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Abstract 

The cross sections of the γ γ → pp and γ γ → 1(~1(~ reactions were me閃a邸似制Sl印ure

photon processes at an e+ e一 collider，TRISTAN. The data used in this analysis were collected 

by the VENUS detector from 1991 to 1995 corresponding to an integrated 1uminosity of 331 pb-1. 

Our study was limited to anti-tag events in two-photon processesヲwhere scattered e1ectrons and 

positrons were undetected， escaping with the beam pipe in small ang1e scattering. 

The cross section for γγ →pp was measured in the two-photon center-of-mass energy (W竹)

range between 2.2 and 3.3 Ge V. These events were se1ected by choosing events with two-prong 

五nalstates and by identifying protons and antiprotons by time-of-flight counters. In total 311 

events were selected as candidates of this reaction. The W-y-y dependence of the cross section 

obtained in a c.m. angu1ar region of I cos B* Iく 0.6is in good agreement with the p戸r陀、ev刊V吋lOU

measuremen ts and a叫ls印owith the theoretica1 prediction based on d出lqua訂rk mode1 in the high W干/γ判
γ 

reglOn. 

The cross section for γγ → 1(~I(~ was measured in the Wγγrange between 1.5 and 2.5 

Ge V. In total 11 events were observed as candidates of this reaction. The Mノγγdependenceof 

the cross section was obtained in a c.m. angu1ar region of I cos B* Iく 0.5.N 0 excess of events 

was observed in the lif;らγ>1.6 Ge V region， where new resonances and glueball candidate states 

are expected to be observed. Upper limits have been obtained for the i1'-widths of the new 

resonance X(1800) and the glueball states IJ(1710) and IJ(2220). 
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Chapter 1 

Introd uction 

A so-called “two-photon process" which is the photon-photon collision process is a very 

interesting process to test various theories and to search new particles. The great advantage 

of doing two-photon physics is that the initial state of the reaction is very clean. The analysis 

of a very short-lived particle is only possible by means of a reaction， in which the quanta 

which produce the state are identical to those which probe it. Such an analysis can be made 

with virtual photons in a photon-photon experiment. Therefore， in two-photon physics we can 

m臼 sureproperties of arbitrarily short-lived particles. 

Experimentally， a high energy photon-photon scattering reaction with large luminosities can 

be achieved by high energy electron-positron storage rings. That is， the two incoming beams 

(electron and positron) radiate (virtual) photons and these two photons react and produce the 

final state particles， 

e+e-→ e+e-X 、、，zノ
1
sよ
1
i
 

r'
f
t

、

as shown in Fig 1.1. The TRISTANヲahigh energy e+ e-collider at the N ational Laboratory 

for High Energy Physics (KEK) in Japan， provides a very powerful source of (virtual) photons 

The higher beam energy， vs rv 58 Ge V， enables studies for two-photon collisions at the high 
energy reglOn. 

electron 

photon 

positron 

Figure 1.1・Thetwo-photon process at e+ e-colliders. 

l 



1.1. TWO-PHOTON PHYSICS 2 

In this thesisぅ wehave studied exclusive production of hadronic final states (proton an-

tiproton pair and I(~ pair) in two-photon processes. A great advantage of exclusive fina1 state 

measurements is that in most cases， the exclusive reactions can be fully described by a small 

number of parameters in contrast to measurements of inclusive reactions. 

In this chapterぅwesummarize the outline of the two-photon physics and describe the orga-

nization of this thesis. 

1.1 Two-photon physics 

1.1.1 Hadron production frOlTI two-photon collision 

The investigation of two-photon production of hadronic final states provides the possibility 

of probing hadron dynamics with a simp1e， calculable initial state. Our main interest lies in 

the study of the coupling of the photon to hadrons， which in the framework of the quark model 

means the coupling to quarks as the constituents of hadrons. In the resonance region the quark 

mode1 of bound quark-antiquark systems can be tested by measuring the two-photon resonance 

coupling. Enough information is now availab1e to al10w meaningfu1 test of SU(3) symmetry 

and of lnode1s with mu1tiquark or gluonium states. The investigation of the production of 

particles with high transverse momenta， jet production and scattering of highly virtua1 photons 

(deep-ine1astic scattering)ヲallowstests of quantum chromodynamics (QCD)， the wide1y accepted 

theory of strong in teractions. 

In Maxwell 's classical theory electromagnetic waves do not scatter o:ff one another because of 

the linear superposition princip1e. However， quantum e1ectrodynamics allows that interactions 

occur between the fie1d quanta， the photons， by way of the quantum fluctuation of the vacuum 

i.e. the creation and absorption of hadrons. It is known that there are three mechanisms which 

contribute to the hadron production in two-photon collisions as shown in Fig. 1.2. The direct 

(QPM) process (a) [1]， where photons interact with quarks viapoint-likeinteractions， contributes 

to high-pt production of quarks. At a low-pt region， the VDM (vector meson dominance mode1) 

process (b) [2] is dominant where a hadronic component in a photon contributes interactions. 

At a medium-pt region， the reso1ved-photon processes (c，d) [3] p1ay an important ro1e where 

partons inside photons interact point-like. 
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Figure 1.2: Feynman diagrams which contribute to the hadron production in two-

photon processes: (a) direcも(QPM)process， (b) VDM process， (c) one-

resolved-phoもonprocess， (d) two-resolved-photon process 

1.1.2 Cross section 

The cross section for two-photon production at an e+ e-storage ring is written in such a form 

as to extract explici tly the contribution of the γγ → X process and those of the e:l:→ e土 +γ

vertices [4] 

In terms of the M J1V amplitude for the γγ → X transition， the cross section for two-photon 

production can be expressed as follows (see notations in F.ig 1.3): 

(47ra)2μ ..1..1 μν(2π)4b( ql + q2 -k )dr d3p~ d3p~ 
_2 _2 Pi

μ

p~V M*μUM 26(12) ee→eeX = qîq~ fJl fJ2 
lVl' lVl' 

4{(PIP2)2 
_ mîm~p/2 2E12E2(2π) 

Here Pl，2 are the momenta of the colliding electron and positron， qi = Pi -p~ is the momentum 

of the virtual photon， k = ~i ki = ql + q2 is the total momentum of the produced system X with 

a mass Wγγ=Vk2二、/(ql + q2)2 and the phase-space volume is dr二日jd3kj/2Eβ7r?The 
matrix Pi has the meaning of an unnormalized density matrix for the virtual photon generated 

by the ith particle. For electron beams we have 

pばfν 二 一占ε 冠κ仰似州(ωω凶pd凶~}ì内μ匂叫(仇川州)河冠叫伽刷(ω仇ωp防ω州i)片γγ内ν 匂叫(
:1.2 spins 

寺町切 +me川+me)] 
二 qfgflノ

- 2(ptpt + p~
μ

Pi')， (1.3) 

where u is the Dirac spinors for the electron， gμIノisthe metric tensor de五nedaccording to the 

convention of Bjorken and Drellうandme is the electron mass. 
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1.1.3 

P1 =(E1，日)
q1 

P2=(E2，52) 

.ー→
P'1 =( E'1， P1 ) 

/ノモi(εl，Zi)

¥¥  
.ー+

P主=(E'2， P2) 

Figure 1.3: Theもwo-photonparticle production. The colliding particles with mo-

menta Pl and P2 change these momenta to P~ and 必whileinteracting， 

and emit virtual photons with momenta qi二日-p~. These collid-

ing photons produce the finite particle system X， whose momentum 1S 

k=乞jkj = ql + q2 and effective mass is Wγγ 二 d玄

Helicity structure of the two-photon cross section 

4 

The photons radiated from the incoming leptons are well expressed by states of transverse 

(T) or longitudinal polarization (L). The cross section therefore is expressed by the cross section 

ofγγ → X(σTT，σTLグLT，aLL) and interference terms (TTT， TTL) The polarization indices 

refer to the五rstand second photons， respectively. Disentangling the leptonic part ( 

from γγ →X and summing over μグ?μ'，v'，the equation (1.2) becomes 

α2 I (qlb)2-q?q~ 11/2 
167r4qiqi I (P1P2)2 -mim~ I 

d σee→eeX 

[4Pt+ pt+σTT + 2Pt+ pgoσTL + 2p~Opt+ σLT+plopiOσLL 

+2Ipt-pt-IηT cos 2~ -81ptO ptOITTL cos ~] 
d3pid3pi 

E1E2 

for the unpolarized beam. Hearゆisthe angle between the scattering planes of th 

→ e'γ) 

(1.4) 

colliding 

particles in the photon center-of-momentum system. All these quantities are expressed in terms 

of the measurable momenta Pi and pi only and to that extent are completely known 
The quantities pib are de:fined using the density matrices of virtual photons in the γγhelicity 

basis by the relation 

pib = (-1)α+ber(α)prνe7ν(b )， (1.5) 

where eμ(α) is the polarization four vector of a photon with helicityα(α= 0 refers to the scalar 

polarization and α=土1ぱ'ersto the transverse polariza山

2pt+ 

p;+ 2 

(2 P1 q2 -q1 q2 )2 -
2p-;一二 ¥ ーと +1十よ÷三
‘ (q1q2)2 -qtqi ，-， qt 
pt+(l←→ 2)， 

(1.6) 

(1.7) 
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PO1 O 一
(2P1q2-q1q2)2-1 

(qlq2)2 -qiq~ 

pgo p~o(l ←→ 2) ， 

Ipt-I pt+ -1 t う

IptOI ゾ(p~O+仰 f-|

The cross section for γγ → X can be expressed in term.s of helicity tensors Wα'b'，ab as 

σTT(W刊 q??q;)=

σLL(阪m qLd)=

σTL(阪m qLd)=

σLT(Wいq??d)=

TTT(W竹 ?q??d) 二

TTL(W竹 ?q??q?)=

/1  ;::(Vl!++，++ + W+ー，+ー)，
4ゾ (qlq2)2_qtq~

Il a := (Vl!oo，oo)， 
2ゾ(ql q2) 2 - qt q~ 

fI A := (Vl! +0，+0)， 
2ゾ(qlq2)2-qtq~ 

Il a := (Vl!o+，o+)ぅ
2¥/(qlq2)2 -qtq~ 

Il -::(Vl!++，__ )， 
2¥/(qlq2)2 -qiq~ 

fl _ _ (Vl!++，oo + Wo+，-o) 
41/(qlb)2-dd 

5 

( 1.8) 

( 1.9) 

(1.10) 

(1.11) 

(1.12) 

(1.13 ) 

(1.14) 

(1.15 ) 

(1.16) 

( 1.17) 

All these quantities depend on the two-photon invariant :mass， Wγγ， and the squared virtual 

photon momen ta， qi and q~ ， only 

The helicity tensors are essentially cross sections with all fiux terms taken out 

W似 αb= ~ ! M;'b，M，αb . (2π)48(ql + q2 -L ki) II ('1~3k ) ~ ' ~a'O'~'~ tL U ，_.. / ~， '1.L ''1.G L...J 'U'L/ 1.1. (21r)32fi' 
(1.18) 

Theγγ → X helicity amplitudes Mαb are defined by the relation 

Mαb二 F(qi， q~)M J-L1/ ei(α)ε~ (b)， (1.19) 

where the form factor F( qr， q~) describes how the interaction of vi山 alp}川 onsdiffers from that 

of real photons， and must be determined experimentally. For events with large Q2， the cross 

section is usually suppressed， i.e. Fく 1，and in the limit q乙d→ OぅF→ 1
Approximation 

In case both photons are nearly on the mass shell， q;→ 0， the cross section of sc叫M
photon scattering vanishes and σTT and ηT  are transforrned into the corresponding quantities 

for real photoprocesses. In particular， at ql二0，σTTcoincides with the cross section for real 
non-polarized two-photon collision，σγγ→x. As a result， at q;→ Oぅwehave 

σTT(W刊 qLd) → σγγ→x(W竹)，

TTT(W刊 q??d) →アγγ→x(Wγγ).

(1.20) 

(1.21) 
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Thus the cross section has a simple fo1'm: 

/α¥2W竹「 ++++~d3pid3pi
dσee→eeXニ(一一) 一←ー[4pi+Pt+σ竹→x+ 2lpi-pt-Iア竹→xCoSゆ]

¥4π2) ぷqiqiL E1E2 
(1.22) 

If we introduce the photon spectrum radiated by the lepton beams， 1γ/e(Zi = Eγi/ Ebeam， Q[二

-q?)， and their polarizations， Ci = Ip+一I/pt+ぅthenthe cross section is 閃 w1'ittenjn the form 

2¥c (_ n2¥_1- _1- dゆ
dσee-+eeX σγγ→X + ~6Ç2T.竹→x cos 2<T)1γ/e( Zl ぅ Q f) fγ/e(z2 ， Q~)dzldz2;; ， (1.23) 

where the photon spectrum (01' the numbe1' of equivalent photons) fγ/巴 lS

nα 白↓ dQ;
fγ/e( Zi， Q1)二五万+Z11L77

Afte1' p1'ope1' integ1'ation the interfe1'ence te1'm T.γγvanishes and we obtain 

dσee--+e 

1.1.4 Conservation laws inγγ → X 

( 1.24) 

( 1.25) 

The two-photon ve1'tex is subject to a number of conservation laws， in particular“cha1'g 

co吋ugationin varianceぺ"gaugein varianceぺ“Lo1'enzinva1'iar問 (whichincludes conse1'vation of 
angular momen tum)ぺ“Bosestatistics" and “conservation of parity¥ 
F1'om the consequence of cha1'ge conjugation invariance， only states with positi ve cha1'ge 

conjugation (C +1) can be p1'oduced in two-photon p1'ocesses since two photons have even 

C parity. The helicity mat1'ix element Mab for a state of a speci五cspin parity JP pa1'ticle 

produced in collisions of photons is rest1'icted by the consequence of these conservation laws. A 

detailed analysis is given in a 1'eview by Poppe [5]; these conservation laws are known as Yang's 

theo1'em [6]. 1n the case of real pl川 ons(qi q~ 0)， only a small numbe1' of amplitudes 

1'emaIn nonze1'o 

and all othe1's vanish. 

M土土(JP 二 O土，2土下4土?…)ヂ O

M土平(JP= 2+，3+，4十?…)ヂ Oヲ

(1.26) 

(1.27) 

1.2 Proton-antiproton pair production in two-photon collisions 

Since baryons are known to be composites of partons， i.e.， quarks and gluons， their produc-

tion f1'om the vacuum cannot be st1'aightforwa1'd. The mechanism of the production is not well 

understood， despite that they a1'e the fundamental elements forming the matte1' of the universe. 

