1 
to the beam axis. 
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(a) 

(b) 

Figure 2.4: Spatial resolution of the drift chamber as a function of the distance 
bet,,,e,,:,n the track and the sense wire. a) for eledron tracks from Bhabha events 
b) for hadron tracks. Squares are for chamber operating with water additive 
and circles without. 
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Figure 2.5: Specifie energy 1055 versus the momentum of the particle. 

by the errors of the track measurement and is gjven by the expression : 

O'(PT ) -p;:- = 0.009 . PT [GeV je] (2.2) 

For momenta below 1 Ge V / c the momentum resolution is dcminated by multiple 

scattering and can be expressed as 

(2.3 ) 
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The polar angle resolution is 0'( cot( 9) )=0.004. The De covers 96 % of the 4'1!' 

solid angle. Figure 2.5 shows a plot of the dEldx versus the momentum of a 

particle. The separation between 7!'-K and p-K is larger than 30' for momenta 

bellow 700 GeFle and 1200 GeVlc respectively (figure 2.5). 

2.4 The Vertex Drift Chamber 

The ARGUS Vertex Drift Chamber (VDC) [37] allow5 precise measurement of a 

charged particle's trajectory position very close to the interaction point and 50 

enhances the spatial resolution of the primary vertex position &~d the secondary 

vertices )f particles as J{°'s anu A's. It also provi0 P "j the necessary resolution 

to perfo:m the lifetime measurements of charmed particles and r-leptons. 

The chamber is 1 m long, has an inner radius of 5 cm and outer of 28 cm. 

In order to reduce multiple scattering the inner and outer cylindrical walls are 

made of a carbon fibre epoxy composite (0.9 ancl 1.3 mm thick). The end plates 

are made of 2 cm thick GI0 fibre glass. Brass feed throughs use a broached 

groove to b::>ld the wires with a precision of 5 pm. 

There are 594 gold plated tungsten sense wires with a diameter of 20 /Lm 

and 1412 Cu-Be field wires with diameters of 127 pm. They are arranged in a 

close packed hexagonal cell pattern to rnaximize the number of hits per track 

(figure 2.G). 

'T'he inscribed radim of a drift cell is 4.5 mm. This smaU ceU size allows the 

maintenance of large efilclencies in this high track density region of the detector 

without resorting to the complexities and expense of multihit electronics. AU 

the wires are parallel to the z axis so the chamber provides information only in 

the x-y plane. 

The "ertex chamber operates at a potential of -3.5 ::V applied to the field 

\"ires III a pure CO: en\'ironment at a pressure of 1.5 bar. To prevent aging 
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r= '~cm 

Figure 2.6: The hexagonal cell pattern of the vertex drift chamber. The sense 
wires are located in the center of the hexagon and the field wires on the corners. 

effects (polymer deposit build up on the wires) 0.3 % water vapor is added to 

the VDe gas. The spatial resolution for the VDe as determined from Bhabha 

scattering events is shown in figure 2.7. There is a plateau with about 50 

/-Lm resolution for one third of the total drift length. For about half of the 

eeU the resolution is better than 100 JinL TO\\'urds the sense wire the res· 

olution deteriorates due to ionization statistics to the linear rise of the drift 

velocity with the electric field in CO2• At the outer ends of the drift ceIl the 

non-circular isochrones lead to worse resolution. For the reconstruction of muI· 

tihadron events the resolution has to be scaled by a factor 1.4 due to the large 

fraction of low momentum tracks which suffer multiple scattering. 

The VDC adds 8 more layers of information to that of the main drift cham­

ber. This leads to a great improvement of the precision on the measured pa­

rameters of charged tracks. The rnomentum resolution for 5 GeV le muon" 

• 
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Figure 2.7: VDC resolution as a function of the drift distance. 
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imprO"ed from (r~T) = 0.9% . PT to 0.6% . PT. By studying the distance of 

closest approach between the two tracks in the Bhabha scattering events, it was 

found that single high momentum electron tracks can be extrapolated to the 

vertex with a precision better than 100 J.Lm. The reconstruction efficiency for 

secondary vertices from I(~ and A decays was improved by about 60 %. 

2.5 The Time of Flight System 

The ARGUS Time of Flight system (TOF) [38] consists of 160 scintillation 

counters surrounding the drift camber. The barrel part contains 64 counters 

and each of the two end caps 48. They are all NE-II0 type plastic scintillators. 

Each barrel counter is 218 cm long, 9.3 cm wide, 2 cm thick and it i5 read by 

two photomultipliers (RCA 85ï5), one on each end. They caver 75 % of the full 

solid angle. The end cap cou nt ers are ,,'edge shaped with height 48 cm, inner 
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width 5.1 cm and outer width 11.4 cm. They are viewed by one photomultiplier 

each and caver 17 % of the full solid angle. The scintillation light travels along 

wave guides to photomultipliers that operate in a field free region. The analogue 

signais from the phototubes are split in a ratio 1:4. Eighty percent of the signal, 

is used to trigger a discriminator whose logical signal after being delayed by 250 

ns, stops the TDC. Twenty percent of the signal, aiter being delayed by 250 ns, 

is fed to a charge sensitive ADe. The charge measurement is used for the off 

line correction for the time measurement by the TDC. The time of flight of a 

particle (ie. the time it takes to travel from the interaction point ta the TOF 

counter) may be extracted from the measured TDC values. 

t5,....,. ........ ....,.--...,...-...-_,.......--..~--...... - .............. ,.......-.., 

M
2 

ARGUS 
IGeV2) 

tO 
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o 

...... 
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Figure 2.8: Mass squared from TOF measurements as a function of the m()" 
mentum of the particle for hadron tracks. 

The identification of a particle by the Time of Flight informatlOll i~ }>er-
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formed by measuring its velocity (J and determining its rest mass aceording 

to 

1 c·TOF 
73= 1 (

mc
2)2 2 2 (1 1) 1+ - =>m =p . ---

pc v2 c2 
(2.4) 

and the mass resolution is then 

u(m2
) = 2· (7) 2 • TOF· u(TOF) (2.5) 

which for 220 ps TOF resolution leads ta 3 standard deviation 7r 1 I{ separation 

up to 0.7 GeV le and f{lp separation up to 1.2 GeV le. A scatter plot of TOF 

m2 versus p illustrating the particle separation is shown in figure 2.8. 

2.6 The Electromagnetic Shower Counters 

Another important eomponent of the ARGUS detector is the electromagnetic 

ealorimetcr [39]. The ARGUS shower counters serve several purposes. 

• They measure the energy of the electrons and the energy and direction of 

the photons. 

• They provide on-line and off-line measurements of the luminosity. 

• They help in the separation of electrons from muons and hadrons by the 

shape and the amount of energy deposited on the counters. 

• They are used for the construction of the total energy trigger. 
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The shower counter system consists geometrically of two parts. The cylin­

drical barrel calorimeter which measures particles with 1 cos(8) 1< 0.75 and the 

endcap calorimeter that measures particles with 0.75 ::; 1 cos( 8) 1 < 0.96. The 

whole calorimeter covers 96 % of the full solid angle. The barrel section conslsts 

of 1280 counters arranged in 20 rings of 64 counters each. Each of the endcaps 

has 240 counters divided in five rings of increasing radius with 32, 40, 48. 56 

and 64 counters respectively. AlI counters are of alternating 5 mm scintillator -

1 mm lead. (The lead is 1.5 mm plate for the end cap calorimeter). The overall 

length of each counter corresponds to 12.5 radiation lengths and its width is 1 

(0.9) lvIolliére radius for the barrel (endcap) counters. 

Two types of counter shapes have been used (plane-parallel and wedge 

shaped) to fit in the cylindrical geometry. One shower counter module conslsts 

of two counters (one of each type) and each counter is read out by a wave­

length shifter bar Iocated between the two counters. The wavelength shifters 

are shielded \Vith aluminized mylar to eliminate cross talk. The light from the 

wave length shifters is guided to phototubes operating in a region outside the 

magnetic field. Each shower counter is connected to a quartz fibre light guide 

to allow laser calibration pulses ta reach the phototubes. The calorimetcr is 

supported by a frame made of non-magnetic stainless steel and if' located imide 

the magnet sa the material between the interaction point and th!" counters is 

minimal. 

The signaIs from the photomuitipliers are fed into Split-Delay-Summing 

(SDS) units, which delay the signaIs by 240 ns and sum the signaIs from groupf> 

of 8 or 14 counters. The SDS signaIs are used as a part of the fast trigger (sœ 

section 2.9.1). In addition the signals from the photomultipliers are digitized 

and passed to the online computer pro\'ided the trigger condItions arc satü,ficd. 

The a.bsolute energy calibration of each shower counter module l~ dOlle lISirl,~ 

electrons élnd positrons from Bhabha scattering cyents. The 13haL11a C\'('nt~ aH' 
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very well defined from the beam energy. The impact points of the tracks on the 

shower eounters are derived from the drift chamber track reconstruction. 

In or der to define the energy resolution for high energies, QED proeesses 

(e+ e- --+ e+ e-, 'YÎ') were used. At low energies, measurement of the widths of 

the invariant mass distribution of 71'°'S and 1]'S provided the resolution. The 

results obtained can he parametrized hy the expression 

u(E) 
-e= 

for the barrel region and by 

u(E) _ 
E -

(0 072)2 (0.065)2 
. + E[GeV] 

( .)2 (0.076)2 
0.070 + E[GeF] 

(2.6) 

(2.7) 

for the endcaps. From the study of the reaction e+ e- --. T'Y the angular resolu­

tion is aIso determine(; to be 37 mrad. FinaIly the detection efficiency is of the 

order of 98 % for 50 MeV photons. 

2.7 The Muon chambers 

There are three layers of muon chambers [40]. The first layer is inside the 

magnet yoke and has 3.3 absorption lengths hetween it and the interaction 

point, and has a lower momentum cutoff for muons of 700 MeV le. It covers 

43 % of the full solid angle. The two layers outside the yoke cover 87 % of 471' 

and are separated from the first layer \Vith an additional1.8 absorption lengths 

of material. These two outer layers haye a 93 % overlap and a lower momentum 

cutoff of 1100 ~Je\ïc. 
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Each chamber consists of eight proportional tubes glued together. Each 

tube lS made of aluminium with internaI cross section of 56 x 5G mm2 and 

2 mm wall thickness. The tubes operate \Vith a gas mixture of 92 % Argon and 

8 % propane at a high voltage of 2.35 kV. Offiine analysis from cosmic muons 

showed that the muon chamber efficiency is (97.8 ± 0.01) %. 

2.8 DATA Flow 

ua. ?. " ... , ,.,. ,,,. 

te r .. 

c • 
" • c 

Figure 2.9: The data-fiow diagram. 
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The data flow diagram is sbo"'n in fibUle 2.9. The triggered €\'ents arc péJ.:osed 

to a CAMAC system which digitizes them. It consists of three branches. Olle 

for the main drift chamber, a second one for aIl the remaining detector compo­

nents and a third one which cantains the equipment for monitoring the detect.or 

performance. Then the events are transferred to a PDP 11/45 computer via 

a LeCroy CAMAC Booster ( CAB) which reduces the processmg time tü 3 

ms/event. The PDP 11/45 supervises the readout. It js also used to start and 

stop runs, and run the calibration programs such as the la[,er mOllitor f(n t!J(' 

shower counters and the TOF system. 

Assembled events are afterwards sent yia a pair of DRl1- \V paralle! IJOlt~ 
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to a VAX 11/780 computer which has as its primary task the monitoring of 

the detector performance br filling histograms of various quantities of interest. 

This way problems with the detector can be easily spotted and cured. 

Finally the VAX sends the data to the DESY main frame IBM computer 

(an IBM 3089Q main frame and an IBM 3090 vector processor) via a PADAC 

seri al link. In the case of a failure of the IBM link system, the VAX disk is 

capable of storing several hours worth of data which can be transferred later on 

the IBM. 

