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Abstract

fiov

The reactions 77 —» 27r+27r 27r° and 77 —* T+TT 7r°7r° have bcen studied by

using the ARGUS detector at thc e+e~ storage ring DORIS II at DESY.

In the 27r+27r~27r° final state the production of w-mesons is observed and in

particular the reaction 77 —* wu; is seen for the first tirne. The cross section

for 77 —t uw is found to have an enhancement at ~ 1.9GeV/c2 of about 12

nb. The topological cross sections for the reactions 77 —* 27r+27r~27r° and

77 —» u)7r+7r~7r° are also mcasured.

The production of charged /3-mcsons is observed in the 7r+7r~Tr°7r0 final state.

The cross section for the reaction 77 —> p+p~ is measured for the first tirne.

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

in the reaction 77 -+ p°p° and is about a factor of four smaller. A spin parity

analysis of the p+p~ systern shows that the cross section is dominated by the

t wo am pl i tu des JF — 0+ and J = 2+ wit l i helicity 2.



Resume

Les reactions 77 —» 27f+27r 2?rö et 77 —» TT^TT 7r°7r° ont ete etudieeg ä l'anneau

de stockage e+e~ DORIS II ä DESY gräce au detecteur ARGUS.

La production de mesons u> dans l'etat final 2jr+27r-27r° a ete mesurce et,

en particulier, la reaction 77 -+ ww a ete observee pour la premiere fois.

Une augmentation suhlte d'environ 12 nb de la section efficace pour 77 —» wu

a ete observee ä une energie — 1.9GeV/ca. Les sectiona efficaces topologiques

pour les reactions 77 —* 2jr"f27r~27r° et 77 —» u>7r+7r~7r° ont ete aussi mestirees.

La production de mesons pcharges a ete observee dangl'etat final 7r+7r~jr°7r0.

La section efficace de la reaction 77 —* p+p~ a ete mesuree pour la premiere

fois. Celle-ci ne montre pas la meme augmentation au seuil de production et

est 4 fois plua petite que la section efficace de la reaction 77 —t p°p°. Une

analyse de spin-parite a montre que la section efficace est dominee par les deux

arnplitudea Jp = 0+ et Jp = 2+ avec helicite 2.
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Preface

One of the fundamental philosophical questions is "what are the ci. stituents

of the matter that surrounds us T' The first ideas about these fundamental

constituents were stated almost 2500 years ago when the Greek philosopher

Dcmocritos postulated that matter was constructed from atoms ( aro^o = in-

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

ing to thc current understanding, matter is built from two types of fundamental

fermions, called quarks and leptons, which are assumed to be structureless.

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

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

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

postulates that only states which are colour singlets are physically permltted.

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

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

only states that have been observed unambiguously in nature.

However, colour singlet states are also conceivable by combining für example

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

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

observed and are often classcd äs "exotica".

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

clard meson or baryon spectrum. One of the ways to look for "exotica" and in

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

in two photon interactions.

The interest in qqqq state searches in the two photon colli.sions started with

the observation of an unexpected large cross section for the reaction 77 —* p°p°

around the nominal pp threshold. This led to speculation of many theoretical

approaches varying from the simple explanation of the t-channel factorization

to the existence of qqqq-sta,tes.

These models also made specific quantitative predictions for the production

of other vector-meson pairs produced in two photon interactions. This thesis

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

ton interactions with the first observatinn and measurement of the reactions

77 —» ww and 77 —» p+p~. It is organized äs follows: In Chapter l a brief

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

theoretical models and their predictions are discussed. These models provide

some background Information on what sliould be observed experimentally. In

Chapter 2 the ARGUS detector which is the tool to perform the experimental

search is described. Information about the particle identification capabilities,

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

of the analysis of the reactions 77 —* 27r+27r~27r° and 77 —t 7r+7r~ir°7r° are dia-

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

Chapter 5 the experimental results are compared to the theoretical predictions

given in Chapter 1.
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Chapter l

Introduction

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

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

photon interactions can only be observed at large photon energies, since for low

encrgy photons, for example photons in the optical ränge, the cross section is

extremely small.

The first theorctical approaches relevant to two-photon physics, advanced in

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

the TTO at storage rings via the reaction eTe" —» e^e'T0 and the calculations by

Calogero and Zemach [2] of the process e~e~ —» e^e"^"1"^". However, only in

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

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

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

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

resonance prodiiction are briefly reviewed. More detaila can be found in the

review articles of reference [3].
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P«=(E,.P.)

Figure 1.1: The two photon intcraction diagram.

1.1 Kinematics

The two photon collisions proceed via the reaction

(1.1)

äs in the diagram shown in figure 1.1 where A" is produced by the two photons,

77 -» ,Y.

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

determined by the four momenta of the incoming and the scattered electron

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

there is no overall azimuthal dependence, therefore only five variables are needed

to specify the 77 system at a given beam energy Et,tam. A convenient set of

variables is providcd by the energies and the angles, with respect to the beam

CHAPTER 1. INTRODUCTION 3

axis, of the scattered leptons (EJ,Ej,Öi, Ö2) and the angle 4> between the two

lepton scattering planes.

The squared invariant mass of the spacelike photons is

(1.2)

Defining the quantity

and using the approximation E(,eam, E, » me the above formula reduces to

- cos8t) =

The ceiiter of mass energy of the 77 sygtem, denoted by W^, is

(1.3)

»i = («i+«»)' = (1.4)

A few general fcatures of the two photon System can be noted. The photons

are emitted predominantly at small angles of the order m,/Ebeam with respect

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

System X. Thus the Q2 spectrum will be strongly peaked at zero, which means

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

close to the beam axis. As a result the two photon system will have a very small

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

small energies because the photon energies follow roughly the bremstrahlung

spectrum

1.2 The Luminosity Function

A measurement of reaction 1.1 yields a value for the cross section e+e~ — *

e+e~JV. In order to extract the cross section of 77 — » X, the cross section

(7(e+e~ -• e+e~X) is unfolded into <r(e+e~ — » 77) and (7(77 — » X). A brief

description of the calculation of the cross section a(e+ e~ —t e+ e~ X) is presented

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

The expression for the cross section CT(C+C~ — • e+e~X) can be obtained

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

into three terms, two for the lepton-photon vertices and one for the 77 coupling

for the system X.

The matrix element has the form

(1.5)

where S; are the spins of the leptons, u and u are the Dirac spinors for a

free eiectron and positron respectively. A*v describes the coupling of the two

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

D17T &kea

where the density matrices for the photons are given by

(1.6)

CHAPTER 1. INTRODUCTION

(1.7)

and the tensor describing the production of the state X is

Bv = 8ir'/. + 92 - (1.8)

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

the final state phase space, FX-

The tensor M* ,„, has 25C components. By requiring Lorentz invariance

and current conservation St can be expressed in terms of 10 independent func-

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

unpolarized beams two more vanish.

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

becomes

°TT + Zp

(1-9)

Pi~P2~

-8 | p? p? \

where a's and r's are the cross sections for 77 —v X for transverse (T) and

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

But for real photons we only have transverse polarizations, so for Q? -* 0, all
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terms with an L subscript vanish. After integration over the angle between the

planes of the two leptons (^), the term rTT v&nishes and the differential cros.

section for e+e~ -+ e* e~X can be approximated äs

(1.10)

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

photons, £^T, this becomes

where Wi = E^/Euam- The differential luminosity function ia defined

; > -4-4- + -
-4p, VJ (1.12)

with

- «

2 ^

The ditferentiat luminoaity function can be integrated numerically to find its

dependence on H^. The resulting function dC^/dW^,, following the exact

CHAPTER I. INTRODUCTION

0.010

0.005

0.001

500.0'10"fl

0,0 1 .0 2.0 3.0 4.0 5.0

Figure 1.2: dC^/dW^, äs a function of W^. The füll line represents the exact
calculation and the dotted line the calculation with the Equivaient Photon
Approximation (EPA)

calculation given in [4] and [G], for the case of £jeam=5 GeV, is plotted in figure

1.2.

Sometimes it is convenient to use "the Equivaient Photon Approximation"

for CTI given by

dCl 4A' (1.13)

where r; = Ebram/^t when the scattered electron is not detected (no tag mode)

and rj = ömor/ömin when it is detected in the polar ränge between 8min and

0mor. The "Low function" f(z) is given by {!]



CHAPTER l. INTRODUCTION

')'<"(;) -('-*') (' + '') (1.14)

where z = W„/2E.

This approximation is convenient for analytical calculations of cross sections

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

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

reproduces the shape of the function quite well.

1.3 The Formation of Resonances

R

y

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

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

R mass A//?, spin J and total width F can be wntten äs [5]

a (77 -» K) =
3 2 7 r ( 2 J + l ) W* rr\)

CHAPTER 1. INTRODUCTION 9

where h-\, h j are the number of helicity states allowed for the photons and X ~

(<1\ <7i)3 - 9il2- T-,-, is the partial 77 width of R, and is the quantity measured

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

real photons (ql,<il —> 0) only two helicity states are allowed for each photon

and the formula 1.15 becomes

FF-
(1.16)

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

from two photons. Only resonances with spin parity quantum numbera Jp =

0*, 2*, 3*, 4* . . . can couple to two real photons. Spin l mesons do not couple

to two real photons äs required by the Landau-Yang theorem [Appendix A].

1.4 Motivation for the Experiment

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

reaction 77 —* p°p° ref. [8-12] below the nominal pp threshold and the relatively

suppressed upper limits for the reaction 77 -+ p+p~ [13] (figure 1.4) generated

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

variety of theoretical models dcalt with these measurcrnents. Some of these

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

In this thesis, a contribution to the \mdprstanding of the vector meson pair

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

measurement of the channels 77 —» wu> and f>+p~. Defore this presentation some

of the current theories are discussed, äs well äs some of the present experimental

data.
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ff(nb)

100

50

I T + PLUTO

1 I j $ TASSO

1 Üj 5 CELLO

J jTWil J JADE

1 II l TPC/27

- J + 1) I

_| 1. . j. VlMJLw
0.8 1 .2 1 .6 2.0 2.4 2.8

Figure 1.4: Cross section for 77 —> p/i from refcrences [8-12,13], All the data
are on the 77 —* p°p° channel except those froin JADE t hat are on 77 —» p+p~.

1.5 Vector Meson Dominance rnodel

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

model ftpplied to the hadronic interactions of photons. The model was intro-

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

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

encrgy dependence of the e+e~ annihilation into a virtual photon at low en-

ergies. It has also been applied to explain some phrnomena observed in two

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

dcscribed äs a snperposition of wave functions with the same quantum mimbers

CHAPTER 1. INTRODUCTION n

Figure 1.5: Vector Dominance Model

>= qq (1.17)

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

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

than two quarks, and also intcrference terms.

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

the vector mesons (p , tf/,u ...), since these have the same quantum numbers äs

the photon (figure 1.5).

In two plioton interactions the VDM prcdicts the occurrence of processes like

77 —t papn, p°$, ̂ , u>w, . . . where both phototis convert into flavorless vector

mesons which then scatter elastically with one pomeron or meson exchange

(figure 1.6).

The cross scction for such a process is
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y p.u-t c •- ;
'wvwwwc

VWWWW*

c

"^- .-

p.v.tp p,u,<f

Figure 1.6: One pomeron or pion exchange.

(1.18)

where ^v-, is the coupling of the vector meson V to the photon, MV is its mass

and pw is the phase space factor

Pvv =
^ - (Mv + Mv,y)' • (W*, - (My - A/y-]3

(1.19)

The coupling gv-, can be extracted from the decay of the vector meson to an

e+e~ pair.

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

pp) = .(*£} (1.20)
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where jp is the equivalent photon coupling constant to the p-meson ( f\> —

em^/gv-, and sf = 2.85 - 10~3 ), p* and fc* are the momenta of the p-mesons
~^f

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

fL-\ (W\ i .^ (WY(k;) = and (P;) = - - (1.21)

The factor (p*/fc*) accounts for the different relative velocities for 77 and

pp at fixecl invariant mass W. The elastic cross section <7pp_PI, is not directly

measurable but can be estirnated from other related processes (like TTTT —t JTTT,

TrN" —» irN, pp —* pp, . . . ) by using, for example an additive qnark model. In

this framework orie expects

(1.22)

leading to the parametrization [15]

(1.23)

The cross section for this simple minded VDM calculation is shown in figure

1.7.

1.6 t-channel Factorization Model

Alexander et al. [16] constriicted a model using t-channel factorization. Thcy

suggest that the (j^^vv can be factorized äs



CHAPTER 1. INTRODVCTION 14

- F F
* PP* T

(1-24)
-

7PP-"PP * PP* TT

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

50 -

O. 1.2 1 .6 2.0 2.4 2.8

Figure 1.7: Calculationof the cross section for the reaction 77 - p°p° according
to the VDM and the t-channel factorization models. The VDNi expectatlon is
given äs a füll line; the t-channel factorization modcl by Alexander et al. äs a
dotted area and by Kolanoski äs a hatched area.

nel) and the one pion exchange process (OPE), äs in figure 1.6. The Fij rep-

resent flux factors due to the difFerent masses involved in the calcutation. The

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

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

channels. The predictions of this model are shown in figure 1.7.