The pair production of a proton and an antiproton in two photon collisions， 

γγ →pp， (1.28) 
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is one of the simplest processes suitable for investigating this problem. This reaction has been 

measured by many experimen ts at higl川町rgye+ e-colliders [7-11]， utilizing the two-photon 

process， i.e・，e+e-→ e+ e-pp， where the pp pair is produced from the collision of two nearly 

real photons emitted from incoming e+ and e-. The obtained experimental results， such as the 

production cross section， are consistent with each other among the experiments as shown in 

Fig. 1.4. However， we still have large ambiguity due to limued statistks， especially in a high ii 

center-of-mass energy region. 
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Figure 1.4: Measurements of the cross section fo1'γγ →pp as a function of W竹 by

CLEO [11]， ARGUS [10] and TPCj2γ[9] collabo1'aもions.The curve 

are the p1'edictions of QCD (dashed) and the diquark model (solid). All 

results are restricted to the range of I cos 。治1<0.6

At low energies near threshold， reaction (1.28) must be complicated due to strong hadronic 

五nal-stateinteractions. The reaction is expected to show up its fundamental mechanism as the 

two-photon center-of-mass energy (W竹)becomes larger， where a certain perturbative picture 

becomes applicable with helps from SOll1e customary phenomenology. 

The cross section of reaction (1.28) has been estimated theoretically [12-14] on the basis 

of QCDぅinthe theoretical framework developed by Brodsky and Lepage [15]. The estimation 

depends on the model of the proton wave function. Among various ways of modeling， one of the 

most successful is the approach by Chernyak and Zhi比tn凶凶1吋it

Calculations based on their ‘wave functions give r、easona旧ableestimates foαr 、somephys位icalprocesses， 

such as J/ψ→ pp and magnetic form factors of the nucleons. However， the calculation for 
reaction (1.28) incorporati時 thesame wave function [12] gives cross sections remarkably smaller 

than the experimental results， by one order of magnitude even at high energies around W竹二

3.0 GeV. 
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Recently， a new calculation based on a diquark model has been proposed [17]. The model 

was found to 閃 a削

W')'γregion. Although the preference of the diquark model is apparent from the CLEO resultぅ

repeated measurements are necessary since the statistics of the experimental data is quite lin1ited 

at high energies. 

In this thesis， we present experimental results concerning the γγ → pf5 reaction in a W')'')' 

range between 2.2 and 3.3 GeV. Although the integrated lluminosity is about one forth of that 

of the CLEO measurement [11]， the larger e+e-c.m. energies enable us to obtain comparable 

statistics in the high阪n region. 

1.3 I(~I(~ pair production in two圃photoncollisions 

The hadron resonance production in two-photon collisIons is well suited to explore the struc-

ture of hadrons and properties of their basic constituents， since photons are not dhectly involved 

in strong interactions. Kaon pair production at low masses (1-2 GeV) in two-photon interac-

tions is expected to contain contributions from the tensor mesons ((J)PC (2++): 12(1270)ぅ

α2(1320) and 1~ (1 525) and continuum. The properties of the tensor mesons have been gradually 

determined due to many experimental studies. Measurements of tensor meson radiative widths 

(f竹)are important to test the validity of SU(3) symmetry and are often used to determine 

the octet singlet mixing angle in the 2++ nonet. Together with measurements of the helicity 

structure they can test explicit production models (see e.g. [5]) 

Two-photon decay widths of a resonance can be directly measured by observing its formation 

in two-photon collision reactions using the Breit-Wigner function: 

r竹 (R)ftot
σTT =σ竹→R=8π(2J+1L~".2 -r (1.29) 

where J denotes the spin of the resonance， MR its resonance mass， and ftot and f竹 (R)its total 

and two-photon decay widths， respectively. Measurements of two-photon decay widths for the 

tensor mesons are summarized in Table 1.1. 

According to req山、eluentsof the assumptions of approximate SU(3) symmetry and OZI 

suppression [23]， 12(1270) and α2(1320) are expected to interfere constructively in the charged 

kaon final state (](+ ](-) but destructively in the neutral kaon final state (](O ](0勺).Theぱ Oωre

among the states of the tensor meson nonet， only 1H1525) is observable in the ](~](~ final state 

as has been verified experimentally. 

L3 collaboration reported an enhancement in ](~](~ production from two-photon collisions 

around 1800 Me V [27] as shown in Fig. 1.5. Such a signature has neither been so far observed 

in ](~K~ [24-26] nor in ](+ ](-[28ヲ29]channels in other experiments. Cross sections for these 

reactions measured by several groups are shown in Fig. 1.6 and Fig. 1.7. The resonances of the 

tensor mesons are clearly shown bu t no signi五cantenhancement in the high-W竹 region(> 1.6 
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Rcsonancc rγγ(KcV) o bscrvccl rnod (' Expcrimc川 (y('ar)

ん(1270) 2.8土0.4 ¥tVorld ^ vcragc [18] 
2.92土0.05士0.31 e'e一-→ e+eー7了+π- VENUS (1995) [19] 

2.58土0131;:7 eTe-一→ e+e-7了+π- CELLO (1992) [20] 

α2(1320) 1.01士0.08 World A vcragc 

0.96土0.03土0.13 eTe--→e+e-7r+7r-π O ARGUS (1997) [21] 

1.26士0.26土0.18 eTe-ー今 c+e-π+π 了O NID1 (1990) [22J 

Resonance rγγx Br(R→]( ]() (KeV) o bservecl mode ExperimcnL 

f~ (1 525) 0.086土0.012 World A vcrage 

0.093土0.018土0.022 e+e一→ c+c-J(~](~ L3 (1995) [27J S.J.l.S 

0.067土0.008土0.015 e+e-→ e+ e-](+ ](- ARGUS (1990) [29] 

1.3. 

World average and mcasuremcnts of r 11 of the tensor mesons. Table 1.1 

GeV) is observed 1n these fLgures. Theぱ 0民 itis a purpose of this study Lo confLrm thc cX1stence 

of this resonance. 
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Figure 1.5: The J(~f(~ invariant mass spectrum measured by L3 collaboration [27] 

The solid line corresponds to the maximum likelihood fit. The back-

ground is fitted by a constant (dashed line) and the t'vvo peaks by Gaus-

slan curves. 
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Figure 1.7: Measurements of the cross section for γy→]{+]{-by ARGUS [29] 

The 

and TPCj2γ[28] collaborations 

The measured two-photon widths are also used to search for exotic (non-qq) states. 

existence of gluon self coupling in QCD suggests that gluonia (or glueballs)， which are bound 

states consisting only of glωns (two or more)ヲmightexist [~W]. Some signatures naively expected 

for glueballs are 

1. no place in qq nonetsヲ
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2.自avor-singletcouplings， 

3. enhanced production in gluon-rich channels such as J /ゆ(lS)decay， and 

4. reduced γγcoupling. 

However， mixing effects with qej states， and other dynamical effects such as form factors， luay 

obscure these simple signatures. Experimentally， glueball states have been searched through 

reactions， radiati ve J /ψdecay [31]， pp central production [32]， and diffractive hadron-hadron 

scattering [33]. Among the glueball candidate statesん(1710)[34] a吋ん(2220)[35] are curre、

under investigation and expected to be produced with a relatively large 1( 1( br、anchingratio. 

The calculations of the expected r竹 (R)values for the gh帥 allcandidates are made [36]. A 

measuremen t of the γγcoupling of these states is very important for an assessment of their 

gluonic nature. 

In this thesis we present the expe出 lentalresults concerning the e+ e-→e+ e-1(21(2 reac-

tion， where the invariant mass range for 1(21(2 is between 1.5 and 2.5 Ge V. Due to a very small 

detection e伍ciencyit is very di伍cultto detect the tensor meson resonances in the small-W竹

region (く1.6GeV)ヲbutthe reasonably high e伍ciencyin the high-W竹 regionprovides us wi th 

the possibility to observe new evidences of resonances which are not well established. 

1.4 Outline of this thesis 

This thesis is organized as follows: In Chapter 2， we describe the e+e-collider TRISTAN 

and the VENUS detector. The descriptions of the event trigger and the data acquisition system 

are also contained. The procedure of event reconstruction from obtained data is described in 

Chapter 3. Monte Carlo simulations are described in Chapter 4. In Chapters 5， 6 and 7 we 

explain our procedure of data analyses. In Chapter 8ヲwederive results of the measurements 

of the cross sections. Discussion is given in Chapter 9. Finally， the conclusion is presented in 

Chapter 10. 



Chapter 2 

Experimental Apparatus 

The data used in the present analysis were collected by a general purpose magnetic spec-

trometer VENUS 1 at an electron-positron collider， TR1S1'AN 2， which was located at N ational 

Laboratory for High Energy Physics (KEK) 3 in Tsuk山 a，Japan. Figure 2.1 shows a layout 

of TR1STAN. It consists of three parts; injectors into a linear accelerator (L1N AC)， an accu-

lnulation ring (AR) and a main ring (MR). The VENUS detector is located at one of the four 

interaction points， FU J1 experimental hall on MR. A brief introduction to TR1STAN and the 

VENUS detector is given below. 

2.1 TRISTAN 

TR1STAN started operation in November 1986. Then great efforts had been put in raising 

the beam energy of TR1STAN as much as possible. To achieve this goal， more than thirty cavities 

including those of superconducting type were added in the TR1STAN ring until the summer of 

1989. Finallyぅthemaximum center-of-mass energy of 64 Ge V was achieved in December 1989. 

This first period was called TR1STAN phase-I. 

In February 1990， TR1STAN phase-II operation was started. 1n the second periodう the

emphasis of operation was set on obtaining as high luminosity as possible. A pair of supercon-

ducti時 quadrupolemagnets (QCSs) were installed at each collision point. The center-of-mass 

energy was五xedat 58 Ge V to obtain the maximum luminosity. As a result， a peak luminosity 

of 1.02 pb-1 jday was achieved on 23 November 1991. 1'he total integrated luminosity from 

November 1986 to May 1995 was about 400 pb-1. 

1 VErsatile National Laboratory and Universities Spectrometer 

2 Transposable Ring In tersecting STorage Accelerator in Nippon 

3 From April 1， 1997， High Energy Accelerator Research Organization (KEK) was newly established. The 

new organization is restructured of three research institutes， N ational Laboratory for High Energy Physics 

(KEI<)， Institutes of Nuclear Study (INS)， Univ. of Tokyo and Meson Science Laboratory， Faculty of Science， 

Univ. of Tokyo 

12 
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Figure 2.1: Layout of TRISTAN. 
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2.1.1 Injectors (LINAC) 

Injectors consist of two parts; a positron generator and a main linear acce1erator (LIN AC). 

Furthermore， a positron generator consists of three parts; a high current pre-acceleratorヲ a

conversion section and a post-accelerator. 

The pre-accelerator is a high current e1ectron linear accelerator of 10A and accelerates elec-

trons up to 200 MeV. Then the electron beam strikes a tanta1um target. In the target， electrons 

induce e1ectro-magnetic showers; i.e. positrons are generated through electron-positron pair 

production. Positrons in a certain momentum range are se1ected with a solenoid magnet and 

then accelerated by the post-acce1erator up to 250 Me V. 

The luain linac， LIN ACうwhichis 400m 10ng， acce1erates electrons and positrons up to 2.5 

Ge V and then transfers to AR. 

2.1.2 Accumulation ring (AR) 

The accumu1ation ring (AR) is a boo則 rwhose circumference is 377m and stores e1ectrons or 

positrons from LIN AC to the beam current more than 10 JmA. After accumulation， an e1ectron 

or positron beam is acce1erated up to 8.0 Ge V and then transferred to MR. 

2.1.3 Main ring (MR) 

The main accelerator (MR)， has a cIrcumference of 3018m and consists of 4 straight sections 

of 193m in length each， and 4 arc sections. Two e1ectron bunches and two positron bunches 

circu1ate in opposite directions (e1ectrons circu1ate clockwise and positrons counter-clockwise) 

and collide with each other at the mid-point of each straight section. So there are 4 interaction 

points at which the colliding beam detectors are 10cated. 1'he beams collide every 5μs. A large 

portion of the straight sections is allocated for radio frequency (RF) cavities which accelerate 

the beams from the injection energy to the required co1lision energy and then compensate for a 

large energy 10ss due to synchrotron radiation. 

The energy 10ss (ムE)due to sy 

E可4

ムE~ 0附 5×7(MeV/t叫ぅ (2.1 ) 

where E is the beam energy in GeV and p is the radius of curvature in meter. The amount of 

radiation 10ss is 254 Me V jturn at E = 29 Ge V. 
The beam energy spreadσE is expressed as 

守二 0.857X 10-3 X主
ρ 

(2.2) 

which amounts to 49 Me V at E = 29 Ge V. The energy spread varies according to the frequency 
shift (ムfRF)applied to the acce1erator by the RF cavities.ムfRFis stab1e around 3 kHz during 

the runs of the present experiment. 
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The beam has approximately Gaussian shapes with the effective root mean square width of 

about 300μm in the horizontal direction， 10μm in the vertical direction， and 2 cm in the beam 

direction at the intersection points in the TRISTAN Phase-II operation. A typical lifetime of 

the beam is 3 rv 4 hours during a physics run. The parameters of MR are listed in Table 2.1. 

TRISTAN MR parameters 

Circumferen ce 3018 m 

Beam radius (p) 246.5 m 

Injection beam energy 8.0 GeV 

Max. beam energy 32.0 GeV 

Revolution frequency (frev) 99.3 MHz 

Beam current per bunch rv 4 mA 

Number of bunches (Nb) 4 (2e-+ 2e+) 
Beam size at collision poin t (σ;/σ;/σ;) 300μm / 20μm / 1cm 

Max. luminosity 1.6 X 1031 cm-2 sec-1 

Max. integrated luminosity per day 1.02 pb-1 

Beam life 3rv4h 

Table 2.1: Parameもersof TRISTAN Main Ring. 

The luminosity is one of the most important parameters in the colliding beam experiments. 