2.9 The ARGUS Trigger 

The bunch crossing frequency of DORIS II is 1 MHz so the detector electronics 

have 1 J.1S to decide \\·hether to accept an event or not and be ready to get the 

next event. Tljs decision is made at two trigger levels. In a first stage a fast 

prctrigger discriminates background from "good" candidates \.vithin 300 ns. A 

slower second stage tngger, the" Little Track Finder", makes the final decision 

for the event. 

2.9.1 The Fast Pretrigger 

The fast pretrigger uses only the TOF and shower counter information. For the 

trigger conditions the TOF and the shower counter planes are divided into two 

hemispheres separated by the z=O plane. 

The output signals from the shower counter photo tubes are summed by the 

Split-Delay-units (SDS). Each SDS unit surns the output of two neighboring 

raws of COUl1ters (22 counters) alOl1g the z-axis in one hemisphere. The end 

caps are divided into 16 sectors each, with 14 counters for each of the 8 wedge 

sect ors and 8 counters for each of the filler sectors (figure 2.10). The end cap 
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(b) 

Figure 2.10: Basic Trigger unit (shaded) a) barrel b) endcaps. 

information i5 used only for the total energy tngger and the online luminosity 

monitor. For aIl the other triggers only the banel signals are used. 

The TOF cou nt ers require coincidence of the signaIs of the two phototubes 

The End cap TOF counters are used only for the online luminosity monitor. 

There are 6 fast pretriggers using the information of the SDS units and the 

TOF counters : 

• The total energy trigger (ETOT) uses only the shower counter mformatlon 

and requires the total energy deposition m elther hcmispllcre to be grcatcr 

than 700 MeV. The total energy deposition also gives onlin(' informaboll 
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for the background and the rate of this signal correlated to the bunch 

crossing gives information for the running condition of the storage ring. 

• The High Energy SHower trigger (HESH) searches for events with single 

particles that carry a large portion of the total energy. It sums the SDS 

units in each hemisphere in groups of five units with one unit overlap 

between neighboring groups. In total there are 16 HESH trigger groups, 

each covering about 70° in azimuth. The event is accepted if one HESH 

group exceeds a preset threshold which corresponds to about 1 GeV. 

• The Charged Particle PreTrigger (CPPT) requires at least one track in 

each hemisphere without any requirement for azimuthal angular correla­

tion. A track is defined by the coïncidence of an overlapping TOF and 

a shower counter group. Three SDS units (six rows of shower counters) 

form one shower counter CPPT group, while four TOF counters make a 

TOF CPPT group (figure 2.11). Each CPPT group has one SDS unit in 

common with its neighbor. There are 16 CPPT groups per hemisphere. 

The CPPT trigger requires a hit in any of its TOF counters in coïncidence 

with a minimum energy deposition of 50 MeV in the three SDS groups of 

the CPPT group for each of the hemispheres. 

• The Coincidence MATRIX trigger (C~lATRIX) requires a coincidence of 

two CPPT groups v,'ith at least 90° azimuthal separation but not neces­

sarily in opposite z hemispheres. The CMATRIX units are flexible and 

can easily be changed to expand or contract the angular separation. 

• The Cosmic trigger accepts cosmic muons that travel close to the beam . 
pipe by requiring a coincidence between two opposite groups of four barrel 

TOF counters. This trigger is made in order to test and calibrate various 

det.ector components wh en the storage ring is not operating. The cosmic 

trigger is turned off during the normal data taking. 
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Figure 2.11: The CPPT group . 

• Another trigger is the random trigger which gi\"es a random gate \Vith a 

rate of 0.1 Hz to all the electronics. This trigger helps to monitor the 

random noise. 

The total trigger rate is about 100 Hz and must be in coincidence with the bunch 

crossing signal anJ the "trigger ready" signal gi\"cn by the onlin(' computer For 

the proper operation aH the trigger components are checked 3-4 times a day by 

programmable test signals with adjustable heights to aH the SDS units and to 

all the Split-and-Delay units of the TOF system. 

2.9.2 The Second Level Trigger ( LTF ) 

The Little Track Finder (LTF) is a second lcycl trigger [41] and it is started 

by the fast pretrigger. It uses the information from the main drift dlétlllbr:r 

and the TOF counters looking for tracks in circular paths passing througb tJJ/' 
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interaction point. The LTF is designed so that it will introduce the minimum 

possible dead time into the data taking process. A fast hardware procedure 

\\'ould be too inflexible whereas a flexible software procedure would be too slow. 

As a compromise the LTF was built as a table-driven Emitter-Coupled-Logic 

(ECL) device that is connected between the main trigger logic and the CAMAC 

system. 

Each primary trigger initializes the LTF and the hits of the DC and the 

TOF system are transferred online into bitwise addressable memories. Another 

memory is preloaded with a list of all possible tracks (2000 masks in total). 

The entries of the hit memories are compared with the mask lists. Each time a 

match between the two is found a count is incremented until a certain threshold 

is reached. If aIl the masks have been compared and the track counter does not 

pass the preset threshold, a fast clear is distributed to the readout system and 

the event is skipped. Suitable ordering of the masks helps the system to skip 

useless cycles. 

The operation of the LTF depends on the number of hits in the DC. The 

measured mean operation time of the LTF during normal detector running is 

about 20 J1-S. The LTF introduces about 0.2 % dead time into the detector 

operation for an average pretrigger rate of 100 Hz and has a track fin ding 

efficiency about 9i % which mainly depends on the DC efficiency. 

During normal running conditions 2 LTF tracks are required with each of the 

CPPT and C~1ATRIX petriggers, and 1 LTF track with the HESH pretrigger. 

For running periods wi th high background rate the LTF threshold is raised by 

one track for the CPPT and CMATRIX pretriggers. The LTF requirement 

reduces the final trigger rate to about la Hz. 
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2.10 Luminosity :J\1onitoring 

Bhabha scattering is used for online luminosity monitoring. The luminosity, C, 

can be determined by the expression: 

dNBhabha ,. 
dt = J., • 0' B habha (2.8) 

N Bha.bha is determined online by requiring a coincidence between a shower counter 

and the TOF group in front of it. The grouping is similar to that of the CPPT 

in the barrel region. The energy deposit in the shower counters is required to 

have a minimum of 1 Ge V. A Bhabha count is recorded if there is a coincidence 

signal with the same criteria in the opposite group in the other end cap. By 

using (2.8) the counts are converted to luminosity. 

A more precise luminosity measurement is done off-line by fully recon­

structed Bhabha events in the barrel region. 

2.11 Event Reconstruction 

"'hen the r:nv data reach the IBM the y consist of the ADe and TDC hit infor­

mation of the various detector components. The ra\\' data must be reconstructed 

into the kinematic variables of the event, such as particle traeks, momenta, VCI­

tiees, X2 's for different particle hypotheses etc. This task is accompli shed by an 

analysis program. 

2.11.1 Drift Chamber reconstruction and Pattern recog­
nition 

A charged particle trans\'ersing a homogeneous magnctic field follows a helical 

trajectory. The magnetic field is parallel to the z-direction, sa the trajectoricf> 

, 
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of charged particles can be described by a circle in the x-y plane in addition to 

their motion on the z-direction. It is convenient to describe these orbits by a 

set of 5 parameters. 

• 1\, : the curvature of the helix 

• do : the distance of closest approach of the track to the innermost hit wire 

in the De, measured in the x-y plane. 

• Zo : the z-coordinate of the above distance 

• <Po : the azimuthal angle of the track 

• cote: the cotangent of the angle of the track with respect to the z-axis 

The track reconstruction follows a two step procedure. In the first step a 

seareh fOI tracks in the x-y plane defines the parameters K, do and rPo by using 

the paraxial wires. In a second step the information of the stereo \Vires is used 

to the find cote and Zo and finally make the three dimensional reconstruction 

of the traek. 

At the start of the seareh for tracks in the x-y plane (lst step) the program 

looks for ncighboring pairs of hit.s and adds a third hit (since 3 points define 

II eircle) to detcrmille the eurvature li from the wire position. A single triplet 

of hits does not yet contain any information as to whether the hits are coming 

from a track candidate or not. As a minimal requirement a matching fourth hit 

must be found. For this the initial triplet is extended by combining a fourth hit 

to the original three. The curvature of the newly formed triplet is calculated. 

If the difference in K between the initial and the new triplet is sufficiently small 

the four hits are assumed to form a track candidate, with the new curvature 

takcn as the axcrage of the two ealculated euryatures. The track candidate is 

tbcn extcnded by adding a fifth hit with two of the previously found hits Lnd 
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sa on. In reality the procedure is more complicated since we do not have points 

ta fit but circles which represent isochrones around the hit wires. The particle's 

trajectory is then a segment of a large circle tangential to these small circles. 

In this case the left-right ambiguity must he taken into account. The actual 

space-time relation, rather than the wire positions, are used. 

Once we find li, , the track projection is descrihed by a circle which must 

match two pairs of points far from one another. From that the ~o and do may 

be defined. An additional eut which requîres that there must be at least two 

tracks with do < 1.5cm has to be fulfil1ed for the event to be accepted. 

After the two-dimensional pattern recognition is complete, the parameters Zo 

and cotB remain to be found. This is done by using the stereo wire information. 

The x-y pattern recognition constrains the track to the surface of a cylinder 

parallel ta the z-a.xis. Neglecting the drift times, the intersection of the cylinder 

with the stereo ",ires gives a sequence of z-values. A procedure similar to tllf' one 

described above reconstructs the track in the z-direction after the drift tnnes 

and the left-right ambiguity are included. An event is accepted if there are at 

least two tracks with Zo < 8em in addition to having do < 1.5em. A minimum 

of 4 z-wires and 3 stereo wires are needed to determine a track. 

After the drift chamber analysis has been donc, the ,'ertex chamber infor­

mation is added. For the vertex chamber the pattern recognition mes the track 

parameters from the main De fit. The tracks are traced back into the VDC 

and hits on these l'roads" are assigned to the track. The track parameters are 

updated after the track fit procedure is repeated with the additional informa­

tion. 
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2.12 Particle Identification 

The charged particle identification in ARGUS is done by using the specifie en­

ergy 108s due to ionization in the drift chamber ( dE / dx measurement) and the 

Tirne-of-Flight measurement. These, in cornbination with the momentum mea­

surement from the drift chamber, allow the mass reconstruction of the particle. 

To identify leptons there are other independent methods. Muons with mo­

mentum greater than 700 MeV / c are identified by the muon counters and elec­

trons by the energy deposited in the electromagnetie calorimeter. The shower 

eounters also provide a powerful tool for the antiproton identification due to 

the enormous energy deposit Ploduced by the strong annihilation process. 

The specifie ionization 10ss of a particle of charge Zmce transversing a medium 

is given by the Bethe-Bloch formula 

dE = D . Zmed • Pmed [zmc]2 
dx .4.med (3 

x ln - e - (32 - - - -- (1 + v) 
[ (

?m {2(32C2) 6 c] 
l 2 Zmed 

(2.9) 

\\'here D = 4;rS .. lr;1Il e Cz = 0.3070 MeV· cmZjg. Zmcd and A.med are the charge 

and mass numbers of the medium, pmcd the density of the medium and l, 8, c 

and v are phenomenologlcal functions [42]. 

From this formula it is obvious that the dE / dx depends on the veloeity 

of the incident particle. Combined with the momentum of the particle, this 

provides information about the mass of the particle. 

In the reconstruction software, five particle hypotheses are used: electrons, 

muons, pzons, J,'aons and protons. For each particle hypothesis, the theoreti­

cully expected dE/d;rtJ, is compured with the measurement by forming a X2 
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X~(dE/dx) = 
( )

2 
dE dE 
d;-~ 

2 + 2 (f dE/dx (fth 
(z = e,J-L,7.,I\,p) (2.10) 

where dE / dx is the measured specifie ionization energy 10ss, dE J dx!h the theo­

retically expected one for particle i, (fth the uneertainty of the theoretieal dEJdx 

due to the uneertainty of the momentum measurement and (fdE/dz the uncer­

tainty of the measured dE/dx. 