Their approach explains the existing data for the reaction 77 — * p°p° quitc

CHAPTER 1. INTRODVCTION 15

well. However this result is not unambiguous. Kolanoski [17] has performed the

same calculation for this specific channel usirig a different method for accounting

the p width. His result is significantly different below the nominal a°p° threshold

and is also shown in figure 1.7.

1.7 4-Quark States

The existence of bound states of four quarks (qqqq) is predicted in the MIT

bag model [18]. The model assurnes that colored quarks and massless colored

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

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

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

qq and qqq statos. The baslc parameters of the model are the bag constant or

confining pressure IN — 146MeV, the stränge quark mass m, = 279MeV, the

gluon coupling constant Q = 0.55 and a paramcter that represents the energy

shifts due to zero point fluctuations, ZQ = —1.84. Using these parameters which

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

masses of the qqqq states [18].

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

or an an t i Symmetrie 3 flavor multiplet, and couples the quark-pair to the multi-

plets of a (fr/ pair taking into account the Pauli principle, then one can construct

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

Using this recipe the followmg S-wave multiplets arise:

JF - 2+
Jp = 1+

JF = 0+

9,36
9, 30, 18, 18', 18, 18"
9,9',36,36'

Two multiplets witii identical overall spin and flavor content are distinguished

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

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

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

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

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

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

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

narrow enough to be identified.

Since the qqqq states can be considered äs bound states of meson pairs,

two photon interactjons, which according to the VDM proceed via two vector

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

ing into two vcctor mesons. According to Landau-Yang's theorem (Appendix

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

interactions.

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

the results obtained by Achasov ei al. [20] will be presented. Li and Liu [2l]

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

According to the formulation described by Achasov et al. the 77 width of a
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state R decaying via two neutral vector mesons is expressed äs

R—n — (1.25)

with the amplitude A given by

A(R 77) =
Jv • J

C ° (1.26)

where X(VöV0') is the probability of a four quark resonance to be in the VoV0'

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

states can turn into massless photons and is J^ for Jp = 0+ and J^ for

Jp = 2+. The factors l and */2 are due to Böse statistics, and go is the Zweig-

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

Using these results, the cross section for 77 —> R(qqqq) —* W is expressed

0(77 W) = (2J (1.27)

where pvv is the phase space factors for the two vector mesons, äs in 1.19, Sn-n

is the coupling of the two photons to the resonance R, gnvv is the coupling of

the resonmice to the two vector mesons

gnvv = goA(VV') (1.28)

D is the inverse of a Breit-Wigner resonance propagator
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0
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Table 1.1: The flavour structure of the four-quark-states.

(1.29)

The width Tn(W^) \s the sum of the partial widths

pairs that contribute to the decay of the resonance 7?

the meson

SRW (1.30)

In the case of the /5-meson which has a large width, the flux factor is weighted

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

parfimeter of the model and takes into account all the contributions from the

non-Zweig-superallowcd decays to the width of the qqqq resonance.

In addition, the MIT bag model prcdicts several resonances witli Rimilr'

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

tions 77 —* W is sliown in Table 1.1.

Using the Achasov formtilas [20, (1985)], the cross sections for several 77 —*

W processcs have br-cn calculated and are shown in figure 1.9.
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.<!*)

I G i.a i.o 11 3 t ) t

Figure 1.9: Expcctations for the cross sections of qqqq-slates decaying in various
vector meson pairs according to thc formulation given by Achasov et al. in
rcference [20, (1985)].

The model prcdicts a cross section for the reaction 77 —> p°f>° of the order of

100 nb whereas the predicted cross section for the reaction 77 —* p+p~ is much

smallcr. This is a result of thc interfcrcnce betwecn the isoscalars C°(36,2+)

and C°(9,2+) and the isotensor £(36,2+), which are degenerate in maas. Ag

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

0 or 2 yields different ratios of the cross sections bctween neutral and chargcd

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

t wo /7-mcFon wave functions :
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where l 0 >, | 2 > are the isospin states. For 1=0 (TT>_popo/(7T>_p»

für 1=2 the ratio equals to 2.

(1-31)

(1.32)

/2and

1.8 Glueballs

(a)

J '<if
(b)

Figure 1.10: Diagrams for the decaya a) -/Glueball and b)

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

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

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

WWVW\

7

(b)

Figure 1.11: Diagrams for the reactions a} 77 —> Gluebail and b) 77 —t Meson

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

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

same quanmm numbers äs the ordinary hadrons. This makes it difncult to

distinguish a glueball from a meson.

Radiative J/fy decays are suggested äs a good source of glueballs. These

decays proceed via the lowest QCD diagram shown in figure 1.10.

In this diagram the cc pair of the J/Q annihilates into a photon and two

gluons. The coupling of the two gluons to the cc pair is of the order of a]. In

the case in which an ordinary meson is produced we have another factor a^ due

to the additional coupling of the gluons to the quarks of the meson. Frorn that

we can conclude that the ratio of the widths of a glueball G and a meaon M

(assurning the same properties for the glueball and the meson) is



CHAPTER L INTRODUCTION

(1.33)

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

glueball proceeds via a quark loop with coupting proportional to Q3aJ, whereas

(lie qq-mcson has a coupling proportional to a3 because of its direct creation

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

r (77
(1.34)

1.9 Related Measurements from Oth ;r Exper-
iments

K *+

K'- Ä'*°

Figure 1.12: Vector meson nonet for the lowest rnass state .

Vector ineson pair production has been extensively studied in radiative .//"I1

clecays äs well äs in the two photon interactions. In the following, existing mea-

surements for the processes J/V -» fVV and 77 -» W are presented, where
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V, V" are vector mesons from the lowest mass vector meson nonet (figure 1.12).

Combined measurements of the two processes can give useful information for

the existence of gtueballs (see section 1.8).

1.9.1 Radiative J/$ Decays

•v*nft

1.5 2.0

M [GtV/c1]

Figure 1.13: Mass spectra of the two vector mesons for the decays a)
» fp°p° b) J/* -• -yp+p~ and

Most of the dataon vector meson pair production in radiative J/W decays come

from the MARK III and DM2 collaborations.

The reaction J/fy — » "jpp has been observed by both collaborations [24] in

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

GeV/c1 (figure 1.13). A spin parity analysis showed that these tentative states

have Jp = Q~,



CHAPTER J. JJVTHODUCTION 24

Maas [GeV/c2]
~ 1.5
- 1.8
-2.1
<2.0
-2.2
<2.0

VV
PP
PP
PP
WU

4><i>
K-°K"°

JJ!

o-
o-
o-
o-
o-
Q-

Table 1.2: States decaying into W observed in radiative decays J/ty

The measuremcnt of the reaction J/^ — * 7u;w showed an ww peak below 2

GeV/c1 (figure 1.13), also having JF - Q-.

The decays J/* -» 70;^, J/3? ~> 7^^ and J/* -• 7K'°K* show structures

with J = 0~ äs well. Table 1.2 summarizes these results. Common to all these

reactions is the result that the measured branching ratios are of the Order 10-3.

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

in the review article on the J/* decays by Köpke and Wermes [26].

1.9.2 Vector Meson Pair Production in Two Photon In-
teractions

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

data samples äs in the case of the Jf^ stuclies. We have to deal with very small

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

The chaimcl studied the most is 77 —> p°p°. It was observed for the first

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

confirmcd hy MARK II [9] at SPEAR and CELLO (10] at PETRA. The main

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

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

27r + 27r~ spectra assximirig that they are an incoherent mixture of pap0, p®it+Tr~

and non-resonant 27r+2j:~. In 1982, the TASSO group performed n spin-parity

analysis of the p°p° system by using the maximum likelihood technique that is

CHAPTER 1. INTRODVCTION 2',

-X7 PV0

o(nb)

60

40

20

<7(nb)

60

40

20

0

1 \ '"-*''

— , — • — • — i — i — •- ' — - .— , 1 . 1 l

-L "1-TASSO

1 } PLUTO

-£ ' l "Kr- «

< . i t | r i *- • |- i '-

J^E 2" -

~H_t_"4" 1 ' ! ~ '.
B "̂ • a

J'a 0" -

' •-fV<+. :
+ . ' + . . :

t.O 1.5 2.0 2.51.0 1.5 2.0 2.5

Figure 1.14: Existing results on the 77 —» p°p° spin-parity analysis. The crosses
represent the measurement by TASSO [8] and the circles the measurement by
PLUTO [11].
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Channel

0p

tfnp

K-OK-

ww

w"

WVJGeV/c2)
2.0-2.2
2.2-2.4
2.4-2.6
2.6-3.0
3.0-3.4
3.4-4.2
2.2-2.4
2.4-2.6
2.6-3.4
3.4-4.2
4.2-6.0
1.8-2.0
2.0-2.4
2.4-2.8
2.8-3.5
1.6-1.9
1.9-2.2
2.2-2.5
1.6-1.9
1.9-2.2
2.2-2.5

<7[nb] (95% CL)
<35
<12
<8

<l
<0.5
<67
<7
<2

<0.5
<55

<!o
<8

<20
<18

<20

Experiment

TASSO [27]

TASSO [27]

TASSO [27]

PLUTO [28]

PLUTO [28j

Table 1.3: Upper limits for the cross sections 77 —> W.

described later in the p+p analysis section. Recently PLUTO [11] and TPC/27

[12] have also pubüshed a spin parity analysis of the p°p° System. A cornpariaon

of all these anguliir analysis is shown in figure 1.14. The results are rather

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

dominate the cross section.

Theupperl imitsfor thereaction p+p~ by JADE [13] (figure 1.4) showed that

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

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

section 1.6).
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Figure 1.15: Cross sections for vector meson pair production from ARGUS
[29,30,32] (excluding the results presented in later sections of this thesis).
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Cliannel

<i>P
<j>U!

00

KUOWc']

1.9-2.1
1.9-2.5
2.2-2.5

<j[nb)

<1.1 (95% CL)
<1.7(95%CL)
<7.1 (95% CL)

qqqq-mt iel

-28nb
~ 1 nb
~ 4 n b

Table 1.4: Uppnr limits for the cross sections 77
from ARGUS [30,31].

and 77

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

existing before the AIIGUS measurements are listed in Table 1.3- ARGUS

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

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

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

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

channels 77 —» ww and p* p~ is discussed in detail.

Chapter 2

The ARGUS Detector

2.1 Introduction

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

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

(DESY), situated in Hamburg, West Germany.

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

designed [35] aa a universal tool to analyze final states from electron-posltron

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

both above and below the B°B° threshold, charmed meson Systems, r-lepton

physics and two photon interactions.

These studies require good charged tracking capabilities with good momen-

tum resolution and charged particle identification, äs well äs good neutral en-

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

was finely segmented, with components of the greatest possible resolution and

minimal multiple scattering and by maintaining regulär calibration.

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

Drift Chamber immediately outside the beam pipe, the main Drift Chamber, the

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

29
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LINAC l

CRYSTAL BALL
Expcximent

Figure 2.1: The DESY/DORIS II Accelerator Cornplex
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(figure 2.2). Thirteen copper coils provide the 8 kG solenoidal magnetic field

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

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

beam pipe into the dctector.

Charged particles can be identified both by the measurement of specific

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

velocity by the Time-of-Flight system. The momentum measurement is done

with the drift chamber while the vertex drift chamber improves the vertex

reconstruction. Discrimination between electrons and hadrons is performed

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

with energy äs low äs 50 MeV. Three layers of wire chambers identify muons.

The magnct coils, the flux return iron yoke and the shower counters serve äs

absorbers.

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

following pages.

2.2 DORIS

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

the experiment with electron and positron beams that interact within the de-

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

supplied to the system by a small linear accelerator LINAC I which accelerateg

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

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

electrons from LINAC II. Because the positron production rate is low, they are

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

tor). When enough positrons have been saved, tfiey are also transferred into

the DESY Synchrotron. The electrons and positrons are then accelerated at the

requested energy between 4.5 and 5.5 GeV and they are injected into DORIS. In
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ARGUS

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

bunches with currents of about 30 mA per beam and crossing period at the

two interaction points of l fts. Typical run periods are of the order of one hour

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

points have a Standard deviation of about 80 ̂ m in y, 500 fim in x and 2.5 crn

in z, (the coordinate System is dcfined with z along the beam axis and x in the

plane of the storage ring pointing to the center), if they are assumed to have

Gaussian distributions.