The event rate， dN /dt， for a reaction having a total cross-section σヲisrelated to the luminosity 

L of the machine by 
dN 
dt -σ・L

For an e+ e-collider， L is often expressed as follows 

(2.3) 

L n己竺乙 f ー ，
4πσ;σ;μev (2.4) 

Ie+1e一
(2.5) 
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The beam current (Ie) is expressed as follows， 

ん=enefrev (2.6) 

where ηe is the number of electrons (positrons)σ; and σ; are the spreads of the beam in x 

and y directions， respectively. In general， however， it is di伍cultto determine these parameters 

precisely. Thus the luminosity is usually determined by using the number of Bhぬhascattering 

events. Since the cross section of Bhabha events is large and well known， the luminosity can be 

calculated frOlll the number of observed Bhabha events with a small error. 
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Figure 2.2: A schemaもicview of VET、~US.

2.2 VENUS detector 

The VENUS detector [37] is a general purpose magnetic spectrometer designed to study 

various reactions in e+ e-annihilations. Figure 2.2 shows a schematic view of the VEN 

detector. 

The coordinate system of VENUS is shown in Fig. 2.3. The z-axis js den.ned as the e-beam 
direction. The y-axis is de五nedas the vertical direction. B and <t are de五nedas the po]ar and 

azIlnuth angles， respectively. 

2.2.1 Vertex chamber 

The vertex chamber (VTX) [38] is located at the innermost place in the VENUS detector. 

The purpose of VTX is to precisely determine the decay vertex of hadrons such as B meson 

in the x-y plane. It 1S a jet-type drift chamber which has the length of 60 cm and the jnner 

and outer radii of 5.4 and 14.4 cm、respectively.The chamber consists of 12 drift sectors‘each 
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Figure 2.3: The coordinate system of VENUS. 

of which has 16 sense anode wires， as shown in Fig 2.4. The anode wire planes of all sectors 

tilt by the angle of about 150 from the radial direction. This is mainly due to optimization of 

high quality sensitive region for the particles with any azimuthal angle. Tilting is also useful for 

resolving what is called left-right ambiguity of a track. To achieve good spatial resolution of rv 

50μm， we use what is called a slow gas， a mixture of 92% carbon-dioxide (C02) and 8% ethane 

(C2H6) at 3 atmospheric pressures. This provides us a large gas volume of uniform electron drift 

velocity (rv 7 mmjμs). Since the drift velocity is proportional to the electric field and in versely 

proportional to the gas density， the electric field， pressure and temperature of the gas should be 

controlled with stability better than 0.1 % in order to keep the drift velocity constant. 

The beam pipe， which is made of beryllium， is a part of the VTX chamber. The material 

was chosen for its low density and strength against pressure. Its thickness is 0.11 cm and th 

outer radius and length are 4.9 and 24 cn1， respectively. It is covered with 50μm thick titanium 

sheets to absorb X rays from beam bremsstrahlung. 

Another multi-wire drift chamber (Trigger Chamber (TC)) exists at outside of the VTX. The 

total material quantities in VTX and TC is about 2.7 gjcm2 in column density and corresponds 

to 6.1Xo radiation length in the () = 900 direction. 
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Figure 2.4: Wire co凶 gurationof the vertex char巾 er..(a) shows the whole pat-

tern on the macor endplate of the char巾 er)and (b) the wire and skin 

configuraもionof one sector. 

2.2.2 Active mask 

The active mask (AM) is a paむlf 0ぱfcylindrical悶

measure the number of forward Bhabha events and absorb pa訂rticle白sfrom events such aωs beam-

gas or beam-be伺ampl浄peinteractions， so it is called “active mask". It consists of 0.1 cm thick 

lead sheets and plastic scintillation五bersheets as shown in Fig. 2.5 and covers small polar angle 

regions of 2.60 rv 8.60， 171.40 rv 177 .40
• 
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Figure 2.5: A schematic view of AM. 

Central drift chamber 

The central drift chamber (CDC) is a cylindrical multi-wire drift chamber [40] and is the main 

tracking device of the VENUS detector. The inner and outer radii of the gas volume are 25 cm 

and 126 cm， respectively. Its length is 300 cm. It is五lledwith HRS gas (Ar:C02:CH2二 89:10:1)

drift 

2.2.3 

This mixture was chosen because of its good properties for long-term operation for a larg 

chamber. It is nonfl.ammable， stable against aging and less expensive. 

For the track reconstruction in the x-y projection (normal plane to the beam axis)， 20 axial 

layers of drift cells are provided. Every two layers are rotated by half a cell width and combined 

into one double layer. The z coordinate is determined by us:ing 9 stereo layers tilted by 30 with 

All layers are grouped to form 10 "superlayers" consisting of a pむrof respect to the z axis. 

half the Furthermore a泊allayers and one stereo layer， except for the innermost superlayer. 

superlayers have an offset of one quarter of a cell width with respect to the other superlayers. 

If we ignore this small offset， the arrangement of the cells has a 32-fold symmetry in azimuth. 

The symmetry allows us to design a simple and e伍cient track trigger logic. 

drift cell of 1.7 cm high and typically 2 cm wide contains one sense wire at the center and 

One rectangular 

The sense wires are gold-plated 30μm-thick tungsten-rhenium 

(3%) alloy and stretched with the tension of 60 gW. The potential wires are gold-plated 140 

μm-thick molybdenum with the tension of 300 gW. Molybdenum was chosen because of its large 

yield strength. It makes it easier to replace defective wires after completing the chamber. The 

surrounding 6 potential wires. 

maximum gravitational sag is 250μm for the sense wires and 600μm for the potential wires. 

The drift五eldis provided by applying a positive high voltageヲtypically2.1 kV， to th 

wires. The potential wires are grounded. The electric五eldis almost radial near the sense wire 

nse 
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up to a distance of about 5 mm， while the effect of the potential wires is significant near the 

potential wires. 

Figure 2.6 is a view of CDC in the x-y plane. Charged pa，rticles produced at a central region 

1 cos BI三0.75cross a sensitive region of alllayers. 

(a) (b) 
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Figure 2.6: Design of the central drift chamber. (a) x-y view of one q凶 drar

(作b)七句ypl比C日a叫1d出むr口~l出f仇t-c印e叶ell geometry 

The endplates are 2 cm-thick aluminum plates having a curved shape. The shape was chosen 

to minimize the deformation d ue to the wire tension. The maxim um deformation was measured 

to be about 0.05 cm， consistent with the calculation. The wire tension applied to the endplates， 

amounting to 9 ton in total， is supported by the outer cylinder made of 0.5 cm-thick CFRP 

( carbon-五berreinforced plastic). The use of CFRP allows us. to reduce the material thickness to 

approximately 1/2 compared with the case of aluminum. The VENUS CDC is the五rstlarge-size 

drift chamber that has employed CFRP as a major component of the mechanical structure. The 

inner cylinder， made of 0.1 cm-thick CFRP， serves only as a gas seal. The inside surfaces of 

the cylinders are lined with aluminum foilうinorder to eliminate outgasses and provide a good 

electrical property. 

2.2.4 Transition radiation detector 

The transition radiation detector (TRD) i8 a large cylindrical detector， extending from 127 

cm to 157.7 cm radially and 296 cm in the z direction [41]. It covers the angular region of 

1 cos BI三0.7.

TRD consists of two components. One is a“radiator box" which contains polypropylene 

五bersand helium gas. The other is an X-ray chamber which has a thickness of 2 cm and is filled 

with a gas m凶ixtu山1口1陀 (Xe広:CH4=90:江10)tωo detect transition radiation. TRD is divided into eight 
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sectors in azimuth as shown in Fig. 2.7 and each sector has fom、layersof the radiator box and 

X-ray chamber. Thus 32 pairs of the radiator box and X-ray chamber comprise the detector. 

The total radiation thickness of TRD is 0.18 Xo in the radial direction. 

Figure 2.7: Cross間 ction(end view) of TRD 

2.2.5 Time-of-flight counter 

The time-of-丑ightcounter system (TOF) consists of 96 plastic scintillator with dimensions of 

4.2 x 10.8 x 466 cm3 [42] as shown in Fig. 2.8. These counters are placed inside of a solenoid coil 

at the radius of 166 cm and cover the range of 1 cos 81三0.81.There are 0.3 cm gaps between two 

adjacent counters. These gaps cause the inefficiency of about 3%. Each end of the scintillator is 

viewed by a photo-multiplier tube (PMT) through a 145 Clll long acrylic Light guide. The time 

resolution is estimated to be about 200 psec by using Bhabha and μ+μ-events. 

96 TOF counter 

466 cm 一一一一一

Scintillation Counter 

Length: 466cm 

l← Width: 10.8cm 

Thickness: 4.2cm 

Figure 2.8: Schema七icfigure of the TOF system. 

2.2.6 Magnet system 

The magnet system consists of a superconducting solenoid， a fiux return yoke， a heLium 

refrigerator and a high current power supply [43]. The superconducti時 solenoidalcoil has its 
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dimensions of 177 cnl in radius and 527 cm in length. It provides a uniform magnetic五eldof 0.75 

Tesla in the beam direction. Its superconducting material is Nb Ti/Cu. The excitation current 

is 3980 A at 0.75 Tesla. The material thickness in the radial direction is made exceedingly thin， 

0.52 Xo・

The iron return yoke supports the magnetic force of about 230 ton with the maximunl elastic 

deformation of 0.04 cm. The cryogenic system keeps the temperature of the solenoid below 4.5 

K. The stored energy is estimated to be 11.7 MJ. 

The magnetic五eldin a volume of 3.2 m in diameter by 4 m in length was measured by using 

a nuclear magnetic resonance probe and hall probes for the three dimensional components with 

the accuracy of the order of 10-4. A uniform五eldof 0.75 Tesla was obtained in the entire CDC 

region within a standard deviation of 0.3 % [44]. 

2.2.7 Barrel lead-glass calorimeter 

The barrel electromagnetic calorimeter (LG) is placed between the superconducting coil and 

the iron yoke with a radius of 197-230 cm and length of 615 cm in the beam direction (z-axis) [45] 

It covers the polar angles from 370 to 1430 (1 cos 81三0.799)and whole azimuthal angles. It is 

composed of 5160 DF6 lead glass counters: 120 segments in the φview and 43 segments 1n the 

z-8 view. 

The lead-glass counters are pointed toward the interaction region with a semi-tower geometry 

as shown in the cross sectional view of Fig. 2.9. By this con五gurationうthemultihit probability 

of particles is greatly reduced. Each lead-glass counter has a small tilt with respect to the 

interaction point in both z andゆsothat photons from the interaction point cannot escape 

through 0.15 cm gaps between blocks. 

Figure 2.9: Cross-sectional view of the lead-.glass calorimeter. 
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An LG module is made of DF6 whose main components are PbO (70.9 %) and Si02 (27.3 

%)， and has properties such as the radiation length of 1.69 cm， the critical energy of 12.6 MeV 

and the refractive index of 1.805. A typical LG module size is 12 x 11.6 cm2 in cross section 

and 30 cm in length， corresponding to 18 radiation lengths. The schematic cut view of an LG 

module is shown in Fig 2.10. A 3-inch PMT surrounded by a .p，-metal magnetic shield is attached 

to each LG module together with a plastic light guide of 5 cm in length. At the central part of 

the LG calorimeterぅthebox and grid-type PMTs are used， while at the both end parts where 

the leakage field is 20 to 30 Gauss， mesh-type PMTs are used. High voltage ranging from -1.5 

to -2.0 kV is applied for PMTs during data taking. In order to trace gain :fluctuations of the 

PMTs， a monitoring system ofaXe丑ashtube with an optical五berbundle is used. 

Heot山rinkoblelube 

o F 6 Lead gloss 

Silicon rubber 

o 5cm 
L一一一一J

Figure 2.10: Assembly of a lead-glass module. 

Energies are measured with eherenkov lights (，，-， 103 pho叫to閃eιlectror

whi吐ichare radiated by cha紅rgedparticles in electromagnetic showers. Such a high energy shower 

develops by successive bremsstrahlung and electron-positron pair creation by photon until their 

energies reach the critical energy. Below the critical energyヲionizationby collision processes 

dominates. So the total amount of the light yield is proportional to the energy deposit in LG 

blocks. The relation between the energy and the light yield was calibrated by using the electron 

beam from the internal target beam line (IT4) at TRISTAN-AR [46]. 

2.2.8 Endcap liquid argon calorimeter 

The liquid argon calorimeter (LA) is a sampling calorirneter for measuring electromagnetic 

shower energies produced by electrons and photons in the forward and backward regions [47] 

pair of liquid argon calorimeters are installed between CDC and the endcaps of the return yoke. 
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Each one covers an angular range of 0.79三1cos 81三0.99as shown in Fig. 2.11. Each calorimeter 

consists of 480 tower structure modules of 20.3 radiation lengths as shown in Fig 2.11. Each 

tower module is made out of 71 calcium-lead plates with a thickncss of 1.5 mm and the gap 

between lead plates of 3.0 mm. 
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Figure 2.11: Schematic view of LA. (a) Front view of the calorimeter module aト

m 

2.2.9 Muon chamber system 

The muon chamber system (MU) covers the large outermost area of VENUS to detect 

muons [48J. It consists of two main parts: the barrel pa吋 andthe forward-backward part 

The barrel part consists of three layered arrays in T-ゆview，and one layer arrays in z-view， of 

extruded alunlinum modules， each with 8 cells of drift tubes; whereas the forward-backward 

part consists of two layered arrays of the modules. A module consists of two layers of four cells 

staggered by a half cell as shown in Fig. 2.12. 

Each cell has the cross-section of 5 x 7 cm ~ with the wall thickness of 0.25 cm on average・

Lengths of the modules are 760 cm for the barrel part， and vary from 245 cm to 505 cm depending 

on the location for the forward-backward part. A sense wire of 70μm in diameter made of gold-

plated tungsten with 3 % rhenium is stretched at the center of each cell with a tension of 400 
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sense W1re 

5 

28 
unit cm 

Figure 2.12: A module of muon chamber. 

gW. The tubes are filled with P-10 gas (A同 H4二 90:10).High voltage of 2.7 kV is applied to 

each sense wire and the tubes are operated in a proportional mode. 

In the barrel partうtheinner three layers of the modules， interleaved with 20 cm thick lron 

五lters，measure the x and y positions of a penetrating particle. The outennost layer of module， 

which is located just outside of the third layer without any iron五lters，measures the z-position 

of the track. In this region， the main absorbing material along the particle path generated from 

the interaction point consists of the lead glass calorimeter， their support rings made of 17.5 cm 

thick iron and 10.0 cm thick aluminum， the return yoke made of 30.0 cm thick iron and two 

muon五ltersぅeachcomprising 20.0 cm thick iron. The thickness of each muon五1ter is chosen 

to be about 1 nuclear absorption length. Distances between the return yoke and the first muon 

filter and between 2 muon五ltersare chosen to minimize possible decays of surviving π土 and

k土. Muons should penetrate at least 5.3 absorption lengths of materials up to the outside of 

the VENUS detector. 