Equivalently, in the case of the time of fiight measurement, a X2 is formed 

for each of the ab ove particle hypotheses 

(z = e. J-L. 7., K,p) (2.11 ) 

where fJ is the velocity of the particle as measured by the tirne of flight system, 

P,th the expected velocity for the particle z knowing its momentum, (JTOF and 

(fth are the uncertainties of the measured and expected velocities. 

The TOF and dE/dx X2 's are then combined into one \,2 

which is used to form a likelihood function 

-x2 
LI = exp(-t) 

2 
(z = e, Il, 1i, 1\ , J) ) 

out of whieh the normalized likelihoods 'xt are constructcd 

(2 12) 

(2 13) 
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(i = e, tt, TL, 1\, p) (2.14) 

where w. are the relative production rates introduced from a priori knowledge 

of the particle abundance. The analysis presented in this thesis used 1:1:5:1:1 

for We : w'" : w'" : WK : Wp ' 

The dEI dx and TOF measurements can give good identification for hadrons 

up to '" 1 GeV Ic and for electrons up to - 230 MeV le. For electrons the iden­

tification is considerably improved by adding the shower counter information 

into a likelihood similar to the one described above. The normalized likelihood 

for the electrons has the form 

À _ Ule·TIt~e(x) 
e - L:k Wk' fI. P,k(x) 

(2.15) 

i = dEldx.TOF,SC k = e,tt,r.,J(,p 

where p.k(X) is the probability that a track with measured parameters x be 

identified as a particle oftype k by the device i, ,"ld Wk is the relative production 

rate as abO\·e. The likelihood Àe takes values between 0 and 1 and has an 

electron selectioli efficlency gr eater tlWIl 90 % for aIl momenta aboye 500 MeV 1 c. 

For muons another likelihood is defined by adding the information of the 

muon chambers. The normallzed likelihood for the muons has the farm 

>'''' = w"'· fIl pt(x) 
Lk wk • IT. P,k(x) 

i = dE/dx,TOF,SC,/-LC k = e,j-l,7r,J{,p 

(2.16) 

The P-7r mis identification prohability is (2.2 ± 0.2) % per pion and the fl-I{ 

(1.9 ± 0.5) % pel' kaon. 
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2.13 The KAL Program 

For the physics analysis a specially designed program, KAL ( Kinematical Ana,1-

ysis Language), is used. The main frame of KAL is written in FORTRAI'\ïï. 

KAL processes events in a mini DST format and may he llsed to perfoz'm the 

tasks required for the physics analysis, such as the identification of a particle, 

making the invariant mass combinations, calculating kinematical quantlties for 

different particle systems and aIso making histograms of these quantities. The 

user is not required to write FORTRAN code but rather uses KAL statements. 

This way the user is more focused on the physics analysis rather than program­

ing. 

The first step of KAL is particle identification, during which the program 

calculates the different likelihood hypotheses ( see section 2.12) for each tracl~ 

the Q prWr1 relative particle ahundance supplied by the user. To make the 

invariant mass combinations a statement is used to select the deslred partlck 

combinations and then all th~ kinematical quantlties of the composi te particle 

are available. KAL also has the possibility to interface wIth a FORTRAN 

subroutine supplied by the user according to his needs. 

2.14 Monte Carlo simulation 

In order to estimate the detector acceptance a Monte Carlo simulation wa.~ 

developed. The detector simulation program. SIMARG [43], is Lased on the 

CERN program GEANT [44]. SIMARG reads a generated event and follow~ 

each track in the detector by simulating the interactions using theoretlcal mod­

els. For electromagnetic interactions the EGS program [45] 15 used and for tb(' 

hadronic interactions routines from the program GHEISHA [4G] Tllf' dE / (lJ 

simulation is made by using energy 1055 spectra as rncasurcd lIJ é1 "iwaller pro-
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totype of the actual chamber. This way the dEldx simulation is completely 

independent of the different theoretical models for the energy 1055 spectrum. 

The final dE / dx values are converted to ADC channels. The simulation of the 

drift times is made according to the meas11red time-space relations and the final 

result is given in TDC units. Finally the event is written to the output file in 

raw data format. This file also contains the generated event information. The 

full detector Monte Carlo simulation has the following essential steps : 

• Generate an event [see section 3.6]. 

• Pass the event through SIMARG and write the digitized output. 

• Process the event through the reconstruction program, applying efficien­

cies and smearing according to the resolution of the various detector com­

ponents. 

• Pass the eyent through a trigger simulation program. 

2.14.1 The Trigger Simulation 

For events with 10"" multiplicity. asymmetric topology or low yisible energy, it is 

essential to knO\\' the trigger conditions accurately in the acceptance calculation, 

For this purpose a program was developed. ,,-hich pro cesses the reconstructed 

Monte Carlo events and simulates the ARGUS trigger conditions (section 2.9). 

The ARGUS history is divided into several trigger periods according to the 

different thresholds, logic and LTF efficiencies. In a first step the program 

calculates the integrated luminosity for each of these trigger periods according 

to the user's requirements, Then, it surns the shower counter pulse heights for 

each trig,b('r clement and detcrmines the LTF masks from the drift chamber 

TDC hits. Kext. the program loops o\'er aIl the trigger periods and simulates 
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\\'hich triggers are set in each period. This loop is usually repeated several times 

ta minimize the fluctuations. At the end, the program returns a trigger wcig,ht 

for each event. This information can be either dumped on a separate file or 

included in the Monte Carlo event bank, according ta the needs of the user. 

For each trigger period and trigger type, the trigger thresholds were det cr­

mined from the data, by using the actual trigger information and the calibrated 

pulse heights. A 2 % smearing was introduced in the threshold shapes ta ac­

count for the un cert aint y in the deposited energy determination. 

The LTF efficiency is defined as the probability for a charged particle to be 

assigned one or more LTF tracks if it hits a TOF counter. Bhabha events, when 

the ETOT tngger IS set, are ideal ta determme the LTF efficiency smee they 

dan't require an LTF signal. The LTF fin ding algorithm uses a dnft. chamber 

efficieney of 100 Yc and. in arder ta reprocluee the expenmentally observed 

efficiency. the pragram disearcls masks randomly. 

The trigger simulation reproduces weIl the actual tngger effielencie~ FOI 

ex ample the CPPT thresholds were determmed from events with an ETOT 

trigger set, leading ta a CPPT efficleney for dlmuon events of 95 %. The C'orre­

sponding trigger simulation agrees within l % Another check was done by com­

paring Monte Carlo eyents simulating t11(' reaction Y(25) -; Y(15),,+,,- WIll! 

the T(IS) decay 111\'isible ta the dctcctor alld data for tbc reactlOn Y(25) -+ 

Y(IS)r.+7i-. "'ith the Y(1S) -+ e+t-, where one of the elcctrons set dl(' ETO r 

trigger. Ta calculate the efficiency. the fraction of evcnts \\'here the pIOIll' ~et 

a trigger in the data ",as compared wlth the tngger simulation for the Mont f' 

Carlo events. The two numbers were identical. 

Ta calculate the systematic error intraduced by the trigger program, the 

thresholds were varied simultaneously by ±107c.. The systernati( error WlIfo 

f cl f .... + ') .... 0 t l - (7 cl r + - - ,)_Ii aun or "n -+ .!o" _,,-.!or. cycnts ta uC Cl Jout ;:, I( an lOr ~:Î --. T. 1 -" 

e\'ents 5.5 %. The program is developed in such a way tlwt it can bf' u~,.d IJy 

1 
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non-experts. Appendix C describes the routines with which the user can supply 

his requirements to the program. 
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Chapter 3 

Data Analysis 

3.1 Data Samples 

The results presented in the following chapters are based on data collected in 

the period from 1983 to 1986. The data correspond ta three data taking periods 

narned within the collaboration as expenments 2,4 and 5. 

Running Period Integrated luminosity (Pb- I ] 

Experiment 2 62.8 
Experiment 4 69.9 
Experiment 5 101.G 

i Total 234.3 

Table 3.1: Integrated lummosity collected with the ARGUS detc('tor ln the 
different running periods. 

The integrated luminosity for each period is summarized in Table 3 1 The 

data for experiment 2 were taken without the VDC, whereas for experiments 

4 and 5 the VDC was installed in the detector. These reconstru('ted data '-,f't'-, 

the DST's, \Vere diyicled in t,,'o ~ections, the multihadron ('\TIlt'- (:-lCHA ) élIld 

the two-prong events (T'VOP). The multihéldron selection critena arc 

61 
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• at least three reconstructed tracks in the main drift chamber with total 

energy deposited in the calorimeter greater than 1.7 GeV . 

• at least three tracks that are ,· ... ithin 1.5 cm of the primary vertex in the 

x - y plane and within 8.0 cm along the z-axis. 

These criteria select about 5% and 30% of the total 2.7 . 107 reconstructed 

events as MUHA-candidates respectively. For the two-prong events the selection 

criteria are: 

1. there are exactly two tracks with opposite charge; , 
2. these tracks have to point to the main vertex within 1.5 cm in the x - y 

plane and 6 cm in the z-axis; 

3. the angle between the two tracks must be less than 165°; 

4. one track must have shower energy less than 1.5 Ge Y, or momentum less 

than 3.0 GeV and shower energy less than 4.0 GeV; 

5. 1 8 1> 30° where (j is the angle of the track with the z-axis 

The criteria 3-5 reject the Bhabha events. After these selection criteria about 

3.1 . 106 t,,"o-pro!l2, eyents remained. 

3.2 Event Selection 

In the following sections, the event selection for the two channels studied in this 

thesis is described. In the case of the non-tagged events one measures only the 

final state X and not the scattered electrons. The two-photoi1 events have a 

unique feature that makes them easier to distinguish from annihilation events. 

The total transyerse momentum, Pfot. of the final state X peaks at 10\\' yalues. 

Thf' Pfvt is defined as Pfot =1 L FT' l, where the sum runs over each individual 
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Figure 3.1: (Pj.ot)2 for Monte Carlo generated events of the type 
'Y'Y -+ r.+7r-r.0 7r0 • 
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Figure 3.2: (Pfot)2 for eyents containing Bve charged tracl~~ in tlJ(' data. 
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particle i of the final state. The (Pj,°t)2 distribution peaks strongly at zero as 

one can see in figure 3.1 where the (Pfot)2 for Monte Carlo generated events of 

the type ii -+ 7!'+r.-r.0"o is plotted. In reality there is sorne background in this 

distribution from incompletely reconstructed events and events with 'T'-pairs. 

The (Pfot)2 distribution for incompletely reconstructed events from the data is 

shawn in figure 3.2. This background CaIl be parametrized by a straight Hne. 

A cut on the Pfot distribution enhances the two photon events in a data sample 

and suppresses the background. 

Candidate events for the reaction ii -+ 27!'+27!'-27!"° \Vere selected from the 

multihadron (MURA) data samples and had to fulfil the following criteria: 

• four charged particles with zero net. charge which fit to a common event 

vertex 

• these particles had ta be identified as pions by requiring the pion likelihood 

ratio (see section 2.12) for each one of them to be greater than 5% 

• exactly four photons had to be detected by the electromagnctic calorime­

ter with minimum energies 50 :r,·IeV for experiments 2 and 5 and 70 MeV 

for experiment 4. The different cut for the minimum energy of the pho­

tons for experiment 4 was mati v'ated from the fact that this cut gave a 

better signal to background ratio for the w-meson peak in the study of 

the ww production which is described in la ter sections . 

• any two photons with an Îlwariant mass between 60 and 220 MeV jc2 \Vere 

consideree! as 7.0 candidates To suppress combinatorial background the 

t"'o photons had to have opening al1g,l.es less than 90°. The invariant mass 

, 

j 
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~ 
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Figure 3.3: lm'ariant mass of the t'Wo photons for if -+ 27i+27i-~7r° events. The 
dots represent the inyariant mass of aU photon pairs and the hi5togram of the 
pairs with opening angle less than 90° for data . 
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Figure 3.4: P.j.°t versus the scalar momentum sum for event candidates for the 
t · ') +? -') 0 reac lOn ')"Y -+ _.70 _r. _7r' . 
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Figure 3.5: Invariant mass of 27i+2r.- 2700 
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of the two photons with and without the opening angle cut is shown in 

figure 3.3 as open and shaded histograrn respectively for data. Finally the 

71"0 candidates were subjected to 1-C fit to the nominal 710 mass. 