The luminosity of a storage ring is given by :

c = (2.1)

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

respectively, e is the electron charge, / is the revolution frequency and ox, cr„ are

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

typical running conditions is about lO^cm^s"1 and the integrated luminosity

delivered to the detector per day about SOO nb~l.

2.3 The main Drift Chamber

The heart of the ARGUS detector is the inain Drift Chamber (DC) [36], It mea-

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

the specific ionization deposited along the track length. These measurements

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

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

The chamber has a cylindrical geometry with an inner diameter of 30 cm, an

outer diameter of 172 cm and a length of 2 m. The materials used were chosen

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

one of 6 mm thick alumimim. The end plates are rigid enough to aupport the

~ 31200 N tension of the wires and are made of 30 mm thick AI.

There are 5940 aenae and 24588 potential wirea arranged in 36 concentric

layers, comprjsing a total of 5940 drift cella. Each drift cell is 18 mm by 18.8

mm with a 30 pm diameter gold-plated tungaten aense wire surrounded by 76

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

and the sense wirea are under a tension of 0.7 N. In order to allow measurementa

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

stereo angle (with a stereo angle sequence of 0° ,+a,0° ,—a and ao on). The

stereo angle a increases with the radius r äs ^/r from 40 mrad in the innermoat

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

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

97 % propane (C3H8), 3 % methylal (CH2(OCH3)i) and 0.2% water vapor.

The water was added after discharges occurred in one of the chamber's sectora.

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

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

kept at a ground potential.

In order to maintain stähle Operation, the drift chamber is monitored and

calibrated on a regulär basis. Pulser runs, during which a pulse of known em-

plitude ia fed through each ADC, are done once a day during the data collecting

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

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

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

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

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

190 (.im and for multihadrons 220 /im (figure 2.4).

For fast particles ( p > l GeV/c ) the moinentum resolution is dominated
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POTENTIAL WIRE

(a)

OUTEfl W»IL 6mm AI

ENO PLATE 30mm AI

POTENTIAL LAYER 4

0' LAVEB 1

POTENTIAL LAVER 3

POTENTIAL IAYER 1

,INNEH WALl 3.3mm CARBON FIBER
-rrr-} i i i i > >.i r / > j f-n-r-?

(b)

l [..]

Figure 2.3: Crosa sections of the Drift Chamber. a) perpendicular b) parallel
to the bcam axis.
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Figure 2.4: Spatial resolution of the drift chamber äs a function of the distance
between the track and the sense wire. a) for electron tracks from Bhabha events
b) for hadron tracks. Squares are for chamber operating with water additive
and circleg without.
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Figure 2.5: Specific energy loss versus the momentum of the particle.

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

^j~+ = 0.009 • PT [GeV/c] (2.2)

For momenta below l GeV/c the momentum resolution is dominated by multiple

scattering and can be expressed äs

+ (0.009 - (2-3)
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The polar angle resolution is tf(cot(0))=0.004. The DC covers 96 % of the 4*

solid angle. Figure 2.5 shows a plot of the dE/dx versus the momentum of a

particle. The Separation between 7r-K and p-K is larger than 3a for momenta

bellow 700 GeV/c and 1200 GeV/c respectively (figure 2.5).

2.4 The Vertex Drift Chamber

The ARGUS Vertex Drift Chamber {VDC) [37] allows precise measurement of a

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

enhances the spatial resolution of the primary vertex position and the secondary

vertices of particlcs äs A"°'s and A's. It also provides the necessary resolution

to peiform the lifetiine measurements of charmed particles and r-Ieptons.

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

In order to reduce multiple scattering the inner and outer cyündrical walla are

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

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

groove to hold the wires with a precision of 5 /im.

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

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

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

(figure 2.G).

The inscribed radius of a drift celt is 4.5 mm. This small cell size allows the

maintenance of large efficiencies in this high track density region of th detector

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

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

the x-y plane.

The vertex chamber operates at a potential of -3.5 kV appüed to the field

wires in a pure COt environment at a pressure of 1.5 bar. To prevent aging
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r = Ucm

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

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

the VDC gas. The spatial resolution for the VDC äs determined from Bhabha

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

fim resolution for one third of the total drift length. For about half of the

cell the resolution is better than 100 fim. Towards the sense wire the res-

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

velocity with the electric field in COi. At the outer ends of the drift cell the

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

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

fraction of low momentum tracks which suffer multiple scattering.

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

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

rameters of charged tracks. The momentum resolution for 5 GeV/c muons



CHAPTER 2. THE ARGUS DETECTOR 40

rtiolution [cm)
0.04

O C 3

002

0 0

CO. * 0.3 X H,0
p - l S bar
HV - 3500 V

00 0.2 0.4 0.8 0.8 1.0

drlfl dliUnct [c.ll uniU]

Figure 2.7: VDC resolution äs a function of the drift distance.

improved from "-^ = 0.9% - PT to 0.6% • PT. By studying the distance of

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

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

vertex with a precision better than 100 /im. The reconstruction efficiency for

secondary vertices from K® and A decays was improved by about 60 %.

2.5 The Time of Flight System

The ARGUS Time of Flight System (TOF) [38] consists of 160 scintülation

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

and each of the two end caps 48. They are all NE-110 type plastic scintillators.

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

two photomultipliers (RCA 8575), one on each end. They cover 75 % of the füll

solid angle. The end cap counters are wedge shaped with height 48 cm, inner
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width 5.1 cm and outer width 11.4 cm, They are viewed by one photomultiplier

each and cover 17 % of the füll solid angle. The scintülation light travels along

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

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

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

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

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

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

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

counter) may be extracted from the measured TDC values.

1.5
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Figure 2.8: Mass squared from TOF measurements äs a function of the

mentum of the particle for hadron tracks.

The identification of a particle by the Time of Flight information is per-
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formed by measuring its velocity ß and determining its rest mi*>s according

to

! c-TOF /mca\-
\ -*-(\-T)y \v3 cV

2.4

and the mass resolution 1s then

a(TOF) (2.5)

which for 220 ps TOF resolution leads to 3 Standard deviation -K(K Separation

up to 0.7 GeV/c and K/p Separation up to 1.2 GeV/c. A scatter plot of TOF

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

2.6 The Electromagnetic Shower Counters

Another important component of the ARGUS detector is the electromagnetic

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

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

the photons.

• They provide on-line and off-line measurcments of the lurninosity.

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

shape and the amount of energy deposited on the counters.

• Thcy are used for the construction of the total energy tr: '.ger.
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The shower counter System consists geometrically of two parts. The cylin-

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

endcap calorimeter that measures particles with 0.75 <| cos(0) |< 0.96- The

whole calorimeter covers 96 % of the füll solid angle. The barrel section consists

of 1280 counters arrangcd in 20 rings of G4 counters each. Each of the endcaps

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

and 04 counters respectively. AU counters are of alternating 5 mm scintülator -

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

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

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

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

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

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

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

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

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

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

to allow laser calibration pulses to reach the phototubes. The calorimeter is

supported by a frame made of non-magnetic stainless steel and is located inside

the magnet so the material between the interaction point and the counters is

minimal.

The Signals from the photomultipliers are fed into Split-Delay-Surnming

(SDS) units, which dclay the signals by 240 ns and sum the signals from groups

of 8 or 14 counters. The SDS signals are used äs a part of the fast trigger (see

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

and passed to the online Computer provided the trigger conditions are satisfied,

The absolute energy calibration of each shower counter module is done using

electrons and positrons from Bhabha scattcring events. The Bhabha evcnts are
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very well defined from the beam energy. The impact points of the tracks on the

shower counters are derived from the drift chamber track reconstructton.

In order to define the energy resolution for high energies, QED processea

(e+e~ —» c+e~,77) were used. At low energies, measurement of the widths of

the invariant mass distribution of TTO'S and rj's provided the resolution. The

results obtained can be parametrized by the expression

(0.072)3 +
(O.Q65)J

E{GeV\)

for the barrel region and by

E
(0.075)2 4-

(Q.076)a

E\GeV]
(2.7)

for the endcaps. From the study of the reaction e+e~ —> 77 the angular resolu-

tion is also determined to be 37 mrad. Finally the detection efficiency is of the

order of 98 % for 50 MeV photons.

2.7 The Muon chambers

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

rnagnet yoke and has 3.3 absorption lengths between it and the interaction

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

43 % of the füll solid angle, The two layers outside the yoke cover 87 % of 4?r

and are separated from the first layer with an adtütional 1.8 absorption lengths

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

cutoff of 1100 MeV/c:
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Each chamber consists of eight proportional tubes glued together. Each

tube is made of aluminium with internal cross section of 56 x 56 mm2 and

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

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

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

2.8 DATA Flow
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Figure 2.9: The data-flow diagrarn.

The data flow diagram is shown in figure 2.9. The triggered events are passed

to a CAMAC system wlüch digitizes them. It consists of three branches, one

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

nents and a third one which contains the equipment for monitoring the detector

Performance. Then the events are transferred to a FDP 11/45 Computer via

a LeCroy CAMAC Booster ( GAB ) which reduces the processing time to 3

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

stop runs, and run the calibration programs such äs the laser monitor for the

shower counters and the TOF system,

Assembled events are afterwards sent via a pair of DRU-W parallel ports
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to a VAX 11/780 Computer which has äs its primary task the monitoring of

the detector performance by filling histograms of various quantitieg of interest.

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

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

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

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

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

the IBM.

2.9 The ARGUS Trigger

The bimch crossing frequency of DORIS II iß l MHz so the detector electronics

have l fts to decide whether to accept an event or not and be ready to get the

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

pretrigger discriminates background from "good" candidates within 300 ns. A

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

for the event.

2.9.1 The Fast Pretrigger

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

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

hemispheres separated by the z=0 plane.

The output signals from the shower counter phototubes are summed by the

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

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

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

sectors and 8 counters for each of the filier sectors (figure 2.10). The end cap
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(«0

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

information is used only for the total energy trigger and the online luminosity

monitor. For all the other triggers only the barrel signals are used.

The TOF counters require coincidence of the signals of the two phototubes.

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

There are 6 fast pretriggers using the Information of the SDS unita and the

TOF counters :

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

and requires the total energy deposition in either hemisphere to be greater

than 700 MeV. The total energy deposition also gives online information
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for the background and the rate of this signal correlated to th*» bunch

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

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

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

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

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

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

group exceeds a preset threahold which corresponds to about l GeV.

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

each hemisphere without any requirement for azimuthal angular correla-

tion, A track is defined by the coincidence of an overlapping TOF and

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

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

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

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

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

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

the CPPT group for each of the hemispheres.

• The Coincidence MATRIX trigger (CMATRIX) requires a coincidence of

two CPPT groups with at least 90" azimuthal Separation but not neces-

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

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

• The Cosmic trigger accepts cosmic muons that travel close to the beam

pipe by requiring a coincidence between two opposite groups of four barrel

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

detector components when the storage ring is not operating. The cosmic

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

• Another trigger is the random trigger which gives a random gate with a

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

random noise.

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

crossing signal and the "trigger ready" Signal given by the online Computer. For

the proper Operation all the trigger components are checked 3-4 times a day by

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

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

2.9.2 The Second Level Trigger ( LTF )

The Little Track Finder (LTF) 1s a second level trigger [41] and it is started

by the fast pretrigger. It uses the Information from the main drift chamber

and the TOF counters looking for tracks in circular paths passing through the
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interaction point. The LTF is designed so that it will introduce the minimurn

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

would be too inflexible whcreas a flexible Software procedure would be too slow.

As a cornpromise the LTF wag built äs a table-driven Emitter-Coupled-Logic

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

system.

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

TOF System are transferred online into bitwise addressable memoriea. Another

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

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

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

is reachcd. If all the masks have been compared and the track counter does not

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

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

useless cycles.

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

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

about 20 fis. The LTF introduces about 0.2 % dead time into the detector

Operation for an average pretrigger rate of 100 Hz and has a track finding

efficiency about 97 % which mainly depends on the DC efficiency.

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

CPPT and CMATRIX petriggers, and l LTF track with the HESH pretrigger.

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

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

rcduces the final trigger rate to about 10 Hz,
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2.10 Luminosity Monitoring

Dhabha scattering is used for online hirninosity monitoring. The luminosity, C,

can be determined by the expression:

dNf
(2.8)

a is determined online by requiring a coincidence between a shower counter

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

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

have a minimum of l GeV. A Bhabha count is recorded if there is a coincidence

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

u sing (2,8) the counts are converted to luminosity.

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

structed Bhabha events in the barrel region.

2.11 Event Reconstruction

When the raw data reach the IBM they consist of the ADC and TDC hit Infor-

mation of the various detector components. The raw data must be reconstructed

into the kinematic variables of the event, such äs particle tracks, momenta, ver-

tices, \s for different particle hypotheses etc. This task is accomplished by an

analysis program.