2.3 Event trigger system 

The trigger system is com posed of two levels; a五rst-leveltrigger designed to work between 

beam crossings and a second-level trigger which is a slower software track trigger. 

2.3.1 First-Ievel trigger 

The trigger decision must be made within a collision interval of 5μsec， so the first-level 

trigger system consists of hardware logics only. The first-level trigger is issued when the beam-

crossing signal and the signal issued by a trigger generation circuit coincide. Inputs to the 

trigger decision module are track patterns reconstructed by CDCうhitinfonnation of TOF， and 

analog-sum signals from the calorimeters as shown in Fig. 2.13. 

Track pattern recognition with a track-五ndermodule is shown in Fig. 2.13. The axial-layer 

cells of CDC are grouped to 64 trigger-cells divided in azimuth in each superlayer. 
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Figure 2.13: Block diagram of the trigger system. 
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The track-finder module recognizes tracks by comparing the triggel¥cell hit pattern from 

the inner 7 superlayers with a pre-loaded look-up table. The pattern of the look-up table is 

so de五nedthat the track finders shou1d have nearly the full efficiency for tracks which have 

transverse momenta Pt above 0.6 Ge V / c with respect to the z axis [49]. 

To form LG event trigger， LG is divided into 58 segments i.e. 7 segments in the z-direction 

and 8 or 10 segments in the qうdirection.The ana10g-sum signa1 of each segment is used for LG 

segment trigger. A1so all 58 segment-sum signa1s are sent to an analog-sum circuit and then these 

analog-sum signal is used for LG tota1 trigger. Similarly， each of the LA calorimeters is divided 

into 12 sectors in azimuth and each sector is further divided into inner (0.91ど1cos BI三0.99)and 
outer (0.乃三 1cos BI三0.91)parts. Thus analog-sum signals from the 48 sectors in both sides 
are used to form LA sector trigger. Ana10g-sum signals of 48 sectors are sent to an ana10g-sum 

circuit and then the analog-sum signal is used for LA total trigger. 

The first-1evel triggers based on the above information are as follows: 

• Coplanar trigger 

For the cop1anar trigger condition， the acoplanarity angle between two tracks must be 1ess 

than 100
• The acop1anarity angle is de五nedas the supplementary angle in the x-y plane 

between the two tracks and expressed as 

ぺ二極)IPtll必| (2.7) 

where P71 and P72 are the momentum vectors projected onto the x-y plane. Each track 

lS req山、edto be associated by TOF hit(s) at nearly azimuthal-ar叫eregions. The track 

finding ef五ciencyin the Coplanar trigger is shown in Fig 2.14， where the small inefficiency 

above 0.6 Ge V / c is due to the gaps in TOFヲ andthe rising curve be10w 0.6 Ge V / c is 

main1y determined by the logic of CDC track五ndingsystem. 

• Two-Track-Limited trigger (TTL) 

Condition of the TTL trigger (the acoplanarity angle cut) is 100ser than that of the cop1anar 

trigger and is extended to 25 0
• 

• LG segment sum trigger 

At least 2 tracks are recognized by “track五nder"without requiring the TOF association 

and at least one of LG segments has an energy deposit larger than 0.7 Ge V. 

• LG total sum trigger 

A total energy deposit in LG is larger than 3 GeV. 

• LA sector sum trigger 

At 1east one of LA sectors has an energy deposit large:r than 2 GeV. 

• LA total sum trigger 

At 1east one side of LA has a total energy deposit 1arger than 4 Ge V. 
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• Active mask trigger 

Total energy deposit is larger than 10 GeV in back-to-back con五guration.The back-to-

back con五gurationmeans that the signals are induced at both symmetric positions of a 

paIr of active masks， with respect to the collision point. 

• Random trigger 

Random trigger is made by the beam-crossing signal. Beam-crossing is scaled down by a 

factor of 2 x 106. This trigger occurs every 10 sec. 

100 
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Figure 2.14: The track-findi時 efficiencyin the Coplanar trigger logic (aれerもhe

association of TOF). The closed circles indicate the results obもained

from the experimental data， and the solicl line presentsもheresult of 

Monte Carlo simulation. 

2.3.2 Second-level trigger 

A second-level trigger uses slower software [50]. At the五rst-levelヲwe五ndtracks in CDC 

by making use of the track finder. The information is sent to another electronic circuit which 

makes a ゆcorrelationby combining the information from TOF counters. Flexibility and high 

granularity in the五rstlevel trigger require a large number of wires and a complex circuit， and 

thus the logic in the ゆcorrelationis limited by hardware restriction. Indeed， the TTL triggered 

events contain large backgrounds which originate from interactions of beam particles with the 

beam pipe. When an event is triggered only by'TTL trigger， the second-level trigger is applied 

to the event. A micro-processor 68K20FPI carries out refined track finding by combining CDC 

and TOF hit information in theゆregionswhere tracks have been found at the五rst-leveltrigger. 

The second-level trigger can improve the vertex resolution， a.nd thus reduce background events. 



2.4. DATA ACQUISITION SYSTEM 29 

The total trigger rate is typically 5 rv 7 Hz and dead time is 5 % though it depends strongly on 
the beam condition. 

2.4 Data acquisition system 

The data acquisition system (DA) [51] has a tree-like structure as shown in Fig. 2.15. For 

the front-end electronics， several data buses such as CAMAC4， TK05， and FASTBUS6 are used. 

These buses handle about 30，000 electronic readout channels in total. All digitized data from the 

front-end electronics of the detector components are transferred to FASTBUS memory buffers 

and collected by a 68K20FPI module on FASTBUS whenever an event trigger occurs. And then 

all data in 68K20FPI are read by an on-line computer VAX6330. 

The collected data are sent to a main frame computer FACOM M1800 via optical五bersand 

then stored in an automatic loading cartridge tape library. 

4 CAMAC is an international standard of modularized electronics as de五nedby the ESONE Committee of the 

JRC， Ispra. 
5 TKO is a system of front-end electronics developed at KEK 

6 The s“tar吋 a紅rdmodular high-speed data acquisition and control system de五nedby ANSljIEEE std 960-1986 
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Modu1e nalne 

68K20FPI FASTBUS Processor Interface with 68020 micro-processor 

DRB genera1 propose bus of DEC 

TDR Trigger Decision Modu1e 

TFC Track Finder for CDC 

IOR InputjOutput Register 

MUL Majority Modu1e 

SSI Simp1ex Segment Interconnect 

AT Active Terminator of cab1e segment 

T Terminator of cab1e segment 

FCI FASTBUS-CAMAC Interface 

MP Memory Partner 

CH Controller Head 

SCH Super Contro1 Head 

h在RB M u1 ti -Record B uffer 

SMI Segment Manager Interface 

TAC Time-to-Amplitude Converter 

SADC Scanning ADC 

FADC F1ush ADC 

CAT Calibration and Trigger Modu1e 

STOS Streamer Tube Opera，ting System 

Table 2.2: Lists of modules in the DA sysもem.
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Chapter 3 

Event reconstruction 

Data taken by the DA systern are composed of digitized quantities from ADC， TDC etc. So 

they are called “raw data" and need to be reconstructed to tracks and clusters before physics 

analyses. Reconstructed events are classified into several categories， e.g. hadronic events， low 

multiplicity events and Bhabha events， depending on physics processes. In this chapter， the 

method of event reconstruction and data reduction is presented. 

3.1 Track reconstruction in CDC 

The measurement of mOlnentum and charge of a charged particle is performed by reCOJl-

structing its trajectory in CDC. The track reconstruction in CDC is carried out by using the 

pattern recognition program named PERPR [52]. 

Since a magnetic field of 0.75 tesla is applied along the z-axisぅthecharged particle spirals in 

the 3 dimensional space， and thus its trajectory makes a circle in the x-y plane. The projected 

momentum in the x-y plane， Pt (GeV jc)ヲcanbe obtained from the relation 

Pt = 0.3・B.p (3.1) 

w here B is the magnetic丑uxdensi ty in tesla， and ρis the radius of curvature in m. In the 

PERPR program， track reconstruction in the x-y plane is done by using axial wire information 

at first. If we succeed the above reconstruction， we try to reconstruct a track in three dimensions 

by using slant wire information. The basic procedure of the track reconstruction in PERPR is 

described below. 

Reconstruction in the x-y plane 

1. An “.initial road" is searched at the outermost two layers of CDC. If hits are found in both 

layers， the 'road' of the track is de五ned.Thusヲfourpossible combinations of a track du 

to left-right ambiguity are taken into account as shown in Fig. 3.1. 

2. Then candidate hits along the 'road' are searched. The left-right ambiguity is solved by 

fitting with axial wire positions. To五nda most likely track， the least χ2五tis performed 

32 
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by eliminating hits of poor quality. Ifχ2 exceeds 5.0ヲthetrack is abandoned. 

3. The curvature of the track is calculated from the above formula and some relevant quan-

tities such as charge and Pt are calculated. 
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(c) Obtain the most probable七rajecヒory.

Figure 3.1: Track reconstruction procedure: (a) to determine the initial road) (b) 

to search for hit cells along the road and then make a trajectory紅、 and

(c) to obtain the mosもprobabletrajectory 

Reconstruction in the z-s plane 

Slant-layer hits are used in association with axial-layer hits to determine a three-dimensional 

trajectory. Since slant wires are inclined by 3.5 degrees with respect to axial wires， the z 

coordinate of the track can be given by 

d 
z 一一一一一一一.
2 tan α7 

(3.2) 

where d is the distance between the axial track and the stereo hit，αis the slant angle (3.50) 

and l is the wire length of the slant wire projected onto the beamωQs. 
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The overall trajectory can be expressed in a linear form as 
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(3.3) 

s is the length of the 

arc element measured from the closest approach and dz/ds is the gradient. The track finding 

algorithm is similar to that for the x-y plane. The con五gurationof a CDC track js illustrated 

in Fig. 3.2. 

w here Zm.in is the distance at the closest approach in the x-y plane 

Here the distance of the closest approach to the interaction point in the x-y plane is defined 

as Rrrun. We define Rm.in to be positive (negative) if the ir山 ractionpoint lies inside (outside) 

s 
(b) 

y 
(a) 

the circle of a track. 

z 

Both figu res 
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Figure 3.2: Definition of track parameters: (a) Rmin and (b) Zmin 

show in the case of negative values. 

x 

For charged tracks in the range of I cos () Iく 0.75，where they are able to pass through all the 

axial and slant layers of CDC， tracking performance has been evaluated using Bhabha scattering 

events. The vertex resolutions for high-pt tracks have been found to be 

Tracking performance 

(3.4) 

(3.5) 

μm 460 r、、J
r、Jσve巾 x(xy)

σvertex( z) cm. 

In the same way， the angular resolutions in the a2Imuthal and polar angles have been estimated 

0.67 r、、，
r、、J

(3.6) 

(3.7) 

mrad 8 sin 2 () 一σ。
to be 

mrad. 

The measurement of the polar angle is much less accurate than that for the azimuthal angle. 

The momentum resolution is found to be 

1.3 一σφ 

(3.8) 7=ゾ(0川 2+ (0.008 x Pt)2 
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with P and Pt in GeVjc in a magnetic五eldof 0.75 Tes1a using cosmic ray and Bhabha data 

sam ples. The五rstterm in Eq. (3.8) is the contribution from multiple coulomb scattering by 

materials in the tracking vo1ume， i. e. the chamber gas and the wires. The second term is due to 

measurement errors in the drift distance. The reconstruction effi.ciency for the high-pt charged 

tracks in the range of I cos () I三0.75has been studied by collinear Bhabha events and found to 

be better than 99.9 % in the x-y p1ane. 

3.2 LG clustering 

Since an e1ectromagnetic shower generally spreads over severa1 LG b10cksヲtheshower energy 

and its incident position shou1d be determined by組 appropriateclustering method. 

3.2.1 Clustering Method 

The intrinsic limitations in spatia1 reso1ution are五rst1ygiven by detector granu1arityヲand

second1y given by 1ateral spread of the e1ectromagnetic shower. The 1atera1 spread is mainly 

caused by lllu1tip1e scattering of 10w-energy e1ectrons that no 10nger radiate any photons and drift 

away from the shower center axIs. A proper sca1ing variab1e for the lateral shower distribution 

is the M oliere radiω RM which corresponds to 2.8 cm for 1ead包1ass(DF6) 

According1y， severa1 b10cks share the shower energy permitting the measurement of the 

shower center position. The clustering and measurement of the shower center are performed as 

follows: 

1. Starting from a modu1e which contains the highest enl8rgy， neighboring modu1es are ex-

amined whether they be10ng to the same cluster or not. Thusヲa“connected region" is 

formed by searching all neighboring modu1es adjacent in the ゆor() direction. 

2. The shower energy is calcu1ated by summing up the enl8rgies in the same cluster. 

3. The incident position of the showering particle is determined by the energy weighted 

average of the position of LG b10cks in a cluster as follows: 

乞Eα2
xcluster でEO! ' (3.9) 

where x is the centra1φor ()-posi tion of a b10ck and α=  0.34 which was optimized by a 

shower simu1ation calcu1ation using EGS4 [53]. 

3.2.2 Performance of LG cluster reconstruction 

The energy resolution for an e1ectron eva1uated using e+ e-→ e+e一， e+ e-i and e+ε-e+e一

events 1S given as 
σp， 0.07 
1子=0.025十万 (3.10) 
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where E is in GeV. The五rstterm accoun ts for the eπ'ects such as instrumen tal noiseヲshower

leakage and inter-calibration error， whereas the second term comes from the statistical乱uctua-

tion of the number of photoelectrons. 