• at least two '1l'0 candidates were required in an event. The r.0 candidate!> 

were not allowed to have common decay photons. 

• the total transverse momentum, P.Jpt =1 ~ PT, l, had ta be less than 100 

MeV je and the sum of the scalar momenta p.um = L 1 fi, Iless than 3.5 

Ge V j c. The pj.0t versus the p$um scatter plot is shawn in figure 3.4. 

After these selection criteria, 553 candidate events for the reaction /1 -+ 

271+271-271° remain. The invariant 27r+27i-~7io mass distribution is bho'\vn in 

figure 3.5. 

Candidate events for the reaction 1,-+ r.+7r-7r0
7r

0 were selected from the two­

prong -:iata sets by imposing the following selection criteria: 

• Two oppositel)' charged particles had ta originate from a cornmOll eycnt 

vertex. No other charged particles were allowed ln the detector. 

• The two charged particles had to he identified as pions with likelihood 

ratios larger than 5%. 

• Exactly four photons were required with minimum energies of 50 MeV. 

• At least two 7r0 candidates were required. The rro candidates were deflIlpc! 

as comhinations of two photons with invariant masses hetwf'cn GO <tlld 

220 MeVjc2 and apening, angle hetwcen the two photol1s smHller thall 9(J" 

in order to reduce comhmatorial background, The 71"0 candldat,.,..., \\'('J(' 

1 
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Figure 3.6: Invariant mass of two photons versus the inyariant mass of the 
remaining photons for the ,"'( -+ 7l"+7l'-7l"0 7l"0 data. 

constrained to the 7jo mass by a kinematical fit. The scatter plot of the 

invariant mass of any two photons versus the invariant mass of the re­

maining two photons is shown in figure 3.6. An enhancement of events 

is clearly discernible in the 7jo1jo region. This indicates the existence of 

eyents wlth two 7r°-mesons . 

• The total transverse .. nomentum of an event was required to be Pfot < 

100 MeV je and the scalar momentum sum P!um =::; 3.5 GeV/c. The 

scatteI plot of the Pfot versus P,um is shown in figure 3.7. 

1290 events survived these selection criteria and their invariant mass is shown 

in figure 3.8. 
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Figure 3.7: Pj.°t versus the scalar momentum sum for events candidates for the 
reaction Il -t 11'+ r.-1I'01l'0. 
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Figure 3.8: Invariant mass of 1i+7i-7j0 r.0 . 
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Figure 3.9: (Pfot)2 for 27i+27r-27io (data). The fit is described in the text and 
the shaded area represents the estima ted background. 

3.5 Backgrounds 

Both reactions have the same type of background events, therefore the back­

ground studies are presented together. The main backgrounds for both reactions 

are: 

• incompletely reconstructed events which are e"ents where the missing mo­

mentum is carried by undetected particles . 

• events of the type e+e- ~ r+7'-, where the two r's decay to one and 

three prongs respective!y and may contribute to the background for the 

reaction 'Y'Y ~ 27i+27i-27io. If they both decay to one prong they may 

contribu te to the background for the reaction 'YÎ' ~ 71'+ 71'-71'° 71°. In both 

cases the missing momentum is carried by the undetected neutrinos. 
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Figure 3.10: (Pfot)2 for 7i+7i-7io7io (data) The shaded are a represents tlw 
estimated background. 

These backgrounds can be estImated by studying the (Pj?t fi dlstributlOll. 

For this purpose the (Pfot)2 distribution for Monte Carlo generated ('vents \Vas 

fitted with a function of the form .4.(1 + Ejx + Cjx2 ). ThIs way the constants 

Band C are determined. Then the data are fitted ta this distrihutJOn with 

Band C nxed from l\Ionte Carlo and mcludmg an aclJltlOllal llIwélr tenIl ln 

parametrize the background. The (P}ot)2 distribution for the data Wltl! tlw 

corresponding fits is shown in figure 3.9 for the reactlOn IÎ' -+ 27i+2r.-2r.°, 

and in figure 3.10 for the reaction If -+ 7l'+7i-1I0 r.0
. "·lth tlllS procedure 2ï 

events are estimated to be background for the reactIon fI -+ 27l'+27l'- 27io and 

53 events for the reaction Il -+ 7l'+7i-7io7io. Incompletely reconstructed events 

are the main contribution ta these numbers. 

Another background source is noise in the electromagnctic CéI]Ollltwl,r'r tlHtI 

fakes photons. The noise m the calorimeter \Vas estlluated hy !->tudylIJg: lll!' 
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Figure 3.11: The energy distribution of randorn noise in the calorimeter. 
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reaction Y(lS) -io /+/-, where / = E, Ji. and by counting thp fake photons in the 

calorimeter. The Y(lS) was tagged by the pions from the transition Y(2S) -+ 

1i+7l'-Y(lS). The noise distribution is shown in figure 3.11. This random noise 

was included in the Monte Carlo simulation. 

For the final state 2r.+2ii-2r.°. noise in the calonmeter could fake an event 

ill the followmg ways' 

• a reul t",o photon interaction event of the type " -+ 2r.+27l'-1io with 

an addition al two noise photons in the calorimeter that fake a second 

r. 0 . To estimate this background :Monte Carlo events of the type l, -+ 

21i+ 21i-7l'° were generated and, while simulating the random noise, we 

tried to reconstruct the 2r.+2r.-21io final state. This study showed that 

this kind of background is negligible; 

• eyents coming from the readion l' --+ 27i+2r.-2iiO itself, where one pho­

ton escapes dctection and is replaced by a simultaneous noise photon in 
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the calorimeter, Monte Carlo analysis estimated tlus background to COll­

tribute 36 events. 

Another possible background to the 27i+27i-27io productIOn is e\'cnts of tbe type 

" -+ 271'+271'-371'° where one 71'0 escapes detection. Since no eyidence for this 

reaction was fou.nd in the data, it is concluded that this background 1S negligible. 

Similarly, the noise contribution to the background was studled for the rcac­

tion ,,-+ 7r+7r-7r07r0 , Background from the reaction ,,-+ 71'+71'-71'0 where two 

noise photons fake an additional 71'0 was found to be negligible. The absence 

of events of the type "t'Y -+ 7r+7r-7r0 7r0 7r0 showed that the background flOm this 

channel, where one of the 7r°'S is undetected, is negligible too. In the case of 

real 71'+71'- r,0r,0 events where one photon is lost and replaced by a fake photon 

in the calorimeter the background is 59 events. 

3.6 l\1onte Carlo Event Generation 

One of the goals oï this thesis is to measure the cross sections for the two-photon 

production of six and four pions respectively. The data sets, after application 

of the selection cri'~eria, pro\'ide the number of observed c\'ents N as a function 

of 11"..,.-,. The numbcr of measurecl E',\'cnts 1"/ in a rangf' ,j, n-..,., correspolldlllg ta 

an integrated ée- lumin051ty Lmt' 15 

(3.1 ) 

where A is the detedor acceptance for the final state X in the lV -n bin. By 

using formula 1.12 this €J~pression can be rewritten as: 

r ') ./ 
.> -) 

• 
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Assurning that the interval, .6. TV,,/'Y we choose is such that the cross section is to 

first order constant over the whole interval, it can be expressed as 

(3.3) 

Therefore, if we evaluate the integral we can measure the cross section for the 

reaction 'Y'Y -4 X. The luminosity function c,~ can be calculated analytically 

while the acceptance function Ais unknown. The usuaI way to solve this integraI 

is by Monte Carlo nethods. For the analysis described in this thesis the Monte 

Carlo simulation is di vlded in four major steps. First, events simulating the 

reactions TY --+ 271+2r.-27r°, WW, W7i+7!"-7io, 7!"+7!"-7r07io were generated according 

to the exact QED expression presented in section 1.2 for collIsions between 

trans"erse photons. The u..'-meson decay \Vas geIJerated according to the matrix 

clement fOI the decay of a vector meson to r.+7i-7r0 . As a second step these 

e\"ents \Vere passed through SIMARG (see section 2.14) and the full trigger 

simulatlOn (see section 2.14.1). Then the events were reconstructed and had 

to satlsfy the same selection criteria as the data. The events were generated 

assuming, a constant cross-section of 1 nb leading to the sensitivity function S 

dcfiIlC'd as 

(3.4) 

which represents the number of expected events in the .6.H-1'-v-y interval per nb. 

The cross section ah." -+ X) is then given by 

(3.5) 
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Figure 3.12: Sensitivity for 1'1 - 21:'+ 270-2r.° . 
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4.0 

The sensitp,ity curves for the reactions ~IÎ - 27r+2,,-2r.° and )') --+ 7:"+17-;;-u1:'0 

are shown in figures 3.12 and 3.13 respectively. The sensitiyities for the other 

channels studied in this thesis are shown in the relevant sections. 

3.7 Topological Cross Sections 

At the end we have to dea} with 490 e\"ents of the type Tl --+ 2r.+2i7-2i7() 

and 1178 eyent lf the type 7:"+r.-7:"01:'0, After the raw mass spectra (fi~UIec; 

3.5 and 3.8) are corrected for the estimated background, they are divldecl by 

the sensitivity for the corresponding reaction and hence the "topological" cross 

section for each reaction is obtained. The result is show11 in figure 3.14 for tbe 

reaction 1)' -t 271'+2,,- 2r.° and in figure 3.15 for the rcactioIl ~n --+ 7:"+ 1:'- r,f';;-(' 

The term topological cross section mcans that tbe cross section i~ l!ot crll!f'rl' ri 

for any productlOn of possible meson rcsonances that might be produc('r! III "ll 
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Figure 3.14: Topological cross section for Î'Î ~ 27r+2r.-27r° 
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Figure 3.15: Topological cross section for 1'Î' -+ 7i+ 7j'-7j'
07i() 

intermediate stage before we observe the final SIX (four) piOllS. 

For the reaction f' -t 271+27i-271° the topological cross section starts at 

abou t 1. 3 Ge V j c2 and rises smoothly to a maximum of -45 n b at H '''')'''')' ",2.4 

GeV jc2 • 

The topologlcal cross section for the reaction Î'Î' -t 71+ r.- r.0r.0 rises smaot Illy 

till about iO nb at H'...,.') ",2 GeFjc2 and then drops rapidly for higlier H'''')'..,. FOI 

four pion masses less than 1 GE VI c2 there is an euhancement, po~sibly dur' tu 

the expected production of the ar(9S0) decaying into ao -t 17r.°. 

The systematic uncertainty for the topological cross sections is 13,5 %. Thif-. 

is found by adding in quadratu"e the following contributions. Acceptance cal­

culation 11 % from uncertainties in the two photon generator and the full dt>­

tector simulation, luminosity measurement 3 )7( .. trigger simula tion 1I11cert illllt~· 

3 % and background estimation 3 <Jo. 
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Chapter 4 

Vector Meson Production 

4.1 Introduction 

In the follo\Ying sections the observation of u.,' and p in the multipion subsystems 

for the two final states is described. The observation of correlated u.,.' 's in the 

210+ 2ii-2;-;-o and p's in the 7!"+ 71-7!"°r.° final states is aIso presented. The width of 

these meson resonances rnotivated the use of different analysis methods in order 

to extract the wu..' and p+ p- contributions in the event samples. The w-meson 

is narro\\', allowing the recoil mass technique to be used for the ww analysis, 

\\'llCl"c<:ts for the p+ p-. since p 1S very wide. the fractions of the different states 

thLl t con tri bu te to the measured r.+ 7ï-71°r.° cross section were extracted by using 

li maximum likelihood method. 