2.11.1 Drift Chamber reconstruction and Pattern recog-
nition

A charged particle transversing a homogcneous magnetic field follows a helical

trajectory. The magnetic field is parallel to the z-direction, so the trajectories
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of charged particles can be described by a circle in the x-y plane in a dition to

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

set of 5 parameters.

• K : the curvature of the heüx

• d0 : the distance of closest approach of the track to the innermost hit wire

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

• ZQ : the z-coordinate of the above distance

• 0o ; the azimuthal angle of the track

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

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

search for tracks in the x-y plane defines the parameters Ktd0 and <f>0 by using

the paraxial wires. In a second step the Information of the stereo wires is used

to the find cotB and z0 and finally make the three dimensional reconstruction

of the track.

At the start of the search for tracks in the x-y plane {Ist step) the program

looks for neighboring pairs of hits and adds a third hit (since 3 points denn0

a circle) to determine the curvature K from the wire position. A single triplet

of hits does not yet contain any Information äs to whether the hits are coming

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

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

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

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

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

taken äs the average cf the two calculated curvatures. The track candidate is

then extended by adding a fifth hit with two of the previously found hits and
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so on. In reality the procedure is more compücated since we do not have pointa

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

trajectory is theri a Segment of a large circle tangential to these small circles.

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

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

Once we find K, the track projection is described by a circle which must

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

be defined. An additional cut which requires that there must be at least two

tracks with d0 < 1.5cm has to be fulfilled for the event to be accepted.

After the two-dimensional pattern recognition is complete, the parameters ?0

and cotQ remain to be found. This is done by using the stereo wire Information.

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

parallel to the z-axis. Neglecting the drift times, the intersection of the cylinder

with the stereo wires gives a scquence of z-values. A procedure similar to the one

describcd above reconstructs the track in the z-direction after the drift times

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

least two tracks with ZQ < 8cm in addition to having do < 1.5cm. A minimum

of 4 z-wire3 and 3 stereo wires are needed to determine a track.

After the drift chamber analysis has been done, the vertex chamber Infor-

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

parameters from the inain DC fit. The tracks are traced back into the VDC

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

updated after the track fit procedure is repeated with the additional Informa-

tion.
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2.12 Particie Identification

The charged particie identification in ARGUS is done by using the specific en-

ergy loss due to ionization in the drift charnber ( dE/dx measurement) and the

Time-of-Flight measurement. These, in combination with the momentum mea-

surcment from the drift chamber, allow the mass reconstruction of the particie.

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

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

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

counters also provide a powerful toot for the antiproton identification due to

the enormous energy deposit produced by the strong annihitation process.

The specific ionization loss of a particie of chargc z,-„cc transversing a medium

is givcn by the Bethe-Bloch forrnula

x /n

dE D • Zmed - Pmed

dx

2m.7J0V\ )
Ame,

,a * c 1
2 ZmJ

U„

[ / ?

'
(2-9)

wliere D - 47r./V4'Jm,c3 = 0.3070 McV - cm2lg, Zmrd and Amfd are the rharge

and mass numbers of the medium, pmed the density of the medium and /, Ä, c

and v are phenonienologica! functions [42].

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

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

provides Information about the mass of the particie.

In the rcconstrnction Software, five particie hypotheses are used: electrons,

nnions, piona, kaons and protons. For each particie hypothesis, the theoreti-

cally expocted dEjdxih is compared with the measurement by .orming a ^2
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TdE/di
= C,/J,TT, A',p) (2.10)

where dE/dx is the measured specific ionization energy loss, dE/dith the theo-

retically expected one for particie f , er,/, the uncertainty of the theoretical dE/dx

due to the uncertainty of the momentum measurement and adE/dz the uncer-

tainty of the measured dE/dx.

Equivalently, in the case of the time of flight measurement, a x* is formed

for each of the above particie hypotheses

°TQF

(i = e,/i,ir, K, p) (2.11)

where ß is the velocity of the particie äs measured by the time of flight System,

ß',h the expected velocity for the particie i knowing its momentum, <JTOF and

<7th are the uncertainties of the measured and expected velocities.

The TOF and dE/dx x2ls are then combined into one \

(2.12)

which is used to form a likelihood function

•= exp(- (i = C , / I ,T , A',p) (2.13)

out of which the normalized lik^lilioods \± are construc.ted
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= C, ", p) (2.14)

where uj; are the relative production ratea introduced from a priori knowledge

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

for wt : wu : wf : WK ; uy

The dE/dx and TOF measurements can give good identification for hadrons

up to ~ l GeV/c and for etectrons up to ** 230 MeV/c, For ele- rons the iden-

tification ig considerably improved by adding the shower counter Information

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

for the electrons has the form

A. =
«v n, m (2.15)

i = dE/dx,TOF,SC k = e . / j .TT. t f .

where P*(x) is the probability that a track with measured parameters x be

identified äs a particle of type k by the device i, and u>t is the relative production

rate äs above. The likelihood Ae takes values between 0 and l and has an

electron selection efficiency greater than 90 % for all momenta above 500 MeV/c.

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

mvion chambers. The normalized likelihood for the muons has the form

(2.16)

i = dE/dx,TOF, SC, k = e, p, *, K, p

The fi-Tt misidentification probability is (2.2 ± 0.2} % prr pion and the /i-A'

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

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

ysis Langnage), is used. The main frame of KAL is written in FORTRAN77.

KAL processes events in a mini DST format and may be used to perform the

taska required for the physics analysis, such äs the identification of a particle,

making the invariant mass combinations, calculating kinematical quantities for

different particle Systems and also making histograms of these quantities. The

user is not requircd to write FORTRAN code but rather uses KAL Statements.

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

ing.

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

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

the a priori relative particle abundance supplied by the user. To inake the

invariant mass combinations a statement is used to select the desired particle

combinations and thcn all the kinematical quantities of the composite particle

are available. KAL also has the possibility to Interface with a FORTRAN

subroutine supplied by the user according to his needs.

2.14 Monte Carlo Simulation

In order to estimate the detector acceptance a Monte Carlo Simulation was

developed. The detector Simulation program, SIMARG [43], is based on the

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

each track in the detector by simulating the jnteractions using theoretjcal mod-

eis. For electromagnetic interactions the EGS program [45] is used and for the

hadronic interactions routines from the program GHEISHA [46]. The dE/dx

Simulation is maclr by using energy loss spectra äs measured in a smaller pro-
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totype of the actual chamber. This way the dE/dx Simulation is completely

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

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

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

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

raw data format. This fi!e also contains the generated event information. The

füll detector Monte Carlo Simulation h äs the following essential stepr, :

• Generate an event [see section 3.6].

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

• Process the event tlirough the reconstruction program, applying efRcien-

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

ponenta.

• Pass the event through a trigger Simulation program.

2.14.1 The Trigger Simulation

For events with low multiplicity, asymmetric topology or low visible energy, it is

essential to know the trigger conditions accurately in the acceptance calculation.

For this purpose a program was developed, which processes the reconstructed

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

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

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

calculates the integrated luminosity for each of these trigger periods accordin0

to the user's requirements. Then, it sums the shower counter pulse heighta for

each trigger element and deterrnines the LTF masks frorn the drift chamber

TDC hits. Next, the program loops over all the trigger periods and simulates
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which triggers are set in each period. This loop is usually repeated several times

to minimize the fluctuations. At the end, the program rcturns a trigger weight

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

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

For each trigger period and trigger type, the trigger thresholds were detef-

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

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

count for the uncertainty in the deposited energy dctcrmination.

The LTF efRciency is defined äs the probability for a rharged particle to be

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

the ETOT trigger is set, are ideal to determine the LTF crficicncy since they

don't require an LTF Signal. The LTF finding algorithm uses a drift chamber

efficiency of 100 % and, in order to reproduce the experimentally observed

crficiency, the program discards masks randomly.

The trigger Simulation reproduces well the actual trigger efficiencies. For

example the CPPT thresholds were determined from events with an ETOT

trigger set, leading to a CPPT efficiency for dimuon events of 95 %. The corre-

sponding trigger Simulation agrees within l %. Another check was done by com-

paring Monte Carlo events simulating the reaction T(25") —> T(15)7r+T~ with

the T(1S) decay invisible to the detector and data for the reaction T(25") —*

T(lS)7r+7r-, with the T(1S) -+ e+e~, where one of the electrons set the ETOT

trigger. To calculate the efficiency, the fraction of events where the pions set

a trigger in the data was compared with the trigger Simulation for the Monte

Carlo events. The two numbers were identical.

To calculate the systematic error introduced by the trigger program, the

thresholds were varied simultaneously by ±10%. The systematic error was

forind for 77 —v 27r+27r~27r° events to be about 5 % and for 77 —» 7r+7r~27T°

events 5.5 %. The program is developed in such a way that it can be used by
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non-experts. Appendix C describes the routineg with which the user can supply

his requirements to the program.

Chapter 3

Data Analysis

3.1 Data Samples

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

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

named within the collaboration äs experiments 2,4 and 5.

Running Period
Experiment 2
Experiment 4
Experiment 5

Total

Integrated luminosity LP';- ']
62.8
69.9
101.6
234.3

Table 3.1: Integrated luminosity collectcd with the ARGUS detector in the
different rurming periods.

The integrated luminosity for each period is summarized in Table 3.1. The

data for experiment 2 were taken without the VDC, whereas for experiments

4 and 5 the VDC was installed in the detector. These reconstructed data sets,

the DST's, were divided in two sections, the multihadron events (MUHA) and

the two-prong events (TWOP). The multihadron selection criteria are

Cl
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• at least three reconstructed tracks in the main drift charnber with total

energy deposited in the calorimeter greater than 1.7 GeV.

• at least three tracks that are within 1.5 cm of the primary vertex in the

x — y plane and within 8.0 cm along the z-axis.

These criteria select about 5% and 30% of the total 2.7 • 10T reconstructed

events äs MUHA-candidatcs respectively. For the two-prong events the selection

criteria are:

1. there are exactly two tracks with opposite charge;

2. these tracks have to point to the main vertex within 1.5 cm in the x — y

plane and 6 cm in the z-axis;

3. the angle between the two tracks must be !ess than 165°;

4. one track must have shower energy less than 1.5 GeV, or rnomenturn lesc

than 3.0 GeV and shower energy less than 4.0 GeV;

5. | $ |> 30° where ß is the angle of the track with the r-axis

The criteria 3-5 reject the Bhabha events. After these selection criteria about

3.1 • 10fl two-prong events remained.

3.2 Event Selection

In the following sections, the event selection for the two channels studied in this

thesis is described. In the case of the non-tagged events one measureg only the

final state X and not the scattered electrons. The two-photon events have a

unique feature that makes them easier to distinguish from annihilation events.

The total transverse momentum, Ff0', of the final state X peaks at low values.

The P}"' is defitied äs Pjl = \, \ where the sum runs over each individual
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Figure 3.1: (P}0')' for Monte Carlo generated events of the type
77 —> 7r+7r~7r°7r°.
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Figure 3.2; (Pj01)2 for events containing five charged tracks in the data.
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particle t of the final state. The (Pf0')2 distribution peaks stn . gly at zero äs

one can see in figure 3.1 where the (.Pf0')1 f°r Monte Carlo generated events of

the type 77 —t 7r"t"7r~Tr°7r° is plotted. In reality there is some background in this

distribution from incompletely reconstructed events and events with r-pairs.

The (Pf01)2 distribution for incompletely reconstructed events from the data is

shown in figure 3.2. This background can be parametrized by a straight line.

A cut on the Pf0' distribution enhances the two photon events in a data sample

and suppresses the background.

3.3 The Reaction 77

Candidate events for the reaction 77 —» 2Tr"t"27r~27r° were selected from the

multihadron (MUHA) data samples and had to fulfil the following criteria:

• four charged particles with zero net charge which fit to a common event

vertex

• these particles had to be identified äs pions by requiring the pion likelihood

ratio (see section 2.12) for each one of them to be greater than 5%

• exactly four photons had to be detected by the electromagr ;tic calorime-

ter with minimum energies 50 MeV for experiments 2 an- 5 and 70 MeV

for experiment 4. The different cut for the minimum energy of the pho-

tons for experiment 4 was motivated from the fact that this cut gave a

better signal to background ratio for the w-meson peak in the study of

the ww production which is described in later sections.

• any two photons with an invariant mass between 60 and 220 MeV/c2 were

considered äs T° candidates. To suppress combinatorial background the

two photons had to have opening angles less than 90°. The invariant mass
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Figure 3.3: Invariant mass of the two photons for 77 —t 2jr+27r 27r° events. The
dots represent the invariant mass of all photon pairs and the histogram of the
pairs with opening angle less than 90° for data.
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Figure 3.4: P^ot versus the scalar momentum sum for event candidates for the
reaction 77 -» 2Tr+2x~2ira.
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Fignre 3.5: Invariant mass of 27r+27r""27r°
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of the two photons with anct without the opening angle cut is shown in

figure 3.3 äs open and shaded histogram respectively for data. Finally the

7r° candidates were subjected to 1-C fit to the nominal ir° mass.