The angular resolution of the calorimeter can be studied by comparing the measured shower 

center positions with CDC tracks extrapolated to LG module surfaces for large angle Bhabha 

scattering. The angular resolution has been measured to be 

σtG 二 4.0mradぅ

σtG=52mmd 、12
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3.3 LA clustering 

3.3.1 Clustering method 

The cluster五ndingalgorithm for LA is similar to that for LG except that only adjacent 

towers are included in the search and not for towers in the diagonal duection. The center of th 

cluster is measured by a shower-profile method. It is known that the lateral shower spread E( x) 

of the electromagnetic shower can be expressed by the following double exponential form [54]: 

I x I ¥ I T.1 _ __ __ / I x I 
E(x)竺 E1仰 (-~11) + E2αp(一五)， (3.12) 

where x is the lateral distance from the shower centerぅand入1and入2represent the shower exten-

sion. The first term is the central component which describes the multiple coulOlnb scattering of 

the electrons and positrons in the material. The second term is the peripheral component which 

arises via isotropic propagation of photons. In principle， the shower center can be obtained by 

solving the above equation but this is generally di伍cult.Tomake the problem easier， only one 

exponential term has been considered. The slope parameter入hasbeen taken as a function of 

lateral energy so that 

入=g(y)， (3.13) 

with 
1， E; 

y=lηー(T.1-'+ 1)ヲ
2 ¥ Ei+l 

(3.14) 

where Ei represents the energy deposit in the i-th tower. The function g(y) has been parame-

terized for high-energy electromagnetic showers by using EGS4 [53]. 

3.3.2 Perforniance of LA cluster reconstruction 

The energy resolution of LA has been studied. using radiative Bhabha scattering events， and 

found to be 
Ti: 0.102 
一二二二 0.016+一一完言ーう
σ '¥/  /-<: 

(3.15) 
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where E is in GeV. Similarly to the LG case， the first and second terms are due to intrinsic noise 

and statistical fluctuation， respectively. The normalization factor for the energy calibration is 

given by measuring energies of Bhabha events. The angular resolution of the calorimeter has 

been studied by the same method as that used for LG. It is obtained to be 

LA erl. 2.9 mrad， 

σLA2.6A  … 二 ーァーで mrau. 
sln σ 

where the errors are determined by fitting the result. 

(3.16) 

(3.17) 



Chapter 4 

Monte Carlo Simulation 

In order to estimate the detection e伍ciencyand to compare the data with theoretical pre-

dictions， a Monte Carlo (MC) simulation is applied. The MC simulation has two steps: 

• the event generation and 

• the simulation of decays and interactions of generated particles in the VENUS detedor 

ll1aterials. 

4.1 Event generation 

We used the event generator program for the two-photon process at an e+ e-collider， 

TREPS [55J. This program generats the simulated events at a speci五ed五xedγγcenter-of-mass

energy using an equivalent photon approximation (EPA) [56J in which the virtuality of photons 

was taken into account as described in Sec. 8.1 in detail. The kinematics in the event was pre-

cisely calculated so that the五nalstate particles give a conserved 4-momentum and the proposed 

value exactly within the accuracy of the computation. It was applicable to various processes 

by specifying a combination of五nal-stateparticles and angular distributions among them. The 

accuracy of the calculation was tested by cOluparisons with other programs [57ぅ58J.The three-

dimensional momentum distributions of the two-photon system were in very good agreement 

with those expected from a full diagram calculation for the process e+ e-→ e+e-μ+μ-[58J 

The process of I(~ decay into吋 wassimulated by using L UEXEC p時 ramin JETSET 

7.4 [59J. L UEXEC sim山 ，tedthe whole fragmentation and decay chains. In this program the 

decays of hadrons containing u， d and s quarks into two or three particles were simulated by 

assuming that the momentum distributions were given by phase space. The branching ratios 

and lifetimes were given by PDG [60J. In the case of I(~ ， the 1branching 則 ioused was 0.686 for 

π+π-and 0.314 for 7T07rO and the CT was 2.675 cm. 
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4.2 Detector simulation 

In order to simu1ate decays and interactions of the particles main1y with a 10ng 1ifetime and 

to simu1ate the response of the VENUS detector， we used a detector simu1ator cal1ed VMONT. 

Severa1 reactions simu1ated by VMONT were as follows: 

• Decays of hadrons (汁久 K土 etc.)and 1eptons (μ土 andT土)were simu1ated. Positions of 

decay vertices and time-of-fligh ts were a1so ab1e to be calcu1ated even for particles wi th 

short lifetimes， such as I(~ ， A and D mesons as well as those with 10ng lifetimes 

• Multip1e Cou1omb scattering， energy 10sses and nuclear interactions were simu1ated. 

• For ca1orimeters， e1ectromagnetic cascade showers in the detectors were simu1ated by us-

ing the actua1 geometry and materia1s coded in VMONT. E1ectromagnetic showers in the 

ca1orimeters， which originated from e1ectrons andjor photons were simu1ated by EGS4 [53]. 

Based on the information obtained from EGS4， the responses of calorimeters were calcu-

1ated. The ca10rimeter response for hadrons and muons was also calcu1ated on the basis 

of the beam test data. 

• The responses of chambers were simu1ated by taking into account the re1ation between 

the drift time and the drift 1ength. The reso1ution of each chamber was a1so taken into 

account. The simu1ation of detector responses used the tuned response of each chamber. 

Among the interactions of particles in the detector materials， nuclear interactions were ex-

pected to be much more comp1icated than other interactions. We adopted a simpli:fied mode1 

for these interactions， and optimized it by using information from experimenta1 data. The in-

teractions in the materia1s at small radii were studied by investigating various properties， such 

as the vertex distribution， of 10w momentun1 tracks in mu1tihadron events. Further information， 

main1y concerning the 1arge ang1e scattering and absorption in the materia1s at 1arger radii， was 

obtained from the studies of the LG response. 



Chapter 5 

Event Selection 

In this chapter we describe the procedure in which we selected two-photon events from events 

triggered by the coplαnαr or TT L mode. The selection criteria for two-photon collision events 

were optimized in order to minimize any background contamination and maximize the detection 

efficiency. Two-photon processes are characterized by small visible energies and good transverse 

momentum balance. Because we were interested in production from collisions of nearly real 

photons， we selected so-called no-tag events， in which the recoiled e+ and e-escaped from the 

detector into small angles. 

5.1 Preselection 

Events of pp-pair or I(~-pair production in two-photon collision events were selected from 

the preselection sample. This preselection sample consisted mainly of events with low charged-

particle multiplicity. The preselection was based on only CDC information. The selection criteria 

were as follows: 

1. The number of tracks reconstructed in CDC was between 2 and 20. The reconstructed 

tracks luight contain those tracks which were not three-dimensionally reconstructible. 

2. Among these tracks， at least 2 tracks satis五edthe following conditions: 

• Naxial三10，Nstereo三4，

• I Rrnin I三2.0C1U， 

• IZminl三15.0Clll and 

.約三 0.2GeV jc. 

3. Among the tracks selected by condition 2ヲatleast one track satis五edthe condition， Q jp三

0.5 (GeV jc)ーヘ whereQ is the electric charge of the track (=土1). 
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Condition 3 requires the existence of at least one negative-charge or high-momentum (Ptど2

Ge V j c) track. This req 山、ement e 伍ciently reduced the c∞on凶t凶加a剖lnlτ

beam pipe interactions. 

In this preselection we applied a truncated version of the track reconstruction prograln in 

order to save the CPU time. The selection criteria were looser enough for the real collision 

events. 

5.2 Selection of e+ e一→ (e+e-)ppevents 

After the standard track reconstruction was applied， we selected e+ e-→ e+e-" → (e+e-)pp 

events from the preselection sample. 

5.2.1 Selection of two track events 

The selection criteria for two track events were as follows: 

1. Ngood = 2. 
Ngood was de五nedas the number of good tracks which satisfted the following requirements: 

• Naxialど8う Nstereoど4，

• 1 Rrrun 1く1.0cm， 

• 1 Zrrunlく 10.0cm， 

• 1 cos 81く 0.8，

• Pt > 0.2 GeV jc and 

• TOF hit connection. 

2. N et charge of good tracks二 O.

3. Pt > 0.45 Ge V j c for both good tracks. 

This requirement was set to ensure substantial e伍ciencyof the event trigger. 

4. 1ムtTOFI三5ns. 

|ムtTOF1 is the time difference between the two tracks measured by TO F as shown in 

Fig. 5.1. In this condition， cosmic-ray events were effectively rejected， because cosmic rays 

had a typical time difference of 10 ns. 
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Figure 5.1: Theもimedifference between the two tracks measured by TOF. 

5.2.2 Rejection of background events 

In order to reduce backgrounds such as single-photon annihilation events and non-exclusiv 

events， we applied the following requirements: 

1. Etotal三5.0GeV. 

Etotal was defined as the total cluster energy in LG and LA. This cut was effective to 

reduce hadronic single-photon annihilation process events. Figure 5.2 shows the total 

cluster energy in LG and LA for two track events. 

2. 1¥Tother = O. 
N other was de五nedas the number of other tracks which came from the neighborhood of 

the collision poin t and satis五edthe following properties， 

• Naxialど8，Nstereo三4，
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3. I乞民I::; 0.2 GeV jc. 

|乞長Iwas defined as the vector sum of Pt of the two good tracks. This cut was applied 
to reject non-exclusive pp events and to restrict the virtuality of colliding photons. 
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10 

1 

Figure 5.2: Theもotalcluster energy in LG and LA forもwotrack events. 

Particle identification 

Two tracks were identi五edas a proton and an antiproton by using CDC and TOF informa-

tion. In addition， both tracks were required to satisfy the following conditions: 

5.2.3 

1. p :::; 1..5 Ge V / c. 

This limit was to preserve a good ](/p separation by the丑ight-timemeasurement. 

2. ITOF expected -TOF m悩 uredl三3σTOF.

TOFmeasured and TOFexpected were the meaSUI、edfl.ight-time and that expected from the 

momentum and the path length， respectively. The proton mass was assumed for the 

tracks.σTOF was a standard deviation evaluated from the quadratic sum of the errors of 

the quantities used， 

(.5.1) OF-J2+2  -v σTOFirutr.inslcσCDC' 

A typical value was 2.50 ps for a hadron track. 

3. IMassproton -MassToFI三100MeV/c2. 

IMassTOFI was de五nedas the estimated mass from the TOF measurement. By this cut， 

the contamination from pions and kaons in high momentum regions was reduced. 

Figure .5.3 shows the distribution of ITOF叫 ected-TO F measured I /σTOF for the sam ple after 

the requirement for momenta lower than 1..5 GeV /c. 
Figure .5.4 shows the correlation between the estimated masses of the two tracks， for the 

sample after the requirement for momenta lower than 1..5 Ge V / c. 

clearly separated from other combinations of particles such asπ+πーヲ](+](一，pπandso forth. 

A cluster of pp events is 
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Figure 5.4: Scatter ploもofthe masses calculated from the TOF for the positively 

(abscissa) and negatively (ordinate) charged particles in the event sam-

ples before the identification. 

44 



5.2. SELECTION OF E+ E-→ (E+E一)ptEVENTS 45 

5.2.4 Candidate events 

A total of 311 events remained after the selection. The candidate events were divided into 

two-dimensional bins of Wγγand cos ()*， with a width of 0.1 Ge V for W')'γく 2.75GeV and 0.1 

for 1 cos ()* 1. Wider Wγγbins were used at W竹>2.75 GeV. The two-photon c.m. energy， W竹 下

was calculated from the momenta of the proton and the antiproton after corrections for energy 

losses in the materials. We used the angle between the proton momentum and the elcctron 

beam direction in the photon-photon center-of-mass frame to be the scattering angle ()* with a 

good approximation as shown in Fig. 5.5. The angular distribution of the candidate events is 

tabulated in Table 5.1 

。*

Figure 5.5: The definition of the scaもteringangle B* 

Wγγ(GeV) 1 cos ()* 1 

0.0-0.1 0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.610.6-0.710同 810.8-0.910引 O

2.1 2 。 2 。 。 。 。 。 。 。
2.2 33 23 15 3 1 2 。 。 。 。
2.3 29 26 17 9 7 2 1 。 。 。
2.4 13 19 15 9 2 3 l 。 。 。
2.5 11 8 5 2 1 2 。 。 。 。
2.6 6 1 3 5 5 5 1 。 。 。
2.7 。 1 。 3 2 。 1 。 。 。
2.85 。 1 。 1 2 4 1 1 。 。
3.05 。 l 。 。 1 。 2 。 。 。
3.30 。 。 。 。 1 。 。 。 。 。

Table 5.1: N umber of candidate events for γγ →pp. 
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5.3 Selection of e+ e-→(e+ e-)I(~I(~ even 

After the standard track reconstruction was applied， we selected e+ e一→ e+e-iγ→ (e+e-)l(~l(~ 

events from the preselection sample. The l(~ was identi五edwi th i ts decay in toπ+π一 Wese-

lected events which included 4 charged particles in the五nalstate (candidates of π+π一π+π一)

5.3.1 Selection of four track events 

The selection criteria of 4 track events were as follows: 

1. Ngood = 4. 

Ngood was de五nedas the number of good tracks which satis五edthe following requirements， 

• Naxialど8，Nstereo ~ 4う

• I Rrrunlく 2.0cm， 
• IZrrunlく 10.0cm， 
・Icos BI < 0.8 and 
• Pt > 0.1 GeV jc. 

In order to get low-切らγevents，we set the lower limit of the transverse momentum at 0.1 

GeV jc. 

2. N et charge of good tracks二 O.

3. MassToFく 400MeV jc2. 

MassTOF was de五nedas the estimated mass from the TOF measurement as shown in 

Fig. 5.6. This requirement was applied only when a good track was connected to a TOF 

hit. 

1400 

] 1200 

~ 1000 
‘ー
ち 800
』

~ 600 
E 
i 400 
200 

0 
o 0.2 0.4 0.6 0.8 1.2 1.4 
Mass(TOF) (GeV) 

Figure 5.6: Mass distribuもionestimated from the TO F measuremenもforgood tracks 

w hich were connecもedもoa TOF hit 
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5.3.2 Rejection of background events 

Two of major sources of background， single photon annihilation events and non-exclusive 

production of I(~I(~-pairs ， ∞ntaminated to the event samples. In order to reduce thesc cvents， 

we applied the following requirements for the sample of 4.・trackevents: 

1. Etotal :::; 3.0 GeV. 

Etotal was defined as the total cluster energy in LG and LA. 

2. 1¥Tother o. 
Notl町 wasde五nedas the number of other tracks which came from the collision point and 

satisfied the following requirements， 

• 3-dimensional track reconstruction， 

• IRrrunlく 2.0cm and 

• I Zrrunlく 20.0cm. 

3. Nneutral cluster二 o.
Nneutral cluster was defined as the number of the neutral clusters， where the neutral cluster 

means a cluster in LG without a connected good track. The neutral cluster must satisfy 

the following requirements: 

Ecluster > 200Me V and 

I cos (hG，tracklく 0.9ヲ ( 5.2) 

where Ecluster was the deposited cluster energy and BLG，track was the angle between the 

LG cluster center position and the position on the LG surface to which the good track was 

extrapolated. 