4.2.1 Mass Resolution 

III arder to st.udy the production of w-rnesons we need to know the 3-pion mass 

resolutlOl1 of the spectrometer. This ,,'as determined by studying the 3-pion 

78 
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Figure 4.1: 11ass re:..,olution for three pions as a function of the iIn-ariant mass 
of the three pion system in 2,,+2;;--2,,° final state. 

system with Monte Carlo generated events. The resulting mass resolution is 

shown in figure 4.1 as a function of the three pion mass. The resolution of the 

spectrorneter for the ~'-meson region lS about 20 MeV /c2. 

4.2.2 w-Meson Production 

To investigate the w-meson production in the 27r+2r.-2r.° final state an addi­

tiona! cc,nstraint \Vas applied to the events that survived the selection criteIia 

presented in section 3.3. Sinee we have to deaJ with four photons in the final 

state, we can have up to three loo-pair combinations. "rhen the cycnt had more 

than one r.°-pair candidat.e, the one that resulted in the lowcst Piot \\'él~ chos('n. 

This eut ",as motl\"ated by the Ütct that the two phQton eH'lltl- lww' lo\\" P}"( 

Tests with ~lonte Carlo generated events showed that the efficif~nQ' of thi" Cllt 
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Figure 4.2: Invariant 7r+7r-7r
0 mass spectrum. The fit consists of a Breit- 'Vigner 

distribution with the parameters of t.he w(783) meson, convoluted with a gaus­
sian to describe the rnass resolution of the detector, and a third order polynomial 
background (8 entries per event). 
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Figure 4.3: Scatter plot of the nmss of one 7T+r.-7iO combination versus t.he nHl5S 

of the rernaining r.+ 7r- r.0 combination (4 elltries per even t ). 
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(a) (b) 

N 
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Figure 4.4: Scatter plot of the mass of one 1f+7r-11'0 combination versus the 
mass of the remaining 7r+11'-7io combination (4 entries per event) a) for ww b) 
for "'-m+ 1.-11'0 1,fonte Carlo generated events. 

for assigning the correct photons to a 11'0 is more than 95 %. 

The invariant mass distribution of all 7r+1f-r.0 combinations is shown in 

figure 4.2. A prominent peak at the position of the w-meson can be seen. The 

maSR dif'tri bution was fitted with a Breit-\Vigner distribution with the w(783) 

meson paranleters [42] convoluted with a gaussian describing the mass resolution 

of the spectrometer, and a third order polynomial to describe the background. 

The fit gives 263 ± 30 entries in the w peak. The scatter plot of the invariant 

mass of only one 1f+1f-7r0 combination versus the invariant mass of the other 

71'+11'-71'0 combination is shown in figure 4.3. Each event contributes four entries 

to this plot. A clear enhancement is seen in the ww region. However, this 

enhancement can be due either to ww production or to the overlap of two 

indepenclent "'-' bands, as is demonstrated by Monte Carlo generated events in 

figure 4.4. 



- CHAPTER 4. VECTOR MESON PRODUCTION 82 

0.0 0.5 1.0 1 .5 2.0 2.5 

Figure 4.5: Invariant mass of the '1r-7I'0 system recoiling against an w me­
son for ww (shaded histogram) and W7I'+7I'-7I'° (open histogram) Monte Carlo 
generated events. 

To investigate wh ether this enhancement is due to a real ww production, 

a recoil mass technique was used. In this technique one extracts the invariant 

mass of the three pions recoiling against an w. For this purpose the number of 

w-mesons \\'as determined as a function of the inyariant mass of the remaimng 

1I'+r.-r.0 combination. The ww signal would manifest itself as an enhancement 

in the bin between 680 and 880 MeV /c2 of the recoiling 71'+71'-71'0 invariant mass. 

This is demonstrated with Monte Carlo generated events of the type ,ï ~ ww 

and "Yï -+ W7r+7I'-7I'° (figure 4.5), where the different features of the recoil mass 

of the two reactions can be seen. 

The recoil 71'+1I'-1r0 invariant mass for the data is shown in figure 4.G. To 

estimate the expected distribution for eyents \Vith only one w, Monte Cmlo 

generated ,-( -+ ",-'r.+7.-/jo events were used with the total YV")''')' distrihutioll 

modified to agree with the observed 27.+271'-27.0 distribution. The resulting non-
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Figure 4.6: lm'ariant mass of the 70'+70'- 7.0 system recoiling against an w meson. 
The data pOInts are shown with error bars. The non-resonant three pion mass 
distribution, as expected froID W1l'+1l'-7T'° Monte Carlo events, is shown as a 
histogram. 
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resonant 7r+7r-7r0 mass from Monte Carlo is also shown in figure 4.6, normalized 

to the data at masses above 1.1 Ge V/ c2 
• A clear excess of ww events is seen 

in the data. Two other methods were used to determine the background from 

W7l'+7r-?r° in order to estimate the systematic uncertainty : 

• wrong-sign combinations like 7l'±?r:t:?r0 in the data. 

AU three methods are in good agreement. The subtraction of the non-resonant 

background leaves in an ex cess of (57 ± 16 ± 3) w-mesons due to ww events. The 

second error gives the systematic uncertainty. Thus, ( 29 ± 8 ± 2 ) l'Y -+ ww 

events are observed. This is the first evidence for ww production in two-photon 

interaction!:' 

4.2.3 èross Section for 'Y'Y -+ ww 

To derive the cross section for the reaction 'YI --+ ww, events containing at least 

two different 7l'+r.-7r0 combinations with masses between 680 and 880 MeV /c2 

were selected. The shape of the background was estimated from wrong-sign 

combinations, requiring at least two 7r+7r-7r0 maS8 combinations to be in the 

"",.~, region. This backgrOtlnd was normalized 50 that 20 E'\'cnts n>main aftn its 

subtraction from the data (figure 4.7). The sensitivity curve for Tf -+ ww as 

derived from Monte Carlo simulation 18 shown in figure 4.8. 

A possible background source would be reai ww events, where one photon 

was lost and an additional fake photon appears in the calorimeter. This was 

checked with Monte Carlo generated events of the type 'YI -+ ww using the 

noise simulation algorithm and was found to be negligible. 

After correcting the 6 pion mass distribution of the 29 evcnts for acceptan('{' 

and BR("",' --+ "+1l'-"O), the cross section for Î1' ---+ ww ",as deri"ed and is sllOwn 

in figure 4.9. 

1 
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Figure 4.7: Mass distribution of the 27r+2r.-27r° for events with at least one can­
didate in the ww region of the scatter plot of the figure 4.3 (open histogram). 
The hatched histogram shows the expected background from wrong sign com­
binations. 
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Figure 4.8: The sensitivity curve for Il -t ww 
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Figure 4.9: Cross section for the reaction l'Y -+ ww The cross section derived 
using background shape from wrong sign combinations is shown wi th dots and 
the one derived with the recoil mass technique in different HT")''') bins is shown 
with triangles. 
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A cross check for the derived cross section was made by applying the recoil 

mass technique in different TV"Y"'Y ranges. A,~ain, after correcting for acceptance 

and BR(w -+ 1i+1i-1iO) the cross section was derived and i5 shown in figure 4.9. 

The two resul ts are in perfect agreement. 

The ww cross section shows an enhancement of about 12 nb W-y-y -1.9 

Ge V / c2 , whereas for TV -y-y greater than 2 Ge V / c2 the ww production is sup­

pressed. 

The systematic un~rtainty for the: measured cross section of the reaction 

Il -+ ww is 25 %. The main contribution cornes from the acceptance calculation 

which wa~ done for isotropie ww production. However, if the ww final state is 

produced wi th a defini te spin parity, it. wou ld result in a 17.5 % uncertainty 

in the acceptance calculation. From the different methods used for calculating 

the W~· cross section, the uncertainty is 15 %. In addition to that, there is a 

4.5 % uncertainty resulting from the r.+1i-1io invariant mass fits, 5 % from the 

estimation of the total nurnber of ww events, 5 % from the trigger simulation 

and 3 % from luminosity measurement. 

4.2.4 The Reaction Il ~ W7r+7r-7r° 

In the pl'c\'ious section \ye found that 5i out of 2G3 ",-,'s are from the reaction 

lA; -+ v..\/ .. :. The rest come from any other channel that wou Id have a final state 

of the type ~'7r+ r.-r.0
. In order to find the cross section of this final state, 

the distribution of the number of w mes ons i5 plotted as a function of the 

total 21i+2r.-27io invariant mass (figure 4.10). This distribution was derived by 

fitting the corresponding 7r+7i-7r0 mass spectra and determining the number of 

.... : mesons in different 6 pion mass bins. With this procedure a total of 249 ± 

33 ....... · mesons \Vere found. which is in good agreement with the total number of 

tbe 2G3 ± 30 "",' '8 found by fitting the 7r+7r-7r0 invariant mass spectrum for the 
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Figure 4.10: Number of w-mesons as a function of the 2;r+Zii-Z;ro invariant 
mass. 

whole 1V,.,. range. After subtracting the ww events, which contribute ta tlll!', 

plot with two entries per event, the distribution of number of w mesons as a 

function of Hl',...,. for events with only one w meson in the final state remains. 

The only significant background process to the reaction Il ~ ""'7:'+7:'-7:"0 is 

\\'hen one IJhOtOll e~cüpes detection at the same time as noise in the céllOI in1f'tel 

fakes a photon. Monte Carlo studies sho\\' that the expected background of tlll~ 

type amounts to 11.5 events. 

The sensitivity for the reaction Il ~ W1i+1i-1io is shown in figure 4.11. 

Finally, to derive the cross section the distribution of the number of w meSOIlS 

is divided by the sensitivity and corrected for the 11.5 background events as 

well as for the BR(w ~ 1I"+1i-1I"0). The resulting cross section is shown in fi g ur;;:' 

4.12. The cross section for the reaction ,) ~ """1i+1i-7io does not ~hf)W ally 

structure within the present statistks. It is a smooth distribution tlHlt r('aclJt'~ 

a maximum of about 20 nb at 1V-y-y '" 2.3Gf. VI c2
• 
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Figure 4.11: The sensitivity curve for Il -+ W7i+7i-7io 
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Figure 4.12: Cross section for Il --+ W1i+7i-7io as a funrtion of lVoy .. ) .. 
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The systematic uncertainty on the measured cross section for the reaction 

"Y"Y -t W7r+7!'-7!'° is 14 %. The acceptance calculation contributes 11 %, the 

luminosity measurement 3 %, the estimation of the number of w-mesons from 

the 71'+71'- 7r0 invariant mass fits 4.5 % and the background estimation 5 %. 

4.3.1 p-meson Production 

N 
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0.0 0.5 1 .0 
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Figure 4.13: The invariant rnass of 7!'±7io combinat ions is shown as crosses (4 
entries per event). A clear enhancement can be seen in the p-meson regioll 
whereas in the inyariant mass of the "",rong" sign combinûtioncs (7.+(0);;--1

0
) \ 

shaded histogram, 2 entries per eyent) no signal is obseryecl. 

1 
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The production of charged p-mesons is demonstrated in figure 4.13 where the 

invariant mass of the two pion combinations is shown. The evidence for events 

with two correlated p-mesons is demonstrated in the scatter plots of figure 4.14 

where the invariant mass of the 1I'+r.0 and of the 71'-r.0 combinations is plotted on 

two axes respectively, in different W"'f"f ranges. 'Ihe "wrong" sign combinations 

(m7r~"'- and m,..o".o) are also presented in figure 4.14 for the same Wn regions. 

The clear enhancement in the p+ p- region indicates the presence of '17 -+ p+ p­

in the data. 

4.3.2 The 3-parameter Fit 

For the p+ p- analysis, as in the case of the ww analysis, the two 11'°'8 resulting 

the smallest Pfot of the event were chosen. In order to determine quantitatively 

the p+ p- contribution, sorne assurnptions had to he made. As a first step 

(referred to as the 3-parameter fit) the following two assumptions were made: 

1. The ohserved final state 71'+r.-r.0r.0 is an incoherent sum of the three final 

states p+ p-, p±r.=Fr.0 , and the non-resonant r.+7!'-r.01l'0. 