• at least two 7r° candidates were required in an event. The TTO candidates

were not allowed to have common decay photons.

• the total transverse momentum, Pf"' = £ Pr, |, had to be less than 100

MeV/c and the sum of the scalar momenta P,urn = £ | Pi | less than 3.5

GeV/c. The P^0' versus the Pilim scatter plot is shown in figure 3.4.

After thcse selection criteria, 553 candidate events for the reaction 77 -+

2n-+27T~27r° remain. The invariant 27r+27r~27r° mass distribution is shown in

figure 3.5.

3.4 The Reaction 77 —* TT+TT 7r°7r°

Candidate events for the reaction 77 —» 7r+7r~7rnjr° were selected from the two-

prong data sets by Jrnposing the following selection criteria :

• Two oppositcly charged particles had to originate from a common event

vertex. No other charged particles were allowed in the detector.

• The two charged particles had to be identified äs pions with likelihood

ratios larger tlian 5%.

• Exactly four photons were rpquired with minimum energies of 50 MeV.

• At least two TTO candidates were required. The TTO candidates were dcfined

äs combinations of two photons with invariant masses between 60 and

220 MeV/c2 and opening angle between the two photons smaller than 90°

in order to reduce combinatorial background. The JT° candidates were
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Figure 3.6: Invariant mass of two photons versus the invariant mass of the
remaining photons for the 77 —» 7r+7r"7r°7r° data.

constrained to the TT° mass by a kinematical fit. The scatter plot of the

invariant mass of any two photons versus the invariant mass of the re-

maining two photons is shown in figure 3.6. An enhancement of events

is clearly discernible in the 7rn7r° region. Thia indicates the existence of

events with two n^-mesons.

• The total transverse momentum of an event was required to be Pf01 <

100 MeV/c and the scalar momentum sum P,um < 3.5 GeV/c. The

scatter plot of the P£D( versus Plum is shown in figure 3.7.

1290 events survived these selection criteria and their invarian* mass is shown

in figure 3.8.
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Figure 3.7: Pj,of versus the scalar momentum sum for events candidates for the
reaction 77 —* 7r+7r~7r°7r°.
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Figure 3.8: Invariant mass of 7r+ir~7r°jr°.
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Figure 3.9: (Pf0'}2 for 1^1^-^° (data). The fit is described in the text and
the shaded area represents the estimated background.

3.5 Backgrounds

Both reactions have the same type of background events, therefore the back-

ground studies are presented together. The main backgrounds for both reactions

• incompletely reconstructed events which are events where the missing mo-

mentum is carried by undetected particles.

• events of the type e+e~ —t T + T~, where the two r's decay to one and

three prongs respectively and may contribute to the background for the

reaction 77 -> 2jr+2Jr~27r°. If they both decay to one prong they may

contribute to the background for the reaction 77 —* K*ir~irDir0. In both

cases the missing momentum is carried by the undetected neutrinos.
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Figure 3.10: (P}0')2 for T+Tr-ir0*0 (data). The shaded area represents the
estimated background.

These backgrounds can be estimated by studying the (Pj-0')2 distribution.

For this purpose the (Pf01)1 distribution for Monte Carlo generated events was

fitted with a function of the form A{\f D/x + C/x1), This way the constants

B and C are determined. Then the data are fitted to this distribution with

D and C fixed from Monte Carlo and including an additional linear terrn to

parametrize the background. The (Pf0'}3 distribution for the data with the

corresponding fits is shown in figure 3.9 for the reaction 77 —* 2ff+27r~27r°,

and in figure 3.10 for the reaction 77 -* 7r + 7r~7r°7r°. With this procedure 27

events are estimated to be background for the reaction 77 —t 2-K^"2-!T~2n0 and

53 events for the reaction 77 —» 7r+7r~7r°7r°. Incompletely reconstructed events

are the main contribution to these numbers.

Another background source is noise in the electromagnetic calorimeter that

fakes photons. The noise in the calorimeter was estimated by studying the
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Figure 3.11: The energy distribution of random noise in the calorimeter.

reaction T(lS) -* I+ l~, where l = c,/i and by counting the fake photons in the

calorimeter. The T(l5) was tagged by the pions from the transition T(2S) -»

7r+7r"~T(15). The noise distribution is shown in figure 3.11. This random noise

was included in the Monte Carlo Simulation.

For the final state 2jr+2s-~2^°, noise in the calorimeter could fake an even,

in the following ways:

* a real two photon interaction event of the type 77 -* 2^1^'^ with

an additional two noise photons in the calorimeter that fake a second

TT°. To estimate this background Monte Carlo events of the type 77 -*

27r+27f~7r0 were generated and, while simulating the random noise, we

tried to reconstruct the l-x+l^l** final state. This study showed that

this kind of background is negligible;

• events coming from the reaction 77 -» ̂ +^'^° itself. where one Ph°-

ton escapes detection and is replaced by a simultaneous noise photon in
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the calorimeter. Monte Carlo analysis estimated this background to con-

tribute 36 events.

Another possible background to the 27T+2jr-2jr° production is events of the type

77 -• 2^+27r"37r° where one JT° escapes detection. Since no evidence for this

reaction was found in the data, it is concluded that this background is negligible.

Similarly, the noise contribution to the background was studied for the reac-

tion 77 -» 7r+7r""7r07r°. Backgronnd from the reaction 77 -* 7r+7r~ir° where two

noise photons fake an additional TT° was found to be negligible. The absence

of events of the type 77 —* 7r+jr~jr°ir°Tr0 showed that the background frorn thia

channel, where one of the 7r°'s is undetected, is negligible too. In the case of

real ir+Jr~7r°7r° events where one photon is lost and replaced by a fake photon

in the calorimeter the background is 59 events.

3.6 Monte Carlo Event Generation

One of the goals of this thesis is to measure the cross sections for the two-photon

production of six and four pions respectively. The data sets, after application

of the selection criteria, provide the number of observed events N äs a function

of W-,-,. The number of measured events N in a ränge AW-,-, corresponding to

an integrated e+e~ luminosity £-,„1, is

where A is the detector acceptance for the final state X m the

using forniula 1.12 this expression can be rewritten äs:

(3.1)

bin. By

(3.2)
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Assumlng that the interval, AWV, we choose is such that the cross section is to

first order constant over t!ie whole interval, it can be expressed äs

(3.3)
£,n( • /Aiv„ -4 • ä^dWr,

Therefore, if we evaluate the integral we can measure the cros.-. section for the

reaction 77 —» X. The luminosity function Cj^ c&n be calculated analytically

whüe the acceptance function A is unknown. The usual way to solve thia integral

is by Monte Carlo methods. For the analysis described in this thesis the Monte

Carlo Simulation is divided in four major Steps. First, events simulating the

reactions 77 —» 27r"t2jr~2T°, u>u>, üJ7T4jr~7r°, 7r+7r~7r°7r0 were generated according

to the exact QED expression presented in section 1.2 for collisions between

transverse photons. The w-meson decay was generated according to the matrix

element for the decay of a vector meson to 7r+7r~7r°. As a second step these

events were passed through SIMARG (see section 2.14) and the füll trigger

Simulation (see section 2.14.1). Then the events were reconstructed and had

to satisfy the same selection criteria äs the data. The events were generated

assuming a constant cross-section of l nb leading to the sensitivity function 5

defined äs :

dCTT

which represents the number of expected events in the

The cross section «7(77 —• -Y) is then given by

(3.4)

interval per nb.

(3.5)
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Figure 3.12: Sensitivity for 77

The sensitivity curves for the reactions 77 — * 27r"f27r~27r° and 77 — * Tr+n~x0x0

are shown in figures 3.12 and 3.13 respectively. The sensitivities for the other

channels studied in this thesis are shown in the relevant sections.

3,7 Topological Cross Sections

At the cnd we have to den] with 490 events of the type 77 -* 2jr+2jr"27r°

and 117S events of the type jr+7r~7r°n-°. After the raw roass spectra (figures

3.5 and 3.S) are corrected for the estimated background, they are divided by

the sensitivity for the corresponding reactioii and hence the "topological" cross

section for each reactioii is obtained. The rcsult is shown in figure 3.14 for the

reaction 77 —> 27r+27r~27r° and in figure 3.15 for the reaction 77 -+ 7r + 7r~7r0T°.

The term topological cross section means that the cross section is not corrected

for any production of possible meson rosonances that might be produced in an
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Figure 3.13: Sensitivity for 77 -» JT+JT 7r°7r°.
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Figure 3.15: Topological cross section for 77 —* 7r+7r~ir ir

illtermediate stage before we observe the final six (four) pions.

For the reaction 77 —» 27r+27r~27r° the topological cross section starts at

about 1.3 GeV/c2 and rises smoothly to a maximum of —45 nb at W^ ~2.4

GeV/c3.

The topological cross section for the reaction 77 —» 7r+7r~7r°7r° rises smoothly

till about 70 nb at W^ ~2 GeV/c* and then drops rapidly for higher W^. For

four pion masses Iftss than l GeV/c1 there is an enhancement, possibly due to

the expected production of the a0(9SO) decaying into a0 —* rjjr0.

The systematic uncertainty for the topological cross sections is 13.5 %. This

is found by adding in quadrature the following contributions. Acceptance cal-

culation 11 % from uncertainties in the two photon generator and the fiill de-

tector Simulation, luminosity ineasurement 3 %, trigger Simulation uncertainty

5 % and background estimation 5 %.

Figure 3.14: Topological rross section for 77 -t 27r+2jr 27r°



Chapter 4

Vector Meson Production

4.1 Introduction

In the following sections the observation of o; and p in the multipion Subsystems

for the two final states is described. The observation of correlated w's in the

27r+27r~27r° and p's in the ir*ir~fl-°7r° final states is also presented. The width of

these meson resonances motivated the use of different analysia methods in order

to extract the ut*j and p*p~~ contributions in the event samples. The w-meson

is narrow, allowing the recoil mass technique to be used for the ww analysis,

whcreas for the ß+ P~, since p is very wide, the fractions of the different states

that contribute to the measured 7r+7r~7r07r0 cross section were extracted by using

a maximum likeliliood method.

4.2 The 27T+27r-27r° Final State

4.2.1 Mass Resolution

In order to study the production of w-mesons we need to know the 3-pioii mass

resolution of the spectrometer. This was detcrmincd by studying the 3-pion

78
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Figure 4.1: Mass resolut ion for three piona äs a function of the invariant mass
of the three pion System in 27r+27r~27r° final state.

system with Monte Carlo generated events. The resulting mass resolution is

shown in figure 4.1 äs a function of the three pion mass. The resolution of the

spectrometer for the w-meson region is about 20 MeV/c3.

4.2.2 w-Meson Production

To investigate the w-mcson production in the 27r+2n-~27r° final state an addi-

tional constraint was applied to the events that survived the selection criteria

presented in section 3.3. Since we have to deal with four photons in the final

state, we can have up to three 7r°-pair combinations. When the event had more

than one 7T°-pair randidate, the one that resulted in the lowest Pf°' was chosen.

This cut was motivated by the fact that the two photon events have low Pj?(.

Tests with Monte Carlo generated events showcd that the efRciency of this cut
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Figure 4.2: Invariant 7r+jr~7r° massspectrum. The fit consists of n Breit-Wigner
distribution with the Parameters of the ü,'(783) meson, convoluted with a gaus-
sian to describe the mass resolution of the detcctor, and a third Order polynomial
background (8 entries per event).
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Figure 4.3: Scatter plot of the mnss of one jr+ir~7T° combination versus the mass
of the remaining 7r+ff~7r° combination (4 entries per event}.
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Figure 4.4: Scatter plot of the mass of one ir+ TT ir° combination versus the
mass of the remaining 7r + 7r~7r° combination (4 entries per event) a) for ww b)
for wir+7r"7r° Monte Carlo generated events.

for assigning the correct photons to a TT° is more than 95 %.

The invariant mass distribution of all Tr+ir~w° combinations is shown in

figure 4.2. A prominent peak at the position of the w-meson can be seen. The

mass distribution was fitted with a Dreit-Wigner distribution with the w{783)

meson parameters [42] convoluted with a gaussian describingthe mass resolution

of the spectrorneter, and a third order polynomial to describe the background.

The fit gives 263 ± 30 entries in the w peak. The scatter plot of the invariant

mass of only one 7r+7r~7r° combination versus the invariant mass of the other

Tr^T'ff0 combination is shown in figure 4.3. Each event contributes four entries

to this plot. A clear enhancement is seen in the u>u) region. However, this

enhancement can be due either to ww production or to the overlap of two

indepcndent w bands, äs is demonstrated by Monte Carlo generated events in

figure 4.4.
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Figure 4.5: Invariant mass of the TT+ 'ir~x° aystem recoiling against an u me-
son for ww (shaded histogram) and W7r+jr""ir° (open histogram) Monte Carlo
generated events.