4.1L:民|く 0.2GeV jc. 
IL:民Iwas defined as the vector sum of the two I(~'s . The I(~ momentum was calc山 ，ted

from the sum of the two track momenta at the vertex position as described in the following 

su bsection. 

Requirement 1 was effective to reduce single photon annihilation process events. Non-exclusive 

events were effectively rejected by requirements 2， 3 and 4. Requirement 3 rejected e+ e一→

e+e-X +ηγ(η= 1，2， ...) events. Requirement 4 was also applied to restrict the virtuality of 
colliding photons. 

5.3.3 Search for I{~ decay vertex 

To determine the π + π 一 C∞ombi凶na叫叫tionsfrom 4 char 

searching rou tine of I(~ → π+π一 vertices (飢ondaryvertex) was applied to the 4-track event 
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sample. The I(~ → π+π- vertex was determined by the minimum X2 method. The X2 is de:fir凶

as 
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where dr is the closest approach to the secondary vertex in the r-ゆplaneand the dz is z coor-

dinate there as shown in Fig. 5.7.σr and σz are standard deviations for dr and dz， respectively. 

Figure 5.8 shows the invariant mass dependence of the standard deviations for dr and dz， which 

were evaluated by e+ e-→ e+ e-I(~I(~ Monte Carlo events. Although these standard deviations 

depend on the properties of the tracks and determined mainly by multiple scattering in CDCヲw

used the constant values for all the event samples，σT二 0.33cm and σz = 1.28 cm， expected val-
ues at Wγγ=  1.5 Ge V. The position-determination uncertainty caused by the constant standard 

deviations was negligible in the present analysis. 
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Figure 5.7: Schematic view of 小、 anddz. 
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Figure 5.8: The七wo-pl川 oninvariant mass (W-y-y) dependence of (a)σr and (b)σz 

These values were estimated by e+ e一→山~ - ]{~]{~ MC events 
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Figure 5.9 shows the position deviation of the I{~ decay ve巾 x[or (a) the I{~ direction and 

(b) the perpendic叫ardirection evaluated by the MC simulation at W竹 = 1.5 Ge V. FitUng 

these distributions with Gaussian curves， we found a secondary vertex resolution [01' the several 

Wγγvalues in Table 5.2. The correct 1【3d出i悶 tio∞nand de 

the MC  information at the generation stage. By using the nunimum X2 method we achieved a 

secondary vertex resolution of about 0.65 cm along the I(~ direction 
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Figure 5. g: The diπerer 

K~. d出i悶もtionand (伶b)perpendicular direction. The curves show the fits 

by Gaussian distributions， having standard deviations of (a) 5.8 mm 

and (b) 2.7 mm 

I(~ direction perpendicular direction 

Wγγ(GeV) Mean (cm) Sigma (cm) Mean (cm) Sigma (cm) 

1.5 -0.14 0.58 ー0.01 0.25 

1.6 -0.15 0.61 0.01 0.21 

1.7 -0.11 0.58 -0.02 0.20 

1.8 -0.11 0.65 ー0.03 0.18 

1.9 -0.11 0.61 -0.00 0.17 

2.0 -0.07 0.63 -0.00 0.17 

2.1 -0.13 0.63 -0.00 0.16 

2.2 -0.13 0.64 -0.00 0.15 

2.3 -0.11 0.65 ー0.00 0.14 

2.4 -0.12 0.66 ー0..00 0.13 

2.5 -0.11 0.65 -0市00 0.12 

Table 5.2: K~ decay ve巾 xresolution. These values are results fromもhefit with 

a Gaussian curve of the difference dist山山onfor the K~ decay ve巾 x

evaluated by Monte Carlo events. 
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Among the two possible combinations of oppositely charged pion pむrs((πtπ)(πhJ)or 

(7寸可)(すワ))ヲ thecorrect combination was selected by using the五ightdirection of each 1(~ 

candidate. 

The flight direction was de五nedas the angle between the composite momentum direction and 

the line between the vertices in the T-ゆplaneas shown in Fig. 5.10. The composite momentum 

was calculated from the sum of the two track momenta at cach vertex. Figure 5.10 gives 

an example to illustrate the乱ightdirection: when PI2 is defined as the momentum sum of 

the track1( +) and track2( -) and when竹2(九4)is defined as the vertex position composed 

of track1(+) and track2(-) (track3(+) and track4(-))， the flight direction ((}12) is the angl 

between P12 and巧五;:
巧
一
三
円

三%一回

↓
仇
一
↓
知

(5.4) 

T2 (圃)/メ/

/ソT1(+)V12!1/・
〆/')81~! 

Figure 5.10: Schematic view of the fiight direction. In this抗gure，Ti( +/一)r閃ep閃

S問enも句Sも山heもtra飢cki and vi令jand fiij represent the vertex posi もtionand the 

sum of theもwotra飢ckmomenta composed by tracks i and j， respec-

tively. ()ij representsもheangle between the Aj and the line connecting 

the t wo vertices. 

The scatter plot of two乱ightdirections (cos (}) in the each combination is shown in Fig 5.11. 

Figure 5.11 (a) shows all combinations for the 4-track data sample ((}12-(}34 and (}41-(}23 in 

Fig. 5.10) and Fig. 5.11 (b) shows the丑ightdirection of the correct combination ((}41-(}23 in 

Fig. 5.10) for the e+e-→ e+ e-1(~1(~ Monte C.arlo events at Wγγ1.5 Ge V separated from 

those of wrong combinations. 
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Figure 5.11: The scatter ploもofthe fiight direction: (吋 allcombinations forもh

4ーもrackdata sample and (b) correct combination ofもheMC data 

The correct combination was chosen as the combination with smallest angle ({}41 in Fig. 5.10). 

In this method the combinatorial background was estimated to be less than 0.1 % for the events 

passed through all selection criteria by using e+ e一→ e+e-IC3kgMCeve山ぅ evenin the low-

wγγregion. 

5.3.4 I{~ identi白cation

Most of the remaining background events were induced from e+e-→ e+ e-pO pO in which 

pOs decayed into 7r+7r-pairs. Figure 5.12 (a) shows the in町lV、V刊var剖紅na
Oぱfthe c∞or、rectc∞ombi凶na抗tiぬons凶sfor the 4 good tr、a飢ckdata s臼a叩I宜mple.M7r+宵-was calculated from the 

two track momenta at the secondary vertex point assuming the pion mass for both tracks. To 

eliminate this con tamination， we took ad vantage of the五nitemean free path (CT = 2.7 cm) of 
the ](~. The two secondary vertices were required to satisfy the condi tion 

• (decay len時g郡t仕山h山一必m.> 0.4 cm， 

where the decay length was defined as the distance between the beam interaction point and the 

secondary vertex in the rψplane. 

The beam interaction point (two-photon interaction point) were measured by using Bhabha 

scattering data sample. The estimated mean interaction point is plotted in Fig. 5.13 as a function 

of the experimental run number taken by the VENUS detector. There are some variations of both 

x-and y-coordinate of the interaction points. The detailed study for the CDC data indicates 

that these fiuctuations were caused by the changes of beanl condition [62]. After the decay 

length cut was appliedぅthescatter plot of the M7r+7r- is shown in Fig. 5.12 (b). ](~-pairs were 

clearly separated from pO pO Pむrs.
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Figure 5.12: Scatter plot of the invariant mωs calculated from the twoもrackmo-

menta at the secondary vertex point assuming the pion mぉsfor both 

tracks: (a) for the 4 track data sample a凶‘(b)after叶ledecay le時もh

cut. 
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Figure 5.13: The mean interaction point as function of the experimenもalrun number 

measured by using Bhabha event sample: (a)もhex-coordinate and (b) 

the y-coordinate of the interaction points. The error bar shows th 

standard deviaもlOn.

Finally we required that candidate events for two-photon prod附 dl(~I(~ pairs must satisfy 

the condi tion 
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-|MA3-Mπ+π一|く 20MeV jc2 

for the two pion pむ此 HereMx9.. is the I(~ mass (497.67 Me V). Figure 5.14 (a) shows the π+π-s 
mass spectrum before the 4 mm  decay length cut and pt-balance cut. Fitting this distribution， 

we found a mean value of (490.1土1.0)Me V and a mass resol凶 onof (6.9土1.3)MeV. The 

experimental data was compared with the MC simulation at W竹二 1.5Ge V， normalized to 

the sum of the number of events in the signal region with added constant distribution for the 

background as shown in Fig. 5.14 (b). The simulation well reproduced the experimental data in 

both the peak value and deviation from the I(~ mass 

80 80 

70 ~ (a) 

||| 
匂2z2曲国圃 4320 0 0 

+ ;) (巳日 60 
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Figure 5.14: The π+π-irivariant mass distribution for the experimental data befor 

the pt-balance cut and 4 mm decay length cut (points with error bar) 

The arrows indicaもethe signal region (MJ(~土 20 MeV). In (a)， th 
S 

curve is the result of a五も usinga constant for the background and a 

Gaussian distribution for the peak， having a mean value of 490.1 Me V 

and a standard deviation of 6.9 MeV. In (b)， the experimental data 

are compared with the MC simulation 抗日IV，γ二 1.5Ge V， normalized 
to the sum of the number of events in the signal region and a constant 

(histogram) 

Figure 5.15 shows the 1-1ノγγdependenceof the M7r+7r- Inean value and resolution. It was 

estimated by the五tof the M
7r
+
7r
- distributions with a Gaussian curve for the MC  data without 

the M7r+ 7r-cut. The mean values were lower than the I(~ mass by about 4-7 Me V and increased 

ligh tly wi th increasing Wγ引 becauseof the effects of energy losses in the detector materials. 

M付+π_resolutions were almost constant and were about 7-8 MeV as indicated in the figure. 
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510 

Figure 5.15: The Wγγdependence of the M7r+7r- mean value (closed circles) and 

resolution. The center values and error bars represenももhemean value 

and a standard deviation， respectively. It was estimated by thefit of 

the M 11'+11'- distributions with a Gaussian curve forもheMC e+e一→

e+ e-J{~J{~ reaction. The open circle atWγγ= 2.7 GeV shows th 

results of the五tfor the experimental data. The dashed line shows the 

J{~ mass (497.67 Me V) 

5.3.5 Candidate events 

54 

With these selection criteria， 11 events remained in the final data sample. The I{~I(~ 

invariant mass (WK9.K9.) spectrum is shown in Fig. 5.16. WK9.K9. was calculated from the mass S~'S 

(497.67 Me V) and momenta of the 1(~ where the 1(~ momentum was calculated from the sum of 

two track momenta at the vertices. In the fH1525) mass region 3 events were found and 8 events 

were in the higher mass region (that ofん(1710)，X(1800)， fJ(2210)). The angular distribution 

of the candidate events is tabulated in Table 5.3. 
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111 I 0.0-0.1 I 0川 2I 0.2-0.3 I 0.3-0.4 I 0刊 5I 0.5-0.6 I 0ω7  I 0川 8I 0.8-0.9 I 0.9-1.0 I 

1.4-1.6 。 。 2 。 。 1 。 。 。 。
1.6-1.8 。 。 。 1 。 。 。 。 。 。
1.8-2.0 。 1 1 1 。 。 。 。 。 。
2.0-2.2 。 。 。 1 。 。 1 。 。 。
2.2-2.4 O 。 。 。 1 。 。 。 。 。
2.4-2.6 。 1 。 。 。 。 。 。 。 。

Table 5.3: The angular disも山山onof the γγ → J{~p{~ candidate events 



Chapter 6 

Detection e血deney

The detection efficiency was estimated by using MC events. The generated events were 

passed through a detector simulation including a trigger sinlulation and the same selection as 

that in the real data described in Chapter 5. The efficiency was estimated in each W竹 ーIcos D* I 

bin. 

6.1 e+e-→ ε+e-pp 

To obtain the detection e伍ciencyfor the reaction e+ e-→ e+ e-pp， we generated 10，000 MC 

events for each Wγγbin in the range from 2.2 to 3.3 GeV with a width of 0.1 GeV and a uniform 

I cos D* I distribution 

The detection e伍ciencyobtained from the simulation is plotted in Fig. 6.1. The ma.ximum 

detection e伍ciencyestimated is about 10% at W竹 around2.6 Ge V in the angular region of 

I cos D*I < 0.3. The efficiency gradually decreases in larger I cos D*I bins， due to the limited 
angular acceptance at each Wγγbin. The fall-off at smaller Wγγis mainly brough t by the 

track-五ndinge伍ciencyin the event trigger. The effi.ciency at large energies， Wγγ> 2.7 GeV， 

is limited by the particle identi五cationeffi.ciency. The estimated effi.ciency is about 2.5% in the 

largest W竹 bin，3.25く Wi'i' く 3.35GeVぅatI cos D* Iく 0.3.The large-angle nu巾 arscattering 
and the absorption of antiprotons are also significant. About 30% of the events were estimated 

to be lost by these interactions. 

The systematic error of the e伍ciencywas estimated from ambiguities in the dominant source 

of the ine伍ciency.The uncertainty in the TF e伍ciency，which was estimated by comparing the 

response of TF to low-energy multi-track events with the simulation， corresponds to an effi.ciency 

error of 5%以 Wγγ=2.2Ge V. Among the uncertainties in the nuclear interacbon simulation 

the largest is due to the uncertainty in antiproton absorption. The corresponding e伍ciency

error was estimated by comparing the simulation results with those from another hadronic 

interaction simulation program， FLUKA [61]， to be 7% in all bins. The uncertainty from the 

particle identi五cationwas studied by varying the identi五cationcriteria. The corresponding error 
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Figure 6.1: Angular dependence of the detector efficiency for the reaction e+ e一→

e+ e-pp at each Wγγbin. Only statistical errors are included. 
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6.2. E+ E一→ E+E-I(~I(~ 5 

in the detection efficiency was found to be 10%以 Wγγ 二 2.7GeV， and to increase up to 14% 

at 3.05 GeV. 