2. Each final state is produced \Vith üotropically distributed (decay) parti­

des. 

The first point (1) means that no interference effects between the three final 

states are considered. As for the second point (2), pt p- and p±1I'T 1r0 are the 

simplest possible states with a p-meson. Other states, for example, a~1I'=F and 

ar 1rT , are aIso conceivable. An attempt was made to include events of these two 

final states in the fitting procedure. This infiuenced only the p1r7!' fractions while 

the p+p- and the non-resonant r.+1r-r.07l'0 contributions remained unchan~ed. 

:\0 significant signaIs of either a2 or al are however observed in the data, 50 

they \\'ere not indudecl in the final analysis. 
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Figure 4.14: Scatter plots of two-pion mass distributions in different Hl"!.., r<.>­
gions. The first column corresponds "wrong" sign combinations (m r + r - \'s. 
m1l"01l"o) and the second column to the to the "righf' sign combinations (111 r +1"" 

YS. m1l"-1I"o). a) all TF')'')' b) n'...,')' < 1.4 Ge1'/e2
, c) 1.4 < n'..,."! < 1.8 GeFle? and 

d) 1.8 Ge1'/c2 < l'l'...,')'. 
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It should be noted that the isotropie p01'(07r0 production via two photon 

interactions is forbidden due to the following arguments. Since we deal with 

two photon interactions the C-parity is +1. The existence of four pions in the 

final state requires G-parity + 1. The C and the G parity of the final state Carl 

be written as 

C = (_1)'+· 

G = (_1)'+-+1 

From this, one can conc1ude that the isospin 1 of the final state is even. The 

presence of pO with 1=1 requires that the 1'(01'(0 system has also 1=1, which is 

impossible. 

One argument holds, however, for r~taining p% 1'(T 1'(0: Conserva.tion of C­

parity requires that the p±7r ':fr.0 system has a component with odd orbital an­

gular momentum, which is not fulfilled for isotropie production and decay. But 

if the detector acceptance for the correct spin-parity assignment(s) of any sys­

tem is not much different from that for the isotropie case, then ignoring angular 

dependence should make no difference. If not, the resulting cross-sections might 

in reality be quite different. In the case of the p+ p- system, the detector ac­

ceptance for the isotropie case represents a mean of the acceptances for the six 

different JP cases eonsidered (section 4.4). Therefore, this is likely to be valid 

for the p± r.':f 1'(0 system as weIl. Renee, as a first approximation, an isotropie 

state is the most reasonable choice. \Vith these two assumptions, a maximum 

likelihood procedure was used to derive the three cor.tributions. 

The procedure, as weIl as the formalism, is similar to the one used in the 

TASSO analysis of the popo channel [8, (1982)]. 

The differential cross sect;f)ll for the reaction "'t'Y ~ 1'(+ 7r- r.°ro for fixed W"(,.p 

"'as parametrized by 

(i = pp, p2r., 4r.) (4.1) 
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where C is a constant, W4 the 71'+71'-71'071'0 phase space, and g, the matrix element 

for the final states i. The symbol ç represents the set of seven variables needed 

to describe the cross section 

(4.2) 

where the numbers 1, ... ,4 refer to the four pion." using the convention: 7!'t 7!'~7!'; 7!'~. 
The variable mi; denotes the invariant mass of two pions i and j; Bj the pro­

duction angle of the system ij in the 'Y'Y center-of-mass system; and B'.; and 4>'; 

the polar and azimuthal angles of the pions in the ij center-of-mass system. 

In the first step, the three parameter fit, the p+ p- system was assumed to 

be produced isotropically 50 the angular rlependence of e is removed and the 

symmetrized matrix element gpp is 

gpp = ~ (BHT(m12)BTV(m34) + BTV(m14)BHT(m23)) (4.3) 

where BltV denotes the Breit-':Vigner amplitude (47) 

P• = ~Jm2 - 4m2 2 r. , P• = ~Jm2 - 4m2 
o 2 p r. 

mp = 770 MeV , ro = 150 MeV. 

and for the phase space 

g4r. = 1. 

( 4.4) 

( 4.5) 

( 4.0) 

(4 S) 
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In order to extract the fractions .xl' of the different contributions in the 

data, each event was assigned a probability PI to result from process i . Then 

the probability for the whole data sample was maximized by varying the three 

parameters .x" using the maximum likelihood function 

A = II E .xip.(en) (4.9) 
n i 

with the constraint that 

(4.10) 

The pro du ct runs over all the events n, and the quantity Pie e) is the normalized 

probability of the accepted event n with measured variables e. 
Finally the fit maximizes the quantity 

( 4.11) 

where A(Ç) is the detector acceptance. The sensitivity for each of the three 

hypotheses is shown in figure 4.15. 

The cross c;ections derived from the 3-parameter fit are shown in figure 4.16 

and are also listed in Table 4.1. 

The cross section for the reaction Î'Î ~ p+ p- is about a factor 4 sm aller 

than the pO pO cross section in the range 1.2 to 2.0 Ge V / c2 • The cross sections 

for the reactions " ~ p7r7r and " ~ non resonant 7r+7r-7r
0

7r0 do not show any 

structure and they have a mean value of about 20 nb each. 

In figure 4.17 the 7r± 7r0 invariant mass distributions for the data (crosses) are 

compared with the Monte Carlo expectations (histogram) using the fractions 

deri\'ed from the fit. The agreement between the two is excellent. 

If the contribution of the p7r7r is neglected in the fitting procedure then 

its contribution di"ides equally into the p+ p- and the non-resonant 7r+7r-7!'07r0 

fractions. 
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Figure 4.15: Sensitivity curves for the final states a)p+p- (dotted histogram), 
b)p±r.Tr.0 (dashed histogram) and c) non-resonant r.+r.-r.°r.°(full histogram) . 
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Figure 4.16: Cross sections resulted from the 3-parameter fit. a) 'Y'Y ~ p+ p-, 
b) Î'Î' --+ p±7r~1io and c) 'Y'Y --+ 7r+7r-7l'0 7r0 (non-resonant). 
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Figure 4.17: Comparison of the r.:%:?j"o invariant mass distributions in the data 
(crosses) with the Monte Carlo expectations (histogram) using the fractions 
derived from the the 3-parameter fit. The comparison is made in four l'V..,...,. bms. 
a) 1.2 $ Wn $ 1.4 GeV /c2 , b) 1.4 < Wn < 1.6 GeV /c2

, c) 1.6 $ Ho'n ::; 1.8 
GeV /c2, cl) 1.8 $ TVn $ 2.0 GeV /c2

• 
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r cross section for different states (nb) 

lVn (GeV/c"l) p+p- p±7r ':f rrU non res. 4rr 
1.0 - 1.2 4.78 ± 1.77 -4.14 ± 4.59 7.03 ± 2.66 
1.2 - 1.4 15.80 ± 3.45 13.88 ± 7.31 15.50 ± 4.58 
1.4 - 1.6 15.82 ± 3.46 18.43 ± 6.48 20.14 ± 4.06 
1.6 - 1.8 31.26 ± 5.65 14.88 ± 4.59 26.10 ± 7.27 
1.8 - 2.0 14.88 ± 4.59 26.10 ± 7.27 27.68 ± 4.94 
2.0 - 2.2 7.59 ± 3.60 35.50 ± 7.06 15.65 ± 3.30 
2.2 - 2.4 8.22 ± 2.71 15.41 ± 4.85 13.85 ± 3.07 
2.4 - 2.9 0.53 ± 0.87 4.06 ± 1.57 8.25 ± 1.74 
2.9 - 3.5 0.38 ± 1.10 3.08 ± 1.81 4.30 ± 1.90 

Table 4.1: Cross section in nb for p+ p- (different JP states), prr7r and non 
resonant rr+7r-rrorro. 

4.4 Angular Correlations 

By studying angular correlations of the production and decay of a final state one 

obtains information about its spin parity. The spin parity analysis of the p+ p­

system will shed more light on the different theoretical approaches to vector 

meson pair production in t'Wo photon interactions. 

In order to study the angular correlations in the reaction "Y"Y -+ p+ p- only 

states with spin J =0 and J =2 were considered. Spin-1 states are exc1uded by 

the Landau-Yang's theorem (Appendix A) since we deal \Vith untagged events. 

The analysis is also restricted to the lowest angular moment a L between the two 

p's that are allowed by parity conservation, L=O and L=1. This seems justified 

since the p+ p- production is observed reasonably close to the threshold. The 

parity of the state is given by P = (-l)L. The matrix element for the p decay 

is derived in Appendix B. 

The fact that the initial state consists of two photons gives two additional 

constraints 

• spin-2 states with helicity Jz = ±1 are not allowed due to helicity conser­

vation. 
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• The state JP = 2- can only be produced \Vith helicity Jz = 0 because : 

the state (JP,Jz ) = (2-,±2) requires L=l, S=l and 5z=l. 

However, S=l, 5%=1 require that at least one of the two 

photons has helicity O. This is unphysical for real photons. 

For JP = 2+ both Jz=O and 2 contribute with, in principle, arbitrary relative 

strength. Assuming, however, that in the initial "'t'Y state tbe lowest multipole 

dominates and that the matrix elements do not depend on tbe 'Y'Y helicity, 

J%=2 and J%=O will be produced in the ratio 6:1. This can be easily seen in the 

Clebsh-Gordan coefficients for the decomposition 

12,±2> - Il, 1 >11, 1 > + Il, -1 >11, -1 > 

12, 0 > J1/511, -1 >11, 1 > + j1j611, 1 >11, -1 > 

The dominance of helicity 2 is expected from other theoretical arguments 

and is seen in the data on the photon production of tensor mesons. Sec for 

example [3]. 

The decay of astate with spin-parity JP into two vector mesons is in general 

determined by different amplitudes depending on the spin component Jz of the 

initial state, the orbital angular momentum L and the total spin S of the final 

state. The spatial properties of eaeh amplitude ean be represented by a sum of 

products of spherical harmonies, one for the p+ p- orbital angular momentum 

and one for each of the p decays. 

~ aJP,Jz [yLZ(B12 A.12)ySI2(B12 A.12) 
L...Lz ,6p+.6p_ L,L.,S12,S3f L p' 'Pp 1 1f ,'l'1f 

X r;S3f(B~\ r/;;4)] (4.12) 

where the numbering of the pions is the same as in section 4.3. The coefficient!; 

JP,J" cl fi cl 
QL,L:,S12,S3f are e ne as 
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L Lz 512 534 JP, Jz, S 

0+,0,0 0-,0,1 2+,0,2 2+,2,2 2-,0,1 2-,0,2 

° ° 1 -1 1 1 

° ° ° ° -1 2 

° 0 -1 1 1 1 

° ° 1 1 1 

1 1 ° -1 1 1 -1 

1 1 -1 ° -1 -1 -1 

1 ° 1 -1 -1 2 

1 ° -1 1 1 -2 

1 -1 ° 1 -1 -1 1 

1 -1 1 ° 1 1 1 

Table 4.2: The coefficients a. ri;~S12 ,5
34 

entering the angular distributions of the 
different spin-parity (JP,Jz,S) states of the p+p- system (not normalized). 

The coefficients ai~i::512,S34 are shm\'n in Table 4.2. L, Lz are the quantum 

numbers of the p+ p- angular momentum; the corresponding spherical harmon­

ies depend on the p12 production angles 8!2, <p;2 defined in the "YI center-of-mass 

system. Since we deal with no tag events the angle rP~2 is integrated out. It 

is convenient to define the angular distribution in the 50 called "Il helicity" 

system. This is the lÎ' center of mass system \Vith the z axis pointing along 

the Il direction and the x axis in the production plane of p12; in this system 

4>~2=0. S is the total spin of the p+ p- system. The decay angles 8i fui.d <Pi 
are the polar and azimuthal angles of the charged pion in the ij center-of-mass 

system. 