To investigate whether this enhancenient is due to a real wu> production,

a recoil mass technique was used. In this technique one extracts the invariant

mass of the three pions recoiling against an w. For this purpose the number of

w-mesons was determined äs a function of the invariant mass of the remaining

7r+jr~7r0 Kombination. The wu> signal would manifest itself äs an enhancement

in the bin between C80 and 880 MeV/c2 of the recoiling 7r + 7r~ir° invariant mass.

This is demonstrated wi th Monte Carlo generated events of the type 77 —* ww

and 77 —» W7r+jr~7r° (figure 4.5), where the different features of the recoil mass

of the two reactions can be seen.

The recoil 7r+jr~7r° invariant mass for the data is sliown in figure 4.6. To

estimate the expected distribution for events with only one w, Monte Carlo

generated 77 -+ W7r+7r~jr° events were used with the total W^ distribution

modified (o agree with theobserved 2n-+27r~27r° distribution. The resulting non-
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Figure 4.6: Invariant mass of the TT+TT T° System recoiling against an u> meaon.
The data points are shown with error bürs. The non-resonant three pion mass
distribution, äs expected from W7r+7r~n-0 Monte Carlo events, is shown äs a
histogram.
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resonant 7r+7r~7r° mass from Monte Carlo is also shown in figure 4.P normalizec1

to the data at masses above 1.1 GeV/c1. A clear excess of u>u eventa is seen

in the data. Two other methods were used to determine the background from

u.'7r~t"7r~7r° in order to estimate the systematic uncertainty :

• Monte Carlo 77 -» 27r+27r"27r° generated events

• v/rong-sign combinations like 7r±7r±?r0 in the data.

All three methods are in good agreement. The subtraction of the non-resonant

background leaves in an excess of (57 ± 16 ± 3) w-mesons due to uu events. The

second error gives the systematic uncertainty. Thus, ( 29 ± 8 ± 2 ) 77 -> uu

events arc observed. This is the first evidence for uu prodiiction in bvo-photon

interactions.

4.2.3 Cross Section for 77 -+ u>w

To derive the cross section for the reaction 77 -+ wuj, events containing at least

two different 7r+7r~7r° combinations with masses between 680 and 880 MeV/c1

were selected. The shape of the background was estimated from wrong-sign

combinations, requiring at least two 7r+7r~7r0 mass combinations to be in the

ww region. This background was normalized so that 29 events remain after its

subtraction from the data (figure 4.7). The sensitivity curve for 77 —» ww äs

derived from Monte Carlo Simulation is shown in figure 4.8.

A possible background source would be real ww events, where one photon

was lost and an additional fake photon appears in the calorimcter. This was

checked with Monte Carlo generated events of the type 77 —v uu using the

noise Simulation algorithm and was found to be negligible.

After correcting the 6 pion rnass distribution of the 29 events for acceptance

and BR(w —t 7r+7r~jr°), the cross section for 77 —t ww was derived and is shown

in figure 4.9.
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Figure 4.7: Mass distribution of the 27T+2TT2*° for events with at least one can-
didate in the ww region of the scatter plot of the figure 4.3 (open histogram).
The hatched histogram shows the expected background from wrong sign com-
binations.
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Figure 4.8: The sensitivity curve for 77
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Figure 4.9: Cross section for the reaction 77 -» wu> The cross section derived
using background shape from wrong sign combinations is shown with dots and
the one derived with the recoil mass teclmique in different W-^ bins is shown
with triangles.
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A cross check for the derived cross section was made by applying the recoil

mass technique in different W-,-, ranges. Again, after correcting for acceptance

and BR(w —* 7r+JT~7r°) the cross section was derived and is shown in figure 4.9.

The two results are in perfect agreement.

The wu> cross section shows an enhancement of about 12 nb W^ ^-1:9

GeV/c2, whereas for \\'~,~, greater than 2 GeV/c2 the wtj production is snp-

pressed.

The systematic uncertainty for the measured cross section of the reaction

77 —t u>u> is 25 %. The main contribution comes from the acceptance calculation

which was done for isotropic wu> production. However, if the wu final state is

produced with a definite spin parity, it would result in a 17.5 % uncertainty

in the acceptance calculation. From the different methods used for calculating

the u>ui cross section, the uncertainty is 15 %. In addition to that, there is a

4.5 % uncertainty resulting from the 7r+7r~7r° invariant mass fits, 5 % from the

estimation of the total number of o>w events, 5 % from the trigger Simulation

and 3 % from luminosity measurcment.

4.2.4 The Reaction 77 —<• unr+ir TTO

In the previous section we found that 57 out of 2G3 w's are from the reaction

77 —> wu>. The rest come from any other channel that would have a final state

of the type w7r+7r~7r°. In order to find the cross section of this final state,

the distribution of the number of w mesons is plottcd äs a function of the

total 27T+27r-27r° invariant mass (figure 4.10). This distribution was derived by

fitting the corresponding Tr+7r"7r° mass spectra and determining the number of

w mesons in different 6 pion mass bins. With this procedure a total of 249 ±

33 uj mesons were found, which is in good agreement with the total number of

the 263 ± 30 w's found by fitting the 7r+7r"7r° invariant mass spectrum for the
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Figure 4.10: Number of w-mesons äs a function of the
mas3.

-n 1ir° invariant

whole Wy-, ränge. After subtracting the ww events, which contribute to this

plot with two entries per event, the distribution of number of jj mesons äs a

function of W^, for events with only one w meson in the final state remains,

The only significant background process to the reaction 77 — * wr+7r~Tr° is

when one photon escapes detection at the same time äs noise in the calorimeter

fakes a photon. Monte Carlo studies show that the expected background of this

type amounts to 11.5 events.

The sensitivity for the reaction 77 -» u>7r+7T 7r° is shown in figure 4.11.

Finally, to derive the cross section the distribution of the number of w mesons

is divided by the sensitivity and corrected for the 11.5 background events äs

well äs for the BR(u> — t T+jr'Tr0). The resulting cross section is shown in figure

4.12. The cross section for the reaction 77 -* wjr+7r~7r° does not show any

structure within the present statistics. U is a smooth distribution that reaches

a rnaximum of about 20 nb at \V^ "
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Figure 4.11: The sensitivity curve for 77 —» WTT"I'T 7TC
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Figure 4.12: Cross section for 77 —* WTT+TT TT° äs a function of Wy
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The systematic uncertainty on the measured cross section for the reaction

ff —t ult+n~TT° is 14 %. The acceptance calculation contributes 11 %, the

luminosity measurcment 3 %, the estimation of the number of j-mesons from

the 7r+Tr~7r° invariant mass fits 4.5 % and the backgronnd estimation 5 %.

4.3 The 77 -> 7r+7r~7r°7r° Final State

4.3.1 p-meson Production

N
20 MeV/c2

200 -

100 -

0.0 0.5 1.0 1.5
M [GeV/c2]

2.0

Figure 4.13: The invariant mass of ir*^0 combinations is shown äs crosses (4
entries per everit). A clear enhancement can be seen in the p-meson region
whereas in the invariant mass of the "wrong" sjgn combinations (7r+I°'ff~ (0 ) ,
shaded histogram, 2 entries per event) no signal is observed.
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The production of charged />-mesons is demonstratcd in figure 4.13 where the

invariant mass of the two pion combinations is shown. The evidence for events

with two correlated /i-mesons is demonstrated in the scatter plots of figure 4.14

where the invariant mass of the ir*n° and of the tr~K° combinations is plotted on

two axes respectivcly, in different W-^ ranges. The "wrong" sign combinations

(m,,*,- and m^o) are also presented in figure 4.14 for the sanie W^., regions.

The clear enhancement in the p+ p~ region indicates the prcsence of 77 —» p+p"

in the data.

4.3.2 The 3-parameter Fit

For the p+p~ analysis, äs in the case of the OJLJ analysis, the two 7r°'s resulting

the smallest Pf0' of the event were chosen. In ordcr to determine quantitatively

the p+p~ contribution, some assumpt.ions had to be made. As a first step

(referred to äs (he 3-parameter fit) the following two assumptions were made :

1. The observed final state 7r+7r~7r°jr° is an incoherent sum of the three final

states p+ p ~ , p*jrTn-D1 and the non-resonant n+Tr~TT°Tr°.

2. Each final state is produced with üotropically distributed fdecay) parti-

cles.

The first point (1) means that no interference efFects between the three final

states are considered. As for the sccond point (2), p+p~ and /j±7r:F7r0 are the

simplest possible states with a p-mcson. Other states, for example, a2 TT and

of TT^, are also conceivable. An attempt was made to include events of these two

final states in the fitting procedure. This influenced only the ^TTTT fractions while

the p+p~ and the non-resonant ^+7T~?r07r0 contributions remained unchanged.

No significant signals of either QJ or a, are however observed in the data, so

they were not included in the final analysis.
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Figur« 4.14: Scatter plots of two-pion mass distributions in different W^, re~
gions. The first column corresponds "wrong" sign combinations (m,*,- vs.
m„o„o) and the second column to the to the "right" sign combinations (m»+»o
vs. m„-,0). a) all W^ b) W%, < 1.4 GeV/c1, c) 1.4 < W^, < 1.8 GeV/c2 and
d) 1.8 GeF/c2 < HV,.
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1t should be noted that the isotropic pW1 production via two photon

interactions is forbidden due to the following arguments. Since we deal with

two photon interactions the C-parity is +1. The existence of four pions in the

final state requires G-parity +1. The C and the G parity of the final state can

be written äs

From this, one can conclude that the isospin I of the final state is even. The

presence of p° with I—l requires that the Jr°7r° system has also 1=1, which is

inipossible.

One argument holds, however, for retaining p^it^ir0: Conservation of C-

parity requires that the p±7rT7r° System has a component with odd orbital an-

gular momentum, which is not fulfilled for isotropic production and decay. But

if the detector acceptance for the correct spin-parity assignment(s) of any Sys-

tem is not much different from that for the isotropic case, then ignoring angular

dependence should make no difference. If not, the resulting cross-sections might

in reality be quite different. In the case of the p+ p~ system, the detector ac-

ceptance for the isotropic case represents a mean of the acceptances for the six

different J cases considered (section 4.4). Therefore, this is iikely to be valid

for the p*7TTjr° system äs well. Hence, äs a first approximation, an isotropic

state is the inost reasonable choice. With these two assumptions, a rnaximum

likelihood procedure was used to derive the three contributions.

The procedure, äs well äs the formalism, is similar to the one used in the

TASSO analysis of the f>°p° channel [8, (1982)],

The differential cross section for the reaction 77 —» 7r+7r~7r°7r° for fixed W^,

was parametrized by

(t = pp, p2ir, (4.1)
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where C is a constant, TV« the n-+T~7r°7r° phase space, and ;/,• the matrix elemem.

for the final states i. The symbol £ represents the set of sevrn variables needed

to describe the cross section

(4.2)

where the numbers l,...,4refer to thefour pions using the convention: T1+;r°7r^"7rJ.

The variable m,3 denotes the invariant mass of two pions i and j; 0J/ the pro-

duction angle of the system ij in the 77 center-of-mass system; and Q'f' and <^'„J

the polar and azimuthal angles of the pions in the ij center-of-mass system.

In the first stcp, the three parameter fit, the p+ p" system was assumed to

be produced isotropically so the angular dependence of £ is removed and the

symmetrized matrix element gpp is

gf„ = -=
v 2

4-

where BW denotes the Breit-Wigner amplitude [47]

-.\

PÖJ Po + P"

P .

m, = 770 MeV , P0 = 150 MeV.

The /j*7rT7r° matrix element is

M) + B1V(mH)

and for the phasc space

(4.3)

(4.4)

(4.5)

(4.6)

(4-7)

94, = l- (4.8)
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In order to extract the fractions A,-, of the different contributions in the

data, each event was assigned a probability P, to result from process t . Then

the probability for the whole data sample was maximized by varying the three

Parameters A,, using the maximum likclihood function

(4.9)

with the constraint thn t

E^ = 1 ' (4.10)

The product runs over all the events n, and the quantity P,(£) is the normalized

probability of the accepted event n with measured variables £.

Finally the fit maximizes the quantity

E -y>. (4.11)

where A(£) is the detector acceptance. The sensitivity for each of the three

hypotheses is sliown in figure 4.15.

The cross sections derived from the 3-parameter fit are shown in figure 4.16

ttnd are also üsted in Table 4.1.

The cross section for the reaction 77 —t p+p~ is about a factor 4 smaller

tlian the fPp0 cross section in the ränge 1.2 to 2.0 GeV/c .' The cross sections

for the reactions 77 —* ^TTTT and 77 —* non resonant 7r"f"7r""jr07r do not show any

structure and tliry hfivc a mean value of about 20 nb each.