6.2 e+ e-→ ε+e-IdI4 

To e山 natethe detection e伍ω
500，000 MC events for each Wγ竹γbinin the range from 1.5 tωo 2.0 GeV and 100，000 MC events 

for each防Wγ竹γbinin the range from 2.1 tωo 2.5 GeV wi比tha， width 0ぱf0.1 GeV and a uniform 

Ic∞os ()*州坤*I distribution. In the generated events I(~ decay mode is not included only 1(~ → π+π­

but also 1(~ → π0πo 

The detection e伍ciencyobtained from the simulation is plotted in Fig. 6.2. The detec-

tion e伍ciencyrapidly decreases in larger I cos ()* I bins at each W竹 due to the limi ted angular 

acceptance and due to the requirement of 4 good tracks in an event. In the 1H1525) mass 

region， the efficiency is very small (less than 0.1%) due to the small track-findi時 e伍ciencyin 

the event trigger. It increases with Wγγand it was estimated to be 0.4 %， 0.7 % and 2.0 9モ

around the 1 J(1710)ヲX(1800)and 1J(2220) mass regions， respectively， in the angular region of 

I cos ()* Iく 0.3.

The systematic error of the efficiency was estimated from ambiguities. The tI氾gerefficiency 

depended on the CDC wire-hit e伍ciency.This uncertainty was estimated by varying the CDC 

wire-hit e伍ciencyon the average from 100.0 % to 99.3 % in the MC simulation. It was 10 % rv 

4%以 W"，，，， = 1.4 rv 2.5 Ge V， in this order. The systematic uncertainties in the interaction of 
the materials inserted between the interaction point and the first sampling point of CDC was 

estimated by comparing with results from the another simulation [61]， to be 21.3 % at W竹二

1.5 Ge V， and to increase up to 8.1 %以 2.5GeV. 
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Figure 6_2: Angular dependence of the detector e伍cienc.yfor the reaction e+ e一→

e+ e-J(~J(~ at each Wγγ bin_ Only statisti叫 errorsare included 
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Chapter 7 

Background 

This chapter describes the contamination from background events which pass the selection 

criteria. In the present analysesぅthemajor sources of backgrounds are expected to be due to 

particle misiden ti五cationand contaminations from non-exclusive processes. 

7.1 Background of the e匂-→ ε+ε-ppevents 

7.1.1 Particle misidenti白cation

Concerning the misidenti五cationbackground， the largest contribution comes from tho 

events consisting of a proton and a negatively charged particle misidenti:fied as an antip1'o-

ton (pX-). Those are mainly produced by beam-gas and beam-wall interactions. The z-vertex 

dist1'ibution of the tracks for the pX-(X二 π，1()data間叩leis shown in Fig. 7.1. The 

pX一(X 7r， 1() data sample was collected by the following requi1'ements: (ωiリ)a posi tively 

charged pa加訂r凶、

less than 600 MeV. The events with wrong z-vertex values indicate unphysical events (beam-

gas 01' beam-wall inte1'actions) and the peak is associated with non-exclusive reactions， such as 

p(p)( π + )7r-. The contamination f1'om the beam-gas 01' be閃叩a加r貯1

tωo be (3土3)% in all the W竹 bins((9.3土 9.3)events in total). This was estimated from the 

z-vertex distribution of pp candidates. The number of events selected with a tight IZrninl cuts 

from the e+e一→ ε+e-pp candidates is shown as a function of the I Zrnin I cut in Fig. 7.2. The 

small increase with inc1'easing Zrnin cut is due to beam-gas background events. 

Events from meson-pair production，γγ → π+π-and γγ → 1(+ 1(-， can contaminate the 

true events if both tracks are misidenti五ed.The contamination was estimated to be (2士2)% 

((0.18土 0.18)events in total) in the high energy 陀 gion，Wγγ > 2.9 Ge V， by extrapolating the 

measu1'ed mass distribution of identi:fied meson pai1' events to the proton mass region. Figu1'e 7.3 

shows the measu1'ed mass dist1'ibution in which the measured mass diffe1'ence of the two tracks 

is less than 0.2 Ge V / c2. The background f1'om the π+π-and ](+ ](-production events is五tted

by exponential curves to obtain the expectation valuぃ
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7.1.2 Events from non-exclusive processes 
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1.2 1.4 
Mass (GeV) 

The contamination of events from non-exdusive processes，γγ →pp+Xヲsin which X's were 

undetected， was estimated in each Wγγbin， by comparing the primbalance distribution of the 

rea1 data with the simu1ation data of the γγ →pp and 11→pp + X's reactions. The reactionう

γγ → pp + X's， was simu1ated by using PYTHIA 5.7 [59]. The norma1ization of these MC 
processes was determined so that the sum of the two simu1ations fits the observed primba1ance 

distribution. In the fit. the W"，，，， bins above 2.6 Ge V were combined because the statistics was γγ 

poor and because the background did not have steep W" dependence in this region. 

Figure 7.4 shows the sum of the五ttedresults which， illustrated with the solid histogram， 

well reproduces the observation， even in the 1arge pt-imbalance region above the cut. From th 

fit obtained， the contamination of the non-exclusive events was estimated to be (8土3)%on the 

average ((24.9土9.3)events in total) and the results in each vll:γγ bin is summarized in Tab1e 7.1. 
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γγ → pp and γγ → ppX's normalized by fitting叶leexperimental data. 
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|肌γ(GeV)I Background (自
2.2 4.9土 2.3

2.3 5.8土4.0

2.4 4.8士4.4

2.5 29.2土 10.3

2.6-3.3 36.5土 12.5

Average 7.8土 3.0

Table 7.1: The contamination of the non-exclusive processes. 
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The estimated background events are summarized in Table 7.2. Note that the contamination 

from non-exclusive events in which either proton or antiproton was misidenti五edis also included 

in the last estimation， although their contribution is negligibly small. 
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N umber of background events 
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9.3土 9.3

Source 

0.18土 0.18

pp + X's 24.9土 9.3

umber of background events for the reaction e+ e-→ e+e-pp. Table 7.2: 

Background of the γγ → I(~I(~ events 7.2 

Particle misidentification 

The background c∞O山

was estimated by studying the da抗tasample in which one 1λMぱ!f
1計「汁+宵「一 wastaken within土 20MeV 

from the 1(~ mass in the low-W-yγ(く1.8Ge V) and in the high-ltV竹(>1.8 Ge V) regions. The 

other M1f+1f- distribution which is not identify the 1(~ is shown in Fig. 7.5. The background 

was fi.tted by a constant in the mass region of 0.56くMけ πーく1.0Ge V. This contamination 

was estimated to be (1. 7土0.4)events in total from the result of the best五t
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Figure 7.5: M(XO) distribution for the K~Xo data sample (a) in the Wi'i' < 1 

GeV and (b) in the Wγγ> 1.8 Ge V. The solid line is the result obtained 

by fitting the data with a constant in the background mass region 

The background due to miside凶fi.ed1{~ pairs， such asγγ → pOpO→ 47r， and mis-matched 

π+7r-pairsぅwasestimated by using the event sample in which a π+7了一 invariantmass difference 

was less than 40 Me V / c2. The distributions of M1f+1f- for these events are shown in Fig. 7.6 
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in the low-W-y-y region (く1.8Ge V) and in the high -W-y-y region (> 1.8 Ge V). The background 

was五ttedby an exponential curve in the mass region of 0.:32くM(π+7r-)く0.44GeVjc2 and 

by a Bright-Wigner distribution in the pO meson region (0.56くM(π+π一)く1.00GeVjc2) in 

the low-W-y-y region. In the high-W竹 regionthe background was五ttedby a constant in the 

mass region of 0.32 M(π+π一)く 0.44Ge V j c2. From the res山 offitting， the contamination was 

estimated to be (1.1土0.4)events in total 
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Figure 7.6: The mass distribution for the X+ X-data sample (a) in the W竹<1.8 

GeV and (b) in the Wγγ>  1.8 Ge V. The curve is the results obtained 

by fitting the background mass regions. 

Events from non-exclusive processes 

The contamination of events from non-exclusive processes， 11 → J(~J(~ + X's in which X's 
were undetected， was estimated by comparing the primbalance distribution of the data with 

7.2.2 

the simulation. 

The non-exclusive data sample was selected by the following requirements in the 4 good 

track data sample: 

1. Etotal ~ 3.0 Ge V and 

2. Notl町三 1，

w here Etotal and 1¥Tother were the total cluster energy and the nlllmber of other tracks， respectively， 

as described in subsection 5.3.2. Figure 7.7 shows the Pt vector sum distribution for the non-

The Pt vector sum was calculated from the momenta of the 4 exclusive process data sample. 

good tracks at the secondary vertex point. As shown in this五gure，a background contribution 

does not have peak at zero as expected. 
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Figure 7.7: I L州 distributionfor the non-exclusive data sample. 

This background contribution was determined by fitting the sum of the Monte Carlo distri-

bution for γ γ → ](~1(~ and the non-exclusive p戸仰ro悶 s da抗ねt凶asa副叩，♂且I口叫I

data without the Pt balance cut as shown in Fig. 7.8. From the fit obtむned，the contamination 

of this background was estimated to be (0.04土0.03)events. 
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Figure 7.8: I L州 dist山 utionof the candidate events. The doもSWlもherror bars are 
the experimental data. The solid histgram is the sum of the MC data 

for theγγ → K~ J{~ reaction and the non-exclusive data sample. The 

dashed histgram is the estimated ∞山:ibutionfromγγ → I<~K~X's 
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The background contamination was summarized in Table 7.3. 

Source Number of background events 

1.1土 0.4

1.7土 0.4

0.04土0.03

x+x-

](~xo 

K3kg+X 

Table 7.3: Number of background events for the e+ e一→ε+e-K~K~ evenもS



Chapter 8 

Results 

In this chapter， we present the measured cross sections of the reactionsぅ ii→ ppand 

γγ → 1(01(0. The cross section for the two-photon production was evaluated by using th 

analysis results described in Chapters 5， 6 and 7 and the two-photon luminosity function. The 

五rstsection describes the two-photon luminosity function. The second section is devoted to the 

measurement of the cross section. The obtained cross section is compared with those obtained 

by other groups and with various models. 

8.1 Two-photon luminosity function 

The obtained event distribution was converted to the cross section for the two-photon colli-

sion process (σγγ→x)， by using the so-called two-photon luminosity functjon， Lγγ(Wγγ)， 

σe+e一→e+e-X = Lγγ(W判)・ σ(W竹)竹→x.dW判 (8.1) 

The luminosity function is de五nedas 

Lムん竹川γ(σω3め)= ! fμfムγ刈 Q払LLιωaJ川fんんμμγγ竹~je(μバμEバ(J J T(<O'" I "'lILaX/  ".y/ τ θ(子うs) (8.2) 

where fγj e ( Z ヲ Q~ax) is the total number of photons radiated f:rom the beam electronjpositron in 

a certain mass interval of the photon， Q2 く Q~ax' The scaling variables y and Z are de五nedas 

u-F¥~-P，2 一一 ，. -

Dbeam 1Jbeam 

and s is the scaled CMS energy squared and子isthe ratio， given by 

w2 行

S一一一一一一一一一引・ Z. Tーニー
-4Etem-y 勺 Z

(8.3) 

(8.4) 

The dependence of fγje on the scaling variables of the photon energy， z， and its mass squared， 

Q2， is completely described by the QED calculation. In the present analysis， we took the 

approximation formula in the interested region of small scattering angles (i.e. small masses of 

photons) based on the equivalent photon approximation (EPA) formula [56]. And we included 

68 
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the form factor effectヲf(Q2)ぅinthe luminosity function for s叩 pressionof the virtual-photon 

contribution， in which the p-meson mass was used as the mass scale. Thus， 

ん/e叫 (8.5) 

The uncertainty in the luminosity function， due to the approximation of the EPA formulaう

was estimated by comparing the present function with those derived from other formulasヲand

also with that from the exact QED calculation of the two-photon processes [55]. The uncertainty 

was found to be a few percent at maximum and can be neglected safely. 

It should be noted that the ambiguity in the form factor effect of the photon virtuality was 

not appreciable in the present measurements. We observed only a few percent change in the cross 

section result when we removed the p-meson mass in the form factor for the test. The chang 

in the form factor effected the luminosity function substantially. However， it also changed the 

e伍ciency，and the net effects in the cross section were canceled. This is because the Pr balanc 

cut applied in the event selection tightly restricts the contribution of highly-virtual photons. 

8.2 Cross section 

The angular dependence of the cross section， dσ/dl cos D*I， was evaluated by using 

σ (W竹)=lVobserved -Nbac:kground?(86)  
dl cos D* I γy η(W刊 cosD*) . L竹(W竹). f .C:dt . s W竹・ムIcos D*I 

where Nobserved and Nbackground were the numbers of candidate and background events， respec-

tively.ηwas the detection efficiency which was estimated from a MC simulation， L" was 

the two-photon lUI立凶I

luminosity was de叫te引r、τml凶ne吋df台rOlna measuremen t 0ぱfBha油bhascattering at the barrel region. 

The measured differential cross section was summed over the whole angular coverage in order 

to examine the W竹 dependence，

8.2.1 γγ → pp 

σ(Wγγ)γγ→X二ムIcos D*I・〉J-iL(wh)・
会~. dl cos D*I 

The cross section for γγ →pp as a function of W" in the range I cos 引く 0.6，

(8.7) 

σ(W竹 )1cos e・1<0.6竹→Plh is tabulated in Table 8.1 and plotted in Fig. 8.1. The previous mea-

surements [9-11] are also shown in the五gu民 togetherwith theoretical predictions [12，17，63]. 

Though the present result is somewhat larger than those of the previous measurements by 

CLEO [11] and ARGUS [10] at low energies， it is in good agreement with the CLEO measure-

ment in the high energy region， Wγγ>  2.6 Ge V， with comparable statistics. The preference of 

the diquark model is obvious from this result， at least in the high energy region. 
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In additionヲ anew theoretical prediction by Terazawa [63] which is expected to be valid 

near threshold， is shown in Fig. 8.1. The prediction reasonably reproduces the high-statistics 

measurement by CLEO at very low energies. This fact may give us another knowledge on this 

process. 
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Figure 8.1: Measured cross section for γγ →pp. The present results (dots w仙 error

ba吋 areplotted together with those from the previous experiments [9-
11]. The 問山sfrom three theoretical calculations drawn by a dashed 

curve [12]， a solid curve [17] and a dashed-dot curve [63] are also shown 

The experimental and theoretical reSl山sare: for the range of I cos ()* I < 
0.6. The error bars are statistical only. 
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W竹 (GeV) σ(γγ → pj5) (nb) 

2.2 7.56土1.71土0.70

2.3 5.01土0.65土0.43

2.4 2.90土0.41士0.26

2.5 0.89土0.17士0.12

2.6 0.96土 0.21土0.15

2.7 0.23土0.09士0.04

2.85 0.22土0.08土0.04

3.05 0.10土0.07土0.02

3.30 0.10土0.10土0.02

Table 8.1: Measured cross section for I cos f)* I < 0.6 as a function of WγγThe first 
error is statistical and the second is systematic. 