The amplitudes 'l1(JP,Jz ,L,S) for the different JP states are expressed as: 

'l1(O+.O.o,O) oc YOO((l) (1;1((2)1~-1((3) -1;O((2)1~O((3) 

+1';-1 ((2)} ;l( (3)) ( 4.14) 
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W(O-,O, 1,0) 0( l?«(d (};O«(2)1~-1«(3) -1~-lC(2)l;OC(3)) 

-yIOC(l) (1;1«(2)1';-1«(3) -1;-1«(2)1;1«(3») (4.15) 

+~-1«(1)(l"l«(2)YIO«(3) - y10«(2)J?«(3») 

'i'(2+,O,O, 2) 0( YOO«(l) (1';1«(2)1;-1«(3) + 1;-1«(2)1;1«(3) 

+ 2y;0«(2)1;O«(3)) 

W(2-,O,1,1) 0( }~I«(x) (1';°((2)1;-1((3) - 1;-1«(2)1;°«(3)) 

( 4.17) 

+2~O«(d (Y/((2)1~-I((3) - Yl-l«(2)1?«(3)) (4.18) 

+l;-l«(d P;lC(2)1--;O«(3) -1;°((2)1;1((3» 

W(2-,O, 1,2) 0( 1?«(1) (-1,;°«(2)1;-1«(3) -1;-1«(2)l;O(~3)) 

+~-1«(I)(Yl«(2)YIO«(3) + YN(2)y1l«(3)) (4.19) 

The p+ p- matrix element introduced in equation (4.3) is extended by in­

cluding the angular part ~ and becornes: 

(4.20) 

where BlfT denotes the Breit-,iVigner amplitude for the p (section 4.4). The six 

JP amplitudes were assumed to be produced incoherently. Note that a total of 

8 final states is taken into account, the six JP amplitudes of the p+ p- system 

together with the isotropie pr.r. and non-resonant 71"+ r.-7I"0 7l"0 final states. 

The fitting procedure is basically the same as the one dpscri1Jeù in bectioll 

4.3 for the three parameter fit the only difference being that now wc have to 

deal with eight parameters ). •. 
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Figure 4.18: Sensitivities for differents JP assignments for the reaction 
"Y"Y -4 p+ p-. 
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The sensitivity curves for each of the JP states are shown in figure 4.18. 

The cross sections resulting from the 8-parameter fit are shown in figure 

4.19 and are summarized in Table 4.3. 

cross section for different states (nb) 

}f' 'Y"Y (Ge V j c2
) 0+,0 o ,0 2+,2 2+,0 

1.2 - 1.4 3.01 ± 3.27 2.71 ± 1.39 11.88 ± 3.59 -3.49 ± 2.22 
1.4 - 1.6 13.80 ± 3.70 1.52 ± 1.47 2.59 ± 3.01 -0.32 ± 2.64 
1.6 - 1.8 9.40 ± 3.75 3.56 ± 1.53 10.17 ± 3.57 1.71 ± 2.52 
1.8 - 2.0 6.43 ± 3.65 0.27 ± 1.48 11.51 ± 3.61 -2.57 ± 2.99 
2.0 - 2.2 3.05 ± 2.97 -1.86 ± 1.77 9.01 ± 2.32 -2.77 ± 4.88 

"'n (GeVjc2
) 2-,0 S = 1 2-,0 S = 2 p±r.~r.0 non res. 4r. 

1.2 - 1.4 -1.02 ± 1.55 -2.74 ± 1.89 10.86 ± 7.16 15.9G ± 4.79 
1.4 - 1.6 -1.30 ± 1.49 -2.78 ± 1.99 22.85 ± 6.35 17.72 ± 3.67 
1.6 - 1.8 -0.88 ± 1.73 5.81 ± 2.04 11.38 ± 5.77 14.25 ± 2.99 
1.8 - 2.0 -2.25 ± 2.08 1.58 ± 1.94 16.G1 ± 7.52 28.13 ± 4.37 
2.0 - 2.2 -1.47 ± 2.12 -1.65 ± 2.43 35.31 ± 7.44 15.09 ± 3.22 

Table 4.3: Cross section in nb for p+ p- (different JP states), prrr. and non 
resonant r.+7r-r.0 r.0 from the 8 parameter fit. 

cross section for d11ferent states (nb) 

H'n (GeVjc2
) 0+.0 ')+ ') p±r.~rro non res. 4r. - ,-

1.2 - 1.4 -1.54 ± 2.91 13.09 ± 2.93 9.81 ± G.21 15.74 ± 4.57 
1.4 - 1.6 12.40 ± 3.19 1.42 ± 2.24 23.76 ± 6.05 17.13 ± 3.82 
1.6 - 1.8 12.34 ± 3.51 9.44 ± 2.91 20.28 ± 6.10 14.82 ± 2.99 
1.8 - 2.0 7.87 ± 3.05 8.73 ± 2.67 15.97 ± 6.57 28.29 ± 4.48 
2.0 - 2.2 0.71 ± 2.34 6.57 ± 2.81 25.70 ± 6.79 15.82 ± 3.35 

Table 4.4: Cross section in nb for p+p- (different JP states), prrrr and non 
resonant 7r+7r-r.°rro from 4-parameter fit. 

The 1'1' -t p+ p- cross section is dommated by two amplitudeb. JI' = 0+ hwl 

JP = 2+ helicity 2. The JP = 0+ contribution reaches a maximum of ahout 
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Figure 4.19: Cross sections for the reaction "Y"Y -+ p+p- for different JP by­
potheses. 
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14 nb at Wn '" 1.5 GeV jc2 whereas the JP = 2+ helicity 2 about 11 nb at 

W..,.., '" 1.8 GeV jc2 • AIl the other amplitudes have negligible contribution. 

As a test of consistency of the 3-parameter and the 8-parameter fit the cross 

sections for the reaction "'t"'t -. pr.r. and "'t"'t -' non-resonant r.+ r.- ,;0r.0 are 

compared in figure 4.20. In both cases the agreement is excellent. Since only 

the JP = 0+ and JP = 2+, Jz = 2 are the dominant contributions an attempt 

was made to fit with only four parameters. The result is summarized in Table 

4.4. 

4.5 Maximum Likelihood Tests 

The maximum likelihood technique was tested extensively on Monte Carlo gen­

erated events. Different admixtures of the yarious JP states were subjected to 

the sarne fitting procedure as the data. In all cases the fitting procedure wab 

able to reproduce the input fractions of the different JP states very weIl. An 

ex ample is shown in figure 4.21. In figure 4.22 the same number of events was 

used as the one given by the four parameter fit and was fitted with a11 the 8 

parameters. The fit procedure ean reproduce the input very weIl. 

Also a check of possible migration between cllfferent JP states "'as per­

formed. For this purpose only one state was used as input whcreas the full 8-

parameter fit was applied. Figures (4.23,4.24,4.25) show the results for JP = 0+ 

and 2+(Jz = 2) whieh dominate the data, as well as the JP = 0- amplitude. In 

all the cases the generated amplitude was properly identified by the fit. From 

these tests t,he systematic uncertainty of the likelihood method was estimated 

to be less than 10%. 

The over aIl systematic uncertainty in the measured cross sections is esti­

mated to be ±lG.9% for aIl the reactions. It is composed of the C'outributirJll:, 

from event generation and detector simulation (±11 %), cxpenmentallul1liuoslty 
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Figure 4.20: Comparison of the cross section found with the 8-parameter fit to 
the one found with the 3-parameter fit. 
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Figure 4.21: Consistency check of input and output from maximum likclihood 
fit. The input corresponds to Monte Carlo sample containing al! tlJe differ­
ent spin-parity assignments and is presented as full histogram. Tlle output is 
the presented with crosses and is the number of events found with the full 8 
parameter fit. 
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Figure 4.22: Consistency check of input and output from maximum likelihood 
fit. The input corresponds to Monte Carlo sample containing all the different 
spin-parity assignments as they were derived from the 4-parameter fit in the 
data and is presented as full histogram. The output is the presented with 
crosses and is the number of events found with the full 8 parameter fit. 
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Figure 4.23: Consistency check of input and output from maximum hkclillOod 
fit. The input corresponds to Monte Carlo sample with only JP = 2+) J~ = 2 
events and is presented as full histogram. The output is the present cd with 
crosses and is the number of events found with the full 8 parameter fit. 
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Figure 4.25: Consistency check of input and output from maximum llkchllOod 
fit. The input corresponds to Monte Carlo sample with only J P = 0- events 
and is presented as full histogram. The output is the presented with crosses 
and is the number of events found with the full 8 parameter fit . 
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(±3%), trigger simulation (±5.5%), background estimation (±5%), and uncer­

tainty from the maximum likelihood technique (±10%). 

Another test was made by comparing the projections of the variables ç, as 

well as the angles between the charged pions, for data and Monte Carlo. For the 

Monte Carlo distributions the fractions derived by the fit were used. Note that 

these projections do not include all the information for the correlation between 

the different parameters e sinee they are projections of the seven-dimensional 

space that these parameters represent and most of the information is integrated 

out. Examples of these projections are given in figure 4.26. (a) represents the 

polar angle of the p with respect to the 'Y'Y center of mass system, (h) the 

polar angle of the pions with respect to the p center of mass system. Both 

these angles enter in the construction of the likelihood function. (c) represents 

the angle between the two charged pions. The moment a of the charged pions 

are expressed at the center of mass system of the p-mesons they belong. The 

expectations of the different spin parity states, as weIl as the Monte Carlo 

expectations obtaines by using the fractions given by the fit, are also shown in 

figure 4.26. 
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Figure 4.26: Comparison of the one dimension al projections between Dat(j 
( crosses) and Monte Carlo expectations (histogram). The Monte Carlo expec­
tations were derived by using the fractions given by the fit. The curves show 
the expectations for diffel'ent spin parity states, 2+ (full line), 0+ (clot.tcd linf'), 
0- (dashed line) and 2- (dash-dotted lirre). The first column corresponds to 1 :2 
< HT.,..,. < 1.4 Ge F / c2 and the second to 1.4 < loF")''')' < l.G Gd ï c2

. a) the pobl 
angle of the p with respect ta "YI center of mass system, b) polar angle of the 
pions with respect to the p center of mass system c) the angle between the t.wo 
charged pions. 
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Chapter 5 

Discussion of the Experimental 
Results 

5 .1 Introduction 

In chapters 3 and 4 the analysis of the reactions i'Y -+ 27r+27r-27r° and ii -+ 

7r+7r-7l'07r0 was described. In this chapter the experimental results will be dis­

cussed in the framework of the theoretical models presented in the mst chapter 

and will also be compared to the existing upper limits and related measure­

ments. The experimental results can be summarized for ii -+ 27r+271"-27r° as 

follo\\'s: 

• The topological cross section for the reaction 'Yi ~ 27r+271"-27r° does not 

show any significant structure and reaches a maximum of about 40 nb 

at TVn around 2.4 Gel/je2 • There are no theoretical calculations for 

companson. 

• The production of w-mesons was observed in the 27r+27r-27r° final state. 

• The production of correlated w-mesons was found and the reaction ii -+ 

ww \Vas observed for vl'''Y'Y < 2 Ge V / e2 • The cross section was measured 

to have a peak value of about 12 nb at W'Y'Y around 1.9 GeVje2• 
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• The production of events with only one w-meson was also found, with a 

cross section reaching 20 nb at H'TI around 2.3 Gel'/c'Z. 

• The topological cross section for the reaction 'Y'Y -. 7r+7r-7r0 7r0 was found 

ta rise steeply to about 70 nb for W T'Y above 1.2 Ge V / c2
• Again there are 

no theoretical ca1culations to compare the measured cross section. 

• The final state was decomposed in the p+ p-, p7r7r and non-resonant 7r+7r-7r0 7r0 

contributions and the corresponding cross sections were derived. 

• The 'Y'Y ~ p+ p- cross section was found to be suppressed relative ta that 

for 'Y'Y ~ pO po. 

• A spin parity analysis of the p+ p- cross section showed that it is domi­

nated by JP = 0+ and JP = 2+ with helicity 2. 