In figure 4.17 the ir*«"0 invariant mass distributionsfor the data (crosses) are

compared with the Monte Carlo expectations (histogram) using the fractions

derived from tho fit. The agreement betwcen the two is excellent.

If the contribution of the pim is iicglccted in the fitting proccclure then

i ts contribution dividc-s cqually into the />"*"/>" and the non-resonant 7r+7r"*7r°n-°

fractions.
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Figure 4.15: Sensitivity curves for the final states a)p+/> (dottf ; histogram),
b)^****0 (dashed hiatogram) and c) non-resonant 7r+jr~jr07r°(f> U histogram).
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Figure 4.16: Cross sections resulted from the 3-parameter fit. a) 77
b) 77 -+ p^TT^Tr0 and c) 77 -* 7r+7r~7T07r° (non-resonant).
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Figure 4.17: Comparison of the Tr*^0 invariant mass distributions in the data
(crosses) wi th the Monte Carlo expectations (histogram) using the fractions
derived from the the 3-parameter fit. The comparison is made in four W^, bins.
a) 1.2 < W^, < 1-4 GeV/c1, b) 1.4 < W^ < 1.6 GeV/c7, c) 1.6 < 1V„ < 1.8
GeV/c2, d) 1.8 < W%, < 2.0 GeV/cJ.
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cross section for different states (nb)
Wr, (GeV/J)

1.0 - 1.2
1.2 - 1.4
1.4 - 1.6
1.6 - 1.8
1.8 - 2.0
2.0 - 2.2
2.2 - 2.4
2.4 - 2.9
2.9 - 3.5

P+P
4.78 ± 1.77

15.80 ±3.45
15.82 ± 3.46
31.26 ±5.65
14.88 ±4.59

7.59 ± 3.60
8.22 ±2.71
0.53 ± 0.87
0.38 ± 1.10

e5w
-4.14 ±4.59
13.88 ±7.31
18.43 ± 6.48
14.88 ±4.59
26.10 ±7.27
35.50 ± 7.06
15.41 ±4.85
4.06 ± 1.57
3.08 ± 1.81

non res. 4?r
7.03 ± 2.66

15.50 ± 4.58
20.14 ±4.06
26.10 ± 7.27
27.68 ± 4.94
15.65 ± 3.30
13.85 ± 3.07
8.25 ± 1.74
4.30± 1.90

Table 4.1: Cross section in nb for p*p (different Jp states), pinr and non
resonant 7r+T~7r°7r0.

4.4 Angular Correlations

By studying angular correlations of the production and decay of a final state one

obtains Information about its spin parity. The spin parity analysis of the p*p~

system will shed more light on the different theoretical approaches to vector

meson pair production in two photon interactions.

In order to study the angular correlations in the reaction 77 —* p+p~ only

states with spin 7=0 and J—2 were considered. Spin-1 states are excluded by

the Landau-Yang's tlieorem (Appendix A) since we deal with untagged events.

The analysis is also restricted to the lowest angular momenta L between the two

/>'s that are allowed by parity conservation, £—0 and £=1. This seems justified

since the p+p~ production is observed reasonably close to the threshold. The

parity of the state is given by P = ( —1) • The matrix element for the p decay

is derived in Appendix B.

The fact that the initial state consists of two photons gives two additional

constraints

• spin-2 states with helidty J, = ±1 are not allowed due to helicity conser-

vation.
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• The state Jp = "2." can only be produced with helicity J, — 0 because :

the state (jp,J,) = (2~,±2) requires 1 = 1, 5=1 and S,=l.

However, 5=1, 5, = 1 require that at least one of the two

photons has helicity 0. This is unphysical for real photons.

For Jp = 2+ both 7,=0 and 2 contribute with, in principle, arbltrary relative

strength. Assuming, however, that in the initial 77 state the lowest multipole

dominates and tlmt the matrix elements do not depend on the 77 helicity,

J,~"2 and J,=0 will be produced in the ratio 6:1. This can be easily seen in the

Clebsh-Gordan coefficients for the decomposition

| 2 ,±2> = | 1 , 1 > | 1 , 1 > + |1 , -1>|1,-1>

| 2, 0> =

The dominance of helicity 2 is expected from other theoretical arguments

and is seen in the data on the photon production of tensor mesons. See for

example [3].

The decay of a state with spin-parity Jp into two vector mesons is in general

determined by different amplitudea depending on the spin component J, of the

initial state, the oibital angular momentum L and the total spin S of the final

state. The spatial properties of each amplitude can be represented by a sum of

products of spherical harmonics, one for the p+p~ orbital angular momentum

and one for each of the p decays.

x y,514^,^)] (4.12)

where the numbering of the pions is the same äs in section 4.3. The coefficients

aL,L,*s 5 are defined äs
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L

0

0

0

0

1

1

1

1

1

1

L.

0

0

0

0

1
1
0

0

-1
-1

r*
O]2

1
0

-1
1
0

-1
1
-1
0

1

S3,

-1
0

1
1
-1
0

-1
1
1
0

Jp, J„ s
0+,0,0

1
-1
1

o~,o,i

1
-1
-1
1
-1
1

2+,0,2

1

2

1

2+,2,2

1

2~, 0,1

1

-1

2

-2

-1

1

2-, 0,2

-1

-1

1

1

Table 4.2: The coefficients OL.L.'S^,.^, entering the angular distributions of the
different spm-parity (Jp, J,,5) states of the p* p~ system {not normalized).

The codficients <*L,L,'sn,Sj, are shown in Table 4.2. L, L, are the quantum

numbers of the p+ p~ angular momentum; the corresponding spherical harmon-

ics depend on the p12 production angles #*J, 0J,3 dcfined in the 77 center-of-mass

System. Since we deal with no tag evcnts the angle <6*2 is intpgrated out. It

is convenient to define the angular distribution in the so called "77 helicity"

system, This is the 77 center of inass system with the z axis pointing along

the 77 direction and the r axis in the production plane of p12; in this system

i#J,2=0. S is the total spin of the p+ p~ system. The decay angles &]} and fij

are the polar and azimuthal angles of the charged pion in the ij center-of-mass

system.

The amplitudes *(JP, JZ ,L,S) for the different Jp states are expressed äs:
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#(cr,o, 1,0) a ]-V(c,) (

102

*(2+ ,2,0,2)cc y„°(

*(2+,0,0,2)oc K0°(C

-,0,1,1)« 1V(C,

(4.16)

(4.17)

*(2-,o, 1,2) - vr1(c3)i'1°(c3))

The />"V~ matrix element introduced in equation (4.3) ia extended by in-

cluding the angular part "J* and becomes:

l3!.T.r>-1.,?12^ (4-2°)

where 5IV denotes the Breit-Wigner amplitude for the p (section 4.4). The six

JF amplitudes were assumed to be produced inc.oherently. Note that a total of

8 final states is taken into account, the six JF amplitudes of the p+p~ system

together with the Isotropie pn-n and non-resonant 7r+7r~n-°7r0 final states.

The fitting procedure is basically the same äs the one described in section

4.3 for the three parameter fit the only difference being that now we have to

deal with eight parameters >,-.
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Figure 4. 18: Sensitivities for differents Jp assignments for the reaction
77
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The sensitivity curves for each of the J states are shown in figure 4.18.

The cross sections resulting from the 8-parameter fit are shown in figure

4.19 and are summarized in Table 4.3.

cross section for different states (nb)

-w^iäTvpY
1.2 - 1.4
1.4 - 1.6
1.6 - 1.8
1.8 - 2.0
2.0 - 2.2

0+,0

i^üML
13.80 ± 3.70

i_9-4(^±jl.7_5_
6.43 ± 3.65
3.05 ± 2.97

Q-,0
2.71 ± 1.39
1.52± 1.47
3.56 ± 1.53
0.27 ± 1.48

-1.86 ± 1.77

2*, 2
11.88 ± 3.59

i_2.59^_3_.01_
10.17 ±3.57
11.51 ± 3.61

9.01 ± 2.32

2+,Q
-3.49 ± 2.22
-0.32 ± 2.64
1.71 ±2.52

|-2.57_±_2J99_
-2.77 ±4.88

Wr, (GeV/S)
1.2 - 1.4
1.4 - 1.6
1.6 - 1.8
1.8 - 2,0
2.0 - 2.2

JllAiL^L
-1.02 ± 1.55
-1.30 ± 1.49
-0.88 ± 1.73

^IsTyöT
-1.47 ±2.12

2-,OS = 2
-2.74 ± 1.89
-2.78 ± 1.99

LMÜJ^L
1.58 ± 1.94

-1.65 ±2.43

p*****
10.86 ± 7. IG
22.85 ± 6.35
11.38 ±5.77
16.61 ± 7.52
35.31 ± 7.44

non res. 4?r
15.96 ± 4 . 79

UZ^A^L
|14.25_±_2.9^
28.13 ±4.37
15.09 ± 3.22

Table 4.3: Cross section in nb for p+ p~ (different JF states), pirir and non
resonant 7r+jr~7r°7r° from the 8 parameter fit.

cross section for different states (nb)

l^lGeVÄT
1.2 - 1.4
1.4 - 1.6
1.6 - 1.8
1.8 - 2.0
2.0 - 2.2

0+ ,0
-1.54 ±2.91
12.40 ±3. 19
12.34 ±3.51
7.87 ± 3.05
0.71 ± 2.34

2+ ,2
13.09 ± 2.93
1.42 ± 2.24
9.44 ± 2.91
8.73 ± 2.67
6.57 ± 2.81

"T^v^
9.81 ±6.21

23.76 ± 6.05
20.28 ± 6.10
15.97 ± 6.57
25.70 ±6.79

non res. 4ir
15.74 ± 4.57
17.13 ±3.82
14.82 ± 2.99
28.29 ± 4.48
15.82 ± 3.35

Table 4.4: Cross section in nb for p*p (different Jp states),
resonant 7r+77~7r°7r° from 4-paranieter fit.

and non

Xhe 77 —t /)+p~ cross section is dominated by two amplitudes, Jp = 0"*" and

Jp = 2+ hrlicity 2. The JF = 0+ contribution reaches a maximum of about
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Figure 4.19: Cross sections for the reaction 77 —* p+ p~ for different Jp hy-
potheses.
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14 nb at W^ - 1.5 GeV/cs whereas the Jp = 2+ helicity 2 abont 11 nb at

W-,-, ~ 1.8 GeV/c2. All the other amplitudes have negligible contribution.

As a fest of consistency of the 3-parameter and the 8-parameter fit the cros:.

sections for the reaction 77 —* pir* and 77 —» non-resonant 7r+7r~5r°7r° are

compared in figure 4.20. In both cases the agreement is exeellent. Since only

the JF = 0+ and Jp = 2+, J, = 2 are the dominant contributions an attempt

was made to fit with only four parameters. The result is summarized in Table

4.4.

4.5 Maximum Likelihood Tests

The maximum likelihood technique was tested extensively on Monte Carlo gen-

erated events. Different aelmixtures of the various Jp states were subjected to

the same fitting procedure aa the data. In all cases the fittJng procedure. was

able to reproduce the inp\it fractions of the different Jp states very well. An

example is shown in figure 4.21. In figure 4.22 the same number of events was

used äs the one given by the four parameter fit and was fitted with all the 8

Parameters. The fit procedure can reproduce the input very well.

Also a check of possible migration between different Jp states was per-

formed. For this purpose only one state was used äs Jnput whereaa the füll 8-

parameter fit was applied. Figures (4.23,4.24,4.25) show the results for Jp - 0+

and 2+(J, = 2) which dominate the data, äs well äs the Jp = 0~ amplitude. In

all the cases the generated amplitude was properly iclentified by the fit. From

these tests the systematic uncertainty of the likelihood method was estimated

to be less than 10%.

The over all systematic uncertainty in the measured cross sections is esti-

mated to be ±16.9% for all the reactions. It is composed of the contributions

from event gencration and detector Simulation (±11%), experimental luminosity
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Figure 4.20: Comparison of the cross section found with the 8-parameter fit to
the one found with the 3-parameter fit.
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parameter fit.
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Figurt? 4.23: Consistency check of input and output from maximum likelihood
fit. The input corresponds to Monte Carlo sample with only Jp = 2*, J, = 2
events and is prcsented äs full histogram. The output is the presented with
crosses and is the number of events found with the full 8 parameter fit.
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(±3%), triggcr Simulation (±5.5%), background estimation (±5%), and uncer-

tainty from the maximum likelihood technique (±10%).