8.2.2 γγ →K3kg 

71 

The cross section obtained for γγ → ](0 ](0 was corrected for ](2](2 production and unseen 

](~ decay modes， such as ](~→ π0πo The obtained cross section in the range I cos B* Iく 0.5，

σ(W竹 )1cos e*I<0.5竹→J{O[{O， is tabulated in Table 8.2 and plotted in Fig. 8.2 (a). The theoretical 

calculation for the reaction， ìì → 1~(1525) → 1(01(0 ， by using the Br悶eit旬e

is also shown in the五gure. This calculation is based on the two-photon decay width value， 

rγγ，(!:后ρjρ)= 0.086 1 
present result seems to be somewhat larger than the previous measurements and the theoretical 

ca叫lcu叫lla叫tior九lし， it is in reasonable agreement within statistical e白1Tor、s.

To compare the previous measurements in the higher invariant mass region (W竹>1.7 GeV)， 

in which we are interested in this analysis， we plotted the cross section in the logarithmic scale 

in Fig. 8.2 (b) together with the previous measurements. Since the cross section measured by 

the TASSO and CELLO groups were used for an angular distribution corresponding to J = 2 

and helicity 2 in the acceptance calculation， we corrected their cross sections in our angulal 

range， I cos B* Iく 0.5，for comparison. It is in good agreement with the previous measurements 

in this region and no evidence for the new resonance proposed by the L3 group (X(1800)) and 

production of the glueball candidate states IJ(1710) and IJ(2220) is observed. 
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US result and 

σ(γγ → 1(01(0) (nb) 

206t7f土7.31

063tt;;土 0.22

14431;土0.26

036tt;7土0.07

073t;?;土0.11

0.25 +ロ;土 0.133

Wγγ(GeV) 

1.5土0.1

2.1土 0.1

2.3土0.1

2.5土0.1

1.7士0.1

1.9土 0.1

The first Table 8.2: Measured cross section for I cos 。本1<0.5ωafunction of Wγγ 

error is statistical and the second is systematic. 



Chapter 9 

Discussion 

9.1 γγ → pp 

In order to proceed further investigation， the differential cross section was summed separately 

in the low energy region， 2.15くwγγ く 2.55GeV， and in the high energy region， 2.55く日/γγ く
3.05 Ge V. The obtained differential cross sections are com.pared in Fig. 9.1. We can see a 

distinctive difference between the two distributions; the cross section exhibits an enhancement 

at large angles in the low energy region， whereas it seems to be forward-peaking at high energies. 

The angular dependence in the high energy region is consistent with the prediction of the diquark 

modelぅashas been observed by the CLEO group [11]. However， looking at the result closely， the 

forward-peaking behavior of the diquark model seems to be insu伍cientto fully reproduce the 

measurement. The same tendency can be seen in the CLEO result， as well. This may suggest 

a need of other theoretical models. In any caseうthisfact indicates that there is a transition of 

the prod uction mechanism around W竹二 2.55Ge V. The result suggests that a proton pair ls 

mainly produced by the interaction of photons with a diquark in the high Wγγregion. This 

description fails to explain the angular distribution at low W--yγregions， where a proton seems 

to be produced as a whole particle having a structure with slmall orbital angular momenta. 

The distinction of the two mechanisms can be enhanced by using the difference in the angular 

dependence. The differential cross section was sumlued in a large-angle region， I cos B*Iく 0.3，
and in a region， 0.3く Icos B*Iく 0.6，separately. The obtained cross sections are compared in 
Fig. 9.2. We can see that the large-angle cross section shows a steep fall-off at high energies， 

whereas the fall-off of the small-angle cross section is moderate. The difference is distinctive， 

and the latter overwhelms the former above Wγγ 二 2.6GeV. 

73 
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9.2γγ → I(~I(~ 

N 0 excess of events is observed in the high in variant mass region， W"" > 1.6 Ge V， w here the 
new resonance and glueball candidate states are expected to be observed. We therefore quote 

here the upper limit of the two-photon radiative width r"γ(R) for the X(1800)， fJ(1710) and 
ん(2220).The radiative width was calculated by assuming 

• no interference effects with other particles and the contaminationぅ

• no background contamination， 

• the mass and total decay width of PDG data [60] and 

• J二 2and helici ty 2. 

In principle the amplitudes for both helicity入=0 (九)and入=2 (T2) can contribute to 

tensor meson resonance production by real photons. The angular distribution of a tensor meson 

in a helicity入statedecaying to two (pse吋 o)scalarnlesons is rv IYl'(cos 0)12: 

入=2

入=0

Iyl( cos 0)12 rv山 40

IY2
0
( cos 0)12 rv (cos2 0 --1/3)2， 

(9.1) 

(9.2) 
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where the decay angle fJ is the polar angle of one of the decay particles with respect to the 

γγdirection in the two-photon center-of-mass system. It is predicted that the tensor meson 

production by two real photons proceeds predominantly via a γγhe1icity入=2. The入二 2

dominance is obtained just from Clebsh-Gordan coefficients. In the case of the 10west mu1tipole 

for two-photon system， one五ndsfor the ratio of the入=0 and入=2 intensitie~ 

I(入=0) : I(入=2) = 1 : 6. (9.3 ) 

The helicity 2 dominance has a1so been derived in purely hadronic models， e.g・，using fini te cn-

ergy sum ru1es or tensor meson dominance [5]. Since the experimen taJ findi時 forthe arnplitu 

ratio九/T.九2are so close to zero [] and since the入=2 dominance is supported by a large variety 

of theoretical arguments， the evaluation of the two-photon decay width under the assumption 

of To = 0 seems to be safe. 

Figure 9.3 shows the detection efficiency for γγ → 1(~I(~ assu凶 ngthe angu1ar distribution 

for the helicity 2. This was derived from the MC events which were generated assuming a flat 

angular distribution: 

2ご∞s8・(Nselected(W')'')' ， cos fJ*) . sin 4 fJ*) 
η入=2(Wγγ)=W?

乞cos8*(Ngene凶 ed(W竹，cosfJ*)・ sin4fJ*) ， 
(9.4 ) 

where Ngenerated is the number of generated MC events for the reaction， e+ e-→ e+e-I(~I(~ ， 

using the flat angular distribution and Nselected is the number of selected events. Fitting this dis-

tribution with a second-order po1ynomial， the detection efficiency as a function W竹 isobtained 

to be 

η入=2(Wγγ)= 0.00807Wふ-0.02055W刊+0.01304. 
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Figure 9.3: The detection e伍ciencyforもhee+e一→山!-J{~J{~ assuming the an-

gular distribution [orもheheliciもy2. The curve is the result of a日tusing 

a second-order polynomial 

(9.5) 
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The upper limit of the two-photon decay width times the branching ratio for γγ → 1..:E' is 

calculated by using a Breit 

r tot 
σγγ→R→K1?(収yγ)upper=40hw2M212lF2M2[rγγ(R) . Br(R→ 1( K)] upper (9.6) 

w here J = 2 is assumed. Since only the reaction of 

e+e-→ e+e-" → e+e-R → e+e-1(~1(~ → e+e-π+π一 π+π一 (9.7) 

can be measured from our dataうusingthe relation of the branching ratio from isospin conserva-

tion， 

Br(R→ 1( K) = 2・Br(R→ 1(01(0)

二 2・2.Br(R → 1(~1(~) 

we determine the upper limit of the cross section for the reaction γγ → 1( 1(: 

σγγ→R→KI~(Wγγ)upper 二 [σγγ→R . Br(R→]( [() ] upper 

= 4¥σγγ→R . Br(R →](~](~) ¥ 
j upper 

二 4 lVobserv叫 lp戸市e→ eeR→ eekgK3→ ee4π土)
-

7] A=2 (Wi'i') . Lγγ(Wγγ). J L:dt. dW 

(9.8) 

(9.9) 

where 1¥Tobserv吋upperis the upper limit of the number of observed events for reaction (9.7) in the 

Wγγregion near the resonance mass. 7]入=2(W竹)includes the factor coming from the branching 

ration of ](~ decay [Br( ](~→ π+π-)]2 . We calculate Nobserved，upper by using the following 

relation 

1 -α= 玄 f(η;Nupper) (9.10) 
η=η0+1 

where f(η;μ) is a Poisson distribution with a mean ofμ?ηo is the number of observed events 
and (1 -α) is the con五dencelevel (C.L.) of the upper limit. Poisson upper limits are given in 

Table 9.1. 

When the number of expected events for the 加古ction(9.7) assuming Br(R→]( 1().r i'γ(R) = 
1 ke V is Nexpected， the cross section corresponding to this condition is given by 

r tot 
σγγ→K g(Wi'i' )expected 40π 一一 (9.11) 

向 eCLea .Lvn  (Wふ-M'AJ2 + r;otMk 
JV叫 ected(ee→ eeR→ eeIC3K3→ ee4π土)

(9.12) 

Using equations (9.6)， (9.9)， (9.11) and (9.12)ぅweevaluate the upper limit by 

[r竹 (R). Br(R→]( ]()] upper 
N observed，upper 

Nexpected 

1¥Tobserv叫 lpper(ee→ eeR→ eekgkg→ ee4π土)
. (9.13) 

~ . J L:dt. J [σ仰ec凶 • 7]A=2・L竹 ]dW
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η。Nupper η。Nupper 。3.00 6 11.84 
1 4.74 7 13.15 

2 6.30 8 14.44 

3 7.75 9 15.71 

4 9.15 10 16.96 

5 10.51 11 18.21 

Table 9.1: Poisson upper limiもsNupper for no observed events at 95% con日denc

level (α= 5 %) 

X(1800) 

Although an enhancement around 1800 MeV was reported by the L3 group we observed 

no evidence in this region. U nfortunately， since no detailed information was gi ven about this 

resonance， we calculate the two-photon radiative width by assuming M = 1800 Me V and r tot = 

50 MeV. We observed 1 event which corresponds to 35.67 expected events for Br(R→](]() 

rγγ(R) = 1 ke V in the mass region of 1750く W竹<1850 MeV. The resulting upper limjt is: 

rγγ(X(1800)) . Br(X(1800)→]( ]()く 0.13keV (95% C.L.). (9.14) 

Glueball candidate states 

We now discuss the glueball candidate states fJ(1710) and fJ(2220). The fJ(1710) has been 

observed in radiative J /ψdecays. The most frequent decay lnode is ](](. We observe 3 events 

which corresponds to 28.44 expected events for Br(R→]( ]() • r竹 (R)= 1 keV in the fJ(1710) 
mass region (1522く阪yγ く 1872MeV). The resulting upper limit is: 

rγγ(fJ(1710)) . Br(fJ(1710)→ ]( ]()く 0.27keV (95% C.L.) (9.15) 

where the mass and total decay width used are 1697 MeV and 175 MeV， respectively. 

The fJ(2220) state has been seen in the ](]( systems produced in the 日 diativedecay of 

J/ψ. Although the status of f J (2220) is not con五rmedyet， we quote here the upper limit for 

the two photon coupling of a possible 2++ state with M = 2225 Me V and r = 38 Me V. We 
observe 1 event which corresponds to 53.84 expected events for Br(R→]( ]() • r竹 (R)= 1 keV 

in the f J(2220) mass region (2187く W竹 く 2263Me V). The resulting limit is: 

rγγ(fJ(2220)) . Br(ん(2220)→](]()く 0.0881 

The obtained upper limits are compared with other experimental results as shown in Fig. 9.4. 

The present upper limit for fJ(1710) seems to be less signi:n.cant statistically compared with 

these of CELLO and PL UTO groups， whereas the present result forん(2220)is statistically 
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comparable with those of all the groups. Recentl)らCLEOreported the result for 1J(2220) from 

much higher luminosity measurements [64]. The result of l'竹(1J(2220)). B叫ん(2220))upper 

limit is 1.4 eV (95 % C.L.) under the assumption that the ratio of the two-photon decay widths 

for the helicity 0 and helicity 2 is 6:1 and J = 2. 
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Chapter 10 

Conclusion 

We have measured the cross section for the reactions，γγ →ppand γγ → J(O J(O， by detecting 

two-photon collision reaction， e+ e一→ ε+e-ppand e+e-→ ε+e-](~](ふ respectively， withou t 

tagging the recoil electrons. The experiment was done by using the VENUS detector at the 

TRISTAN e+ e-collider of KEK at the e+ e-c.m. energy around 58 Ge V. 

We have obtained the cross section for γγ → pp in the two-photon c.m. energy range (Wγγ) 

between 2.2 and 3.3 Ge Vヲwithinthe angular range of I cos (j* Iく 0.6.The precision of the resu 

i臼scomparable with the high-statistics measurement by CLEO group [い11]i凶nthe hi氾ghenergy 

region，日/γγ>2.6 GeV. The obtained cross section is consistent with those from the previous 

measurements. The enhancement at small angles in the high energy region， W竹>2.6 GeV， 

which was shown in the CLEO measurement， has been clear1y observed. The preference of th 

diquark nlodel [17] at high energies has been co凶 rmedby the present results. Although it is 

not conclusive due to poor statistics， there may be a hint that the predicted enhancement at 

small angles is not large enough to reproduce the measured results. More data are needed to 

proceed further discussion. 

The cross section for γγ → ](0 J(O was measured in the VVγγrange between 1.5 and 2.5 GeV 

within the angular range of I cos (j* Iく 0.5.In the high-W竹 region(> 1.6 Ge V)ぅtheobtained 

cross section is consistent with those from the previous measurements. N 0 enhancement is seen 

for the resonance around 1800 MeV reported by L3 collaboration [27]. With assumptions on 

helicity state 2， no interference effects and the total decay width of 50 Me V， we obtained the 

upper limit r竹 (X(1800)). Br(X(1800)→ ](J()く 0.13keV at 95 % cor泊dencelevel (C.L.). 

We also observe no evidence for the production of the gl凹 ballcandidate states IJ(1710) and 

IJ(2220) and obtained the upper limits r凡γγ(げIJパ(1710)).Brベ(ん(1710)→ J(]()く 0.271
C.L. and rγ竹γ(fんJ(2220)リ). Brκ(1んJ(2220)→](J()く 0.088ke V a，t 95 % C.L. Although this limit 1S 
relatively small compared with the previous measurementsヲrnoredata are necessary to establish 

ん(1710)and IJ(2220) as glueball candidate states. 
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