5.2 Comparison to Model Predictions 

The measured cross section for the reaction 1''Y -+ ww is below the existing up­

per limits of PLUTO [28]. In figure 5.1 the measured cross section is compared 

to the theoretical expectations. The prediction from at-channel factorization 

model [16] is shown as the shaded area. Clearly the t-channei factorization 

model fails to describe the data. The expectations from the four-quark model 

[20] are aiso shown in figure 5.1. The qqqq modei predicts that the two cryp­

toexotic isotensors C(36,2+) and C(9,2+) contribute to the cross section for 

the reaction 'YI -+ ww. These states contribute also to the 1'1' -+ pp cross sec­

tion. Using the values found from a fit to the po pa cross section for the masses 
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Figure 5.1: Comparison of the r, -+ ww measured cross section \Vith the the­
oretical expectations. The shaded area represents the t-channel factorization 
model expectations, the solid !ine and dotted Hnes the qqqg calculation for 
m=1.65 GeVJc2, a=O.5 and m=1.8 GeVjc2, a=O and the dashed Hne the one 
pion contribution (OPE). 

of these states and the free parameter a of the mode! (m=1.65 GeFjc2 , a=O.5), 

the model fails to describe the measured cross section (figure 5.1, solid Hne). It 

should be noted here that the value of 1.65 GeVjc2 was used by the authors in 

their early calculations. In the later one a mass of 1.4 Ge V j c2 was used to fit 

the pO po cross section data, but this value is totally out of question in the case 

of the ww cross section. However, using mass of 1.8 GeVjc2 and a=O a better 

fit to the data is obtained (figure 5.1, dotted line). 

Aftel' the data "'ere first shown in public Achasov et al. presented a calcu­

lation for the cross section of the reaction r, -+ ww using one-pion-exchange 

(OPE) . This calculation can explain in sorne qualitative way the measured 
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Figure 5.2: Comparison of the Il ~ pp measured cross sectIons. The reaction 
'Y, ~ po po is presented as squares and is the measurement by PL UTO [11] and 
the reaction 'Y'Y ..... p+ p- as full dots. 

cross section and is also shown in figure 5.1 as dashed line. Still, it fails to 

describe the data. Unfortunately, with the existing statistics it is not possible 

to determine any spin parity of the wv..' production. An attempt ,,"ilS lTIé1(}(. 10 

make a spin parity analysis but the result \Vas rather inconclusive due t.o the 

low statistics. 

The measured cross section for the reaction " ~ p+ p- is about a factor 

410wer than the cross section for the reaction 'YI ~ po po as it can be seen in 

figure 5.2. In figure 5.3 a comparison of the 'Y"Y ..... p+ p- cross section assuming 

isotropie production of the p+ p- system to the theoretical calculations 15 glveu. 

The expectation of the t-channel factorization model is shown in figure 5.3 uo, 

the shaded area. The data do not favour this model at all. Using a QCD 

1 
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Figure 5.3: Comparison of the measured cross section for IÎ' -+ p+ p- assuming 
isotropic production of the p+ p- system (3-parameter fit, full dots) with the 
upper limits given by JADE [13] (squares), the QCD calculation by Brodsky et 
al. [48] and the t-channel factorization model predictions (shaded area) [16]. 

apPl'oach, the p+ p- cross section was calculated by Brodsky et al. [48] (shown 

as fullllllc in figure 5.3) but, again, the model do es not describe the data. 

A comparison of the p+ p- cross section derived from the spin-parityanalysis 

with the cross section for pO po measured by TASSO [8, (1982)] is given in figure 

5.4. The JP = 0+ amplitude is about a factor 4lower in the p+p- than that of 

the pOpo and for the JP = 2+ J% = 2 about a factor 2. 

In the framework of the four quark model by Achasov et al. [20] p+ p- pro­

duction proceeds through destructive interference of the exotic isoscalar reso­

llance, E( 36,2+), and the t",o cryptoexotic isotensors, C(36, 2+) and C(9, 2+). 

These states are expected to have mass 1.4 Ge V / c2• The parameter a from equa­

tion 1.29 was set to a==O.5 from fit to the po po cross section. In addition the 
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authors [20] expect contribution from the f(1270) while contribution from the 

JP = 0+ q71q"ij states is negligible. The model presented by Li and Liu has 

in addition to the JP = 2+ states listed above, sizeable contribution from the 

JP = 0+ C(36., 0+), E(36-, 0+) and C(g-, 0+) states. The masses in this model 

were set to 1.7 and 1.45 Ge V / c2 for the 2+ and 0+ states respectively by fitting 

again the pOpo cross section. The comparison of the data to the q71q71 models 

is shown in figure 5.5. It is clear that the model expectations fail in describing 

the data. 

5.3 Conclusions 

In conclusion, the reactions ii -+ 27l'+2rr-21r° and ii -+ 7l'+7l'-1r07io were stud­

ied. The reactions i'Y -+ ww and T'Y -+ p+ p- were observed for the first time 

and their cross section was measured. The Î''Y -+ ww cross section shows an 

enhancement around lV-y-y '" 1.9 GeVJc2, The 'Yr' -+ p+p- cross section does 

not show threshold enhancement similar to the one for 'Y'Y -+ papa. It was aiso 

found that it is dominated by two amplitudes, JP = 0+ and JP = 2+ helicity 

Jz = 2. The existing models fail to describe the measured cross sections. Simi­

lar problems were also found in the other ARGUS measurements on the vector 

pair meson production in two photon interactions. 
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Figure 5.4: Comparison of the measured cross section for ff --; p+ p- (full dots) 
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Appendix A 

The Landau-Yang Theorem. 

Let us assume that a photon is travelling along the positive z axis with momen­

tum k and helicity À CI k, À ». Following Yang's arguments [7] we consider 

transformations under RtJ>, Rx and P, where the symbols stand for rotation 

around the z-axis by an angle ~, rotation around the x-axis by 1800 and the 

parity transformation respectively. Therefore 

Rtl> 1 k,)..:-- - e- 1
>'ct> 1 k,).. > 

Rx 1 k,).. > - J-k,).. > 

P 1 k,).. > - J-k, -À> 

A two photon state in the rest system of a resonance is given by 

(A.1) 

where the À, can take the values ±1 for real photons. If we choose as basis for 

the four possible states 

1 
tPl = J2 {l k, + > 1 - k, + > + 1 k, - > 1 -k, - >} 

1 
t/'2 = J2{1 k,+ >I-k,+ > -1 k,- >I-k,- >} 

tP3 =1 k,+ >I-k,- > 

1/;4 =1 k,- >I-k,+ > 

123 

(A.2) 

(A.3) 

(A.4) 

(A.5) 
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These states are eigenstates under Rel> and P, and,pl and tP2 are also eigen­

states under Rx. The assignment for the total helicity is >. = >.} - >'2 = 0 or 

2. 

tPl tP2 .,p3 tP4 
Rq, 1 1 e21Ît> e 2141 

Rx 1 1 
P 1 -1 1 1 
À 0 0 2 2 

Table A.l: The eigenvalues of two photon states under the transformations Rc/>, 
Rx and P. 

The eigenvalues of the above states un der the transformations A.1 are given 

in table A.1. 

From the>. values and the behaviour under R4>l the resonance is allowed to 

have J > 0 for '1/.'1 and 'l/J2 and J > 2 for 'l/J3 and '1/.'4' For J = 1, '1/'1, ~'2 are even 

under RXl whereas the wave function l'i,o of a spin 1 resonance is odcl uncler the 

same transformation. Therefore .1 = 1 is not allowed for any two photon state. 

Note that the helicity À=2 occurs only for even parity transformations and is 

therefore allowed only for J PC = 2++. 



Appendix B 

The p-lTIeson Decay Matrix 
ElelTIent 

The p-meson has JP = 1- and decays into two 7l"-mesons. The two 7r-mesons 

contribute a factor +1 to the total parity of the system. Therefore the spatial 

properties of the p-meson decay rnatrix element must correspond to JP = 1-

(i.e. it must be proportional to a vector). Since the p-meson is at rest, there is 

only one independent vector available. In the case of p± ~ 7l"±7r0 , it is convenient 

to choose the momentum P.r of the charged pion. Then the matrix element for 

the p can be written as : 

M (p) = constant· Prr (B.1) 

The different spin states of the pare projected out by the p polarization 

vector. Using the helicity basis, the polarization vector can be constructed 

from the basis vectors 

(B.2) 

In polar coordinates the P-:r can be written as: 

125 



APPENDIX B. THE p-MESON DECAY MATRIX ELEMENT 126 

(B.3) 

Then the matrix elements for the decay of a p-meson with spin components 

Sz = O,±1 is 

M+{p) '" P-rr . ë+ =1 pfr 1 . sin Bfr (cos 4>fr + i sin 4>fr) 

M_ (p) '" P-rr • ë_ =1 pfr 1 . sin Br. (cos 4>fr - i sin 4>'If) 

Mo(p) f"V p'If' ëo =1 p'lf 1·(cosB'If) 

whieh can be rewritten in terms of spherical harmonies as: 

M+(p) "'1 jj1r 1 .1;1 (8 r rPfr) 

M_(p) "-'1 ~ ly1-
1 (81r rP'If) 

Mo(p) -li,r l·y10(8fr 4>fr) 

(BA) 

(B.5) 
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Appendix C 

Trigger Simulation - User 
Routines 

In the following the subroutines that allow the user to supply his instructions to 

the trigger simulation program are briefly described for the sake of completeness, 

and for use by members of the collaboration. An these subroutines can be found 

on the DES\' IBM in a library under the name 'F15YOR.TRIGGER.USER'. 

The user can supply his requirements to the trigger simulation program through 

the subroutines UASIGN, UCUTRN, UCUTTR, UENG. 

UASIGN allows the user to normalize and mix different Monte Carlo data sets 

and in this way to simulate different periods (eg. runs with or without 

VDC) 

uceTRN allows the user to make the data quality cuts he used in the analysis 

of the real data. This is essential for the trigger program in order to 

calculate the luminosity of each trigger period. 

UCUTTR can be used to make cuts on the trigger logic. For example it can 

ask the program to simulate only the trigger periods with a minimum 

LTF threshold excluding the HESH trigger. 
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UENG the user can make energy dependent corrections. For example in two 

photon interactions a correction is applied for the energy dependence of 

the two photon luminosity. 

1 
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Appendix E 

The Author's Personal 
Contribution to the ARG US 
Experiment 

1 have been an active member of the ARGUS experiment sinee the fa1l1986. 1 

spent two years in Hamburg. During my stay in Hamburg I, like all collaboration 

members, worked shifts while data was being taken in the experiment. Running 

shifts requires those present to monitor and record all aspects of the deteetor 

performance and to correct problems as they occur. 

In addition, I had the responsibility for two-photon Monte Carlo program 

whieh was used for the two photon results and for the r-lepton results for 

background studies. The ARGUS Trigger simulation program was aIso under 

my responsibility. This is a very useful tool for studies with low muItiplicity 

events, like two photon interaction and the r-lepton studies, where accurate 

knowledge of the trigger efficiencies lS needed. I was also responsible for the 

selection of two prong events from the original ARG US data sets. 

The experiment is sited at DESY and all the analysis is done with the IBM. 

However, many of the collaborating institutions have VAX comput ers and the 

software has to be converted from IBM format to VAX format. 1 developed the 

code to transfer the ARGUS runfile to the VAX. 
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During the last one and a balf years, spent at McGill, l installed KAL and 

l made tbe KAL-GEP interface working on tbe VAX. KAL, the Kinematical 

Analysis Language program, is used extensively in the analysis. l kept it up to 

date, matcbing tbe latest version used in Hamburg on the IBM. 

1 aIso participated in the electrostatic tests and the cathode plane stabi­

lization problem of the new micro-vertex chamber which will be installed in 

ARGUS by the end of this year. This was valuable for boosting my bardware 

experience. 

My contributions to the physics analysis are tbe first observations of the 

reactions 1'1' -+ ww and 1'1' -+ p+ p- wbich are described in this thesis. In 

addition, 1 was actively involved in ail tbe vector meson pair production in two 

photon interactions analyses published by ARGUS. 
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