Another test was made by comparing the projections of the variables £, äs

well äs the angles between the charged pions, for data and Monte Carlo. For the

Monte Carlo distributions the fractions derived by the fit were used. Note that

these projections do not include all the Information for the correlation between

the different parameters £ since they are projections of the seven-dimensional

space that these parameters represent and most of the Information is integrated

out. Examplcs of these projections are given in figure 4.26. (a) represents the

polar angle of the p with respecfc to the 77 center of mass system, (b) the

polar angle of the pions with respect to the p center of mass system. Both

these angles enter in the construction of the likelihood fnnction. (c) representa

the angle between the two charged pions. The momenta of the charged pions

are expressed at the center of mass System of the p-mesons they bclong. The

expectations of the different spin parity states, äs well äs the Monte Carlo

expectations obtaines by using the fractions given by the fit, are also shown in

figure 4,26.



CHAPTER 4. VECTOR MESON PRODUCTION 114

1.2 < 1.4 1.4 < Wrr < 1.6

(«0

o.o 0.3 1.0 0.0 0.3 1.0

0.0 0.3 1.0 0 0.5 1.0

(c)

-1.0 -0.3 0.0 0.3 1.0 -1.0 -0.3 0.0 0.3 1.0

Figure 4.26: Comparison of the one dimensional projections between Data
(crosses) and Monte Carlo expectations (histogram). The Monte Carlo expec-
tations were derived by using the fractions given by the fit. The curves show
the expectations for different spin parity states, 2+ (füll line), O"1" (dotted line),
0~ (dashed üne) and 2~ (dash-dotted line). The first column corresponds to 1.2
< \\\-, < 1.4 GeV/c* and the second to 1.4 < W^, < 1.6 GeV/c2. a) the polar
angle of the p with respect to 77 center of mass System, b) polar angle of the
pions with respect to the p center of mass systcm c) the angle between the two
charged pions.

Chapter 5

Discussion of the Experimental
Results

5.1 Introduction

In chapters 3 and 4 the analysis of the reactions 77 —» 2;r+27r~27r0 and 77 —t

Tr+Tr'Tr0^0 was described. In this chapter the experimental results will be dis-

cussed in the framework of the theoretical models presented Jn the first chapter

and will also be compared to the existing upper limits and related measure-

ments. The experimental results can be summamed for 77 —* 2ir*2ir~'In0 äs

follows:

• The topological cross sectjon for the reaction 77 —t 2x+2n~2T° does not

show any significant structure and reaches a maximum of about 40 nb

at W-n around 2.4 GeV/c2. There are no theoretical calculations for

compnrison.

• The production of w-mesons was observed in the 2ir+2n 2n-° final state.

• The production of corrclated w-mesons was found and the reaction 77 —+

L-'UJ was observed for W^ < 2 GeV/c2. The cross section was measured

to have a peak value of about 12 nb at W^, around 1.9 GeV/c2.
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• The production of events with only one w-meson was also found, with a

cross section reaching 20 nb at W^ around 2.3 GeV/c1.

And for the 7r+7t"7r°7t0 final state

• Thc topological cross section for the reaction 77 —* jr+7r~7r0,.-0 was found

to rise steeply to about 70 nb for HV» above 1.2 GeV/c2. gain there are

no theoretical calculations to compare the measured cross section.

• The final state wasdecomposedin the p*p~, pTTir and non-resonant 7r+Tr~7r°j

contributions and the corresponding cross sections were derived.

• The 77 —t p*p" cross section was found to be suppressed relative to that

for 77 —» />VD.

• A spin parity analysis of the p*p~ cross section showed that it is domi-

nated by JF = 0+ and Jp = 2f with helicity 2.

5.2 Comparison to Model Predictions

The measured cross section for the reaction 77 —+ u>u> is below the existing up-

per limits of PLUTO [28]. In figure 5.1 the measured cross section is compared

to the theoretical expectations. The prediction from a t-channel factorization

model [IG] is shown äs the shaded area. Clearly the t-channel factorization

model fails to describe the data. The expectations from the four-quark model

[20] are also shown in figure 5.1. The qqqg model predicta that the two cryp-

toexotic isotensors C(36,2+) and C(9,2+) contribute to the cross section for

the reaction 77 —» wu;. These states contribute also to the 77 —t pp cross sec-

tion. Using the values found from a fit to the p°p° cross section for the masses
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Figure 5.1: Comparison of the 77 —» uu> measured cross section with the the-
oretical expectations. The shaded area represcnts the t-channel factorization
model expectations, the solid line and dotted lines the qqqq calculation for
m=1.65 GeV/c*, a=0.5 and m=1.8 GeV/c1, a=0 and the dashed line the one
pion contribution (OPE).

of theae states and the free parameter a of the model (m=l.C5 GeV/c , a—0.5),

the model fails to describe the measured cross section (figure 5.1, solid line). It

should be noted here that the value of 1.65 GeV/c2 was used by the authors in

their early calculations. In the later one a mass of 1.4 GeV/c2 was used to fit

the p°p° cross section data, but this value is totally out of question in the case

of the wo> cross section. However, using mass of 1.8 GeV/c2 and a=0 a better

fit to the data is obtained (figure 5.1, dotted line).

After the data were first shown in public Achasov et al. presented a calcu-

lation for the cross section of the reaction 77 —* WLJ using one-pion-exchange

(OPE) . This calculation can explain in some qualitative way the measured
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Figure 5.2: Comparison of the 77 —» pp measured cross sections. The reaction
77 —i p"p° is presented äs squnres and is the measurement by PLUTO [11] and
the reaction 77 —» p+p~ äs full dots.

cross section and is also shown in figure 5.1 äs dashed line. Still, it fails to

describe the data. Unfortunately, with the existing statistics it is not possible

to determine any spin parity of the ww production. An attempt was made to

make a spin parity analysis but the result was rather inconclusive due to the

low statistics.

The measured cross section for the reaction 77 —t p+ p~ is about a factor

4 lower than the cross section for the reaction 77 —t p°p° aa it can be seen in

figure 5.2. In figure 5.3 a comparison of the 77 —* p*p~ cross section assuming

Isotropie production of the p+p~ System to the theoretical calcula.ions is given.

The expectation of the t-channel factorization model is shown in figure 5.3 äs

the shaded area. The data do not favour this model at all. Using a QCD
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Figure 5.3: Comparison of the measured cross section for 77 —» p+ p~ assuming
Isotropie production of the p+ p~ systern (3-parameter fit, full dots) with the
upper Hmits given by JADE [13] fsquares), the QCD calculation by Brodsky et
al. [48] and the t-channel factorization model predictions (shaded area) [16],

approach, the p+p~ cross section was calculated by Brodsky et al. [48] (shown

äs füll line in figure 5.3) but, again, the model does not describe the data.

A comparison of the p* p~ cross section derived from the spin-parity analysis

with the cross section for p°p° measured by TASSO [8, (1982)] is given in figure

5.4. The j'1 — 0+ amplitude is about a factor 4 lower in the p+ p~ than t hat of

the p°p° and for the J p = 2+ J, = 1 about a factor 2.

In the framework of the four quark model by Achasov et al. [20] p+p~ pro-

duction proceeds through destructive interference of the exotic isoscalar reso-

nancc, E(36,2 + ), and the two cryptoexotic isotensors, C(36,2+) and C(9,2+}.

These statcs are expected to have m äs s l .4 Ge V/c2. The parameter a from equa-

tion 1.29 was set to a=0.5 from fit to the p°p° cross section. In addition the
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authors [20] expect contribution from the /(1270) while contribution from the

Jp = 0* qqqq statcs is negligible. The modcl presented by Li and Li\ has

in addition to the Jp = 2+ states listed above, sizeable contribution from the

Jp =0+ C(36',0+),E(36*,0+)andC(9*,0+)statea. The masses in thia model

were set to 1.7 and 1.45 GeV/c7 for the 2+ and 0+ states respectively by fitting

again the p°p° cross section. The comparison of the data to the qqqq models

is shown in figure 5.5. It is clear that the model expectations fall in describing

the data.

5.3 Conclusions

In conclusion, the reactions 77 —* 2jr+2ir~27r° and 77 —t 7r+7r~jr°7r0 were stud-

ied. The reactions 77 —» ww and 77 —* p*p" were observed for ehe first time

and their cross section was measured. The 77 —> wu> cross section showa an

enhancement around W^ ^ 1.9 GeV/c2. The 77 -+ p+ p~ cross section does

not show threshold enhancement similar to the one for 77 —t p°p°. It was also

found that it is dorninated by two ampütudes, Jp = 0* and Jp ~ 2+ helicity

J, = 2. The existing models fall to describe the measured cross sections. Simi-

lar problems were also found in the other ARGUS measurements on the vector

pair meson production in two photon interactions.
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Figurc 5.4: Comparison of the measured cross section for 77 —» /i+ p (füll dots)
for JF = 2+, J, = 2 and Jp = 0+ with the measurement by TASSO [8,(1982)]
(sqviares) for 77 —> p°p°-
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Figure 5.5: Compnrison of the measured cross section for 77 —> p+p for
JF = 2+ , J, = 2 and Jp = 0+ with the qqqq mode! predictions. Füll lin«
by Achasov e( aJ, [20] an'l dashed line by Li and Liu [2l].

Appendix A

The Landau-Yang Theorem

Let us assume that a photon is travelling along the positive z axis with momen-

tum k and helicity A (| k, \. Following Yang's arguments [7j we consider

transformations under R^,RX and P, wherc the symbols stand for rotation

around the 3-axis by an angle <£, rotation around the x-axis by ISO" and the

parity transformation respectively. Therefore

RJ t, A > = <T'J*|

RK | k, A > = | -fc,A > (A.l)

A two photon state in the rest system of a resonance is given by

t, A, >| t, A2 >

where the A; can take the values ±1 for real photons. If we choose äs basis for

the fön r possible statcs

> + |A,->| -t,- >} (A.2)

123

(A.4)

(A.5)
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=\P*
cosff.

(B.3)

Then the matrix elements for the decay of a p-meson with spin components

5, = 0, ±1 is

cos^, -f- i sin

M ~ ( p ) — p, • e- — | pw \ sinö, (cos 0„ — isin (B.4)

which can be rewritten in terms of spherical harmonics äs:

M.(P)~\P, -rr1 (M,) (B.5)

Appendix C

Trigger Simulation - User
Routines

In the following the subroutines that allow the user to supply Ins instructions to

the trigger Simulation program are briefly described for the sake of completeness,

and for use by members of the collaboration. All these subroutines can be found

on the DESY IBM in a library under the name 'F15YOR.TRIGGER.USER'.

The iiser can supply his requirements to the trigger Simulation program through

the subroutines UASIGN, UCUTRN, UCUTTR, UENG.

UASIGN allows the user to normalize and mix different Monte Carlo data sets

and in this way to simulate different periods (eg. runs with or without

VDC)

UCUTRN allows the user to make the data quaÜty cuts he used in the analysis

of the real data. This is essential for the trigger program in order to

calculate the lurninosity of each trigger period.

UCUTTR can be used to make cuts on the trigger logic. For example it can

ask the program to simulate only the trigger periods with a minimum

LTF threshold excluding the HESH trigger.
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UENG the user can make energy dependent corrections. Por example in two

photon interactions a correction is applied for the energy dependence or

the two photon luminosity.
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Appendix E

The Author's Personal
Contribution to the ARGUS
Experiment

l have been an active member of the ARGUS expcriment since the fall 198C. I

spent two years in Hamburg. During my stay in Hamburg I, like all collaboration

mcmbers, worked shifts whüe data wa.s being taken in the experiment. Running

shifts requires those prcsent to monitor and record all aspects of the detector

Performance and to correct problems äs they occur.

In addition, I had the responsibility for two-photon Monte Carlo program

which was used for the two photon restilts and for the r-lepton results for

background studies. The ARGUS Trigger Simulation program was also under

my responsibility. This is a very useful tool for studies with low multiplicity

events, like two photon interaction and the r-lepton studies, where accurate

knowledge of the trigger efficienries is needed. I was also responsible for the

selection of two prong events frorn the original ARGUS data sets.

The experiment is sitcd at DESY and all the analysis is done with the IBM.

However, many of the collaborating institutions have VAX Computers and the

Software has to be converted from IBM format to VAX formal. I developcd the

code to transfer the ARGUS runfile to the VAX.
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During the last one and a half years, spent at McGill, I installed KAL and

I made the KAL-GEP interface working on the VAX. KAL, the Kinematical

Analysis Language program, is used extensively in the analysis. I kept it up to

date, matching the latest version used in Hamburg on the IBM.

I also participated in the electrostatic tests and the cathode plane stabi-

lization problem of the new micro-vertex chamber which will be installed in

ARGUS by the end of this year. This was valuable for boosting my Hardware

cxperience.

My contributions to the physics analysis are the first obsr-vations of the

reactions 77 —» ww and 77 —» p+p~ which are descnbed in this thesis. In

addition, I was actively involved in all the vector meson pair production in tw<,

photon interactions analyses published by ARGUS.
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