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Abstract

*7~7%7° have been studied by

The reactions vy — 27+27727° and vy — 7
using the ARGUS detector at the e*e™ storage ring DORIS II at DESY.

In the 27+27~27° final state the production of w-mesons is observed and in
particular the reaction 4y — ww is seen for the first time. The cross section
for 47 — ww is found to have an enhancement at ~ 1.9GeV/c? of about 12
nb. The topological cross sections for the reactions vy — 27+27~27% and
vy — wntr~ 70 are also measured.

The production of charged p-mesons is observed in the 7+~ 7%7° final state.
The cross section for the reaction vy — p*p~ is measured for the first time.
The cross section did not show a threshold enhancement similar to that found
in the reaction vv — p°p° and is about a factor of four smaller. A spin parity

analysis of the p*p~ system shows that the cross section is dominated by the

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

Les réactions vy — 2r+27727° et yy — 7t7~7%7% ont été étudiées & I’anneau
de stockage e*e™ DORIS II & DESY gréace au détecteur ARGUS.

La production de mésons w dans 1’état final 27+27~27° a été mesurée et,
en particulier, la réaction 4y — ww a été observée pour la premiére "is.

Une augmentation subite d’environ 12 nb de la section efficace pour vy — ww
a été observée a une énergie ~ 1.9 GeV /c?. Les sections efficaces topologiques
pour les réactions vy — 27127727% et vy — wrt 770 ont été aussi mesurées.

La production de mésons p chargés a été observée dans ’état final 7+ 7~ 770,
La section efficace de la réaction yy — p*p~ a été mesurée pour la premiére
fois. Celle-ci ne montre pas la méme augmentation au seuil de production et
est 4 fois plus petite que la section efficace de la réaction 7y — p°0°. Une

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

amplitudes JF = 0t et J¥ = 2% avec hélicité 2.
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Preface

One of the fundamental philosophical questions is ”what are the constituents
of the matter that surrounds us ¥ The first ideas about these fundamental
constituents were stated almost 2500 years ago when the Greek philosopher
Democritos postulated that matter was constructed from atoms ( arouo = in-
divisible). In our days this question is faced by High Energy Physicists. Accord-
ing to the 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 as
SU(3) triplets. They are bound together by the strong interactions and they
form particles which are called hadrons. The observed spectrum of hadrons
postulates that only states which are colour singlets are physically permitted.
By combining a quark and an anti-quark one can get the singlet states which
are called mesons and by combining three quarks the baryons. These are the
only states that have been observed unambiguously in nature.

However, colour singlet states are also conceivable by combining for 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 classed as “ezotica”.

Searches for these states try to find particles that do not fit into the stan-
dard meson or baryon spectrum. One of the ways to look for “ezotica” and in

particular four-quark states (gg¢g) is through the vector meson pair production

iv
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in two photon interactions.

The interest in gGqq state searches in the two photon collisions started with
the observation of an unexpected large cross section for the reaction v49 — j°p°
around the nominal pp threshcld. This led to speculation of many theoretical
approaches varying from the simple explanation of the t-channel factorization
to the existence of ¢gqgg-states.

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-meson pair production in two pho-
ton interactions with the first observation and measurement of the reactions
vy — ww and yy — ptp~. It is organized as follows: In Chapter 1 a brief
review of the kinematics for the two photon interactions is given Then existing
theoretical models and their predictions are discussed. These models provide
some background information on what should 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

0 are dis-

of the analysis of the reactions vy — 27727~27° and vy = n+t 7~ =%
cussed. The observation of vector mesons in these final states is presented. In
Chapter 5 the experimental results are compared to the theoretical predictions

given in Chapter 1.
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Chapter 1

Intrbduction

The quantized theory of electromagnetism, Quantum Electrodynamics (QED),
predicts that interactions occur between the field quanta, the photons. Two
photon interactions can only be observed at large photon energies, since for low
energy photons, for example photons in the optical range the cross section is
extremely small.

The first theoretical approaches relevant to two-photon physics, advanced in
1960, were the suggestion by F. Low [1] to measure the two photon coupling of
the #° at storage rings via the reaction eFe~ — eFe~ 7 and the calculations by
Calogero and Zemach [2) of the process e“e™ — e~e~n*n~. However, only in
the seventies, when the electron storage rings were built, did the observation of
two photon interactions become possible. The e*e~ storage rings like DORIS,
PEP, PETRA,..., provide very intense photon sources. In the following sec-
tions, the kinematics of two photon interactions, the luminosity function and
resonance production are briefly reviewed. More details can be found in the

review articles of reference [3].
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Pz=(E:,P2)

Pz =(Ez.Pz )

Figure 1.1: The two photon interaction diagram.

1.1 Kinematics
The two photon collisions proceed via the reaction

ete” = ete™ X

(1.1)

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

vy — X.

For inclusive detection of X" the kinematics 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 (as in the ARGUS experiment)

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

to specify the vy system at a given beam energy Fpe,m. A convenient set of

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

axis, of the scattered leptons (Ej, Ej,6,,6,) and the angle ¢ between the two
lepton scattering planes.

The squared invariant mass of the spacelike photons is

2 2
2m§ - 2EbeamE|, (1 - cose,-\ﬂ—- (ET:Z:m> \/1 - (_Tg_‘s) )

Defining the quantity

and using the approximation Epe,mn, E; > m,. the above formula reduces to

Q? ~ 2EyumE! (1 — cosb,) = 4Epeum B! sin? (%) (1.3)

4

The center of mass energy of the 4+ system, denoted by W, is

W/:yz'y = (ql + q2)2 = Mi. (14)

A few general features of the two photon system can be noted. The photons
are emitted predominantly at small angles of the order m./ Ejam with respect
to the beam axis. This leads to small (space like) momentum transfer to the
system X. Thus the Q? spectrum will be strongly peaked at zero, which means
that most of the photons will be nearly real and the scattered electrons will be
close to the beam axis. As a result the two photon system will Lhave 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/ Epeqp.

1.2 The Luminosity Function

A measurement of reaction 1.1 yields a value for the cross section ete™ —
ete”X. In order to extract the cross section of y4 — X, the cross section
o(ete~ — e*e~X) is unfolded into o(ete™ — vv) and o(yy — X). A brief
description of the calculation of the cross section o(ete™ — e*e~X) is presented
below. A detailed calculation can be found in references [4,5].

The expression for the cross section o(ete” — ete~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 v coupling
for the system X.

The matrix element has the form

e4
M= 70 [@(p1,s91) v*u (p1, $1)] [T (P 52) 70 (P2, 82)] - AL, (1.5)

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

free electron and positron respectively. Aff,, describes the coupling of the two

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

2 3, 13,7
a pv u'v MX d pld P2
6474 E}, 0303 toi"es” }

do(ete” — ete™X) = o
uvply % 2]
EjEj

(1.6)

where the density matrices for the photons are given by
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wo_ _ 929" +2(p/p; + plp) )
' g? '

and the tensor describing the production of the state X is

ME = 87° [ A%, 4%,8(1 + 02 — Px)dTx (1.8)
where Py is the four momentum of the final state A" and the integral is over
the final state phase space, I'x.

The tensor M} ,, has 256 components. By requiring Lorentz invariance
and current conservation it 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

do(ete” = ete™X) = a*/(a192)? - ¢l g} {dap-idsp-i}

32miEL, .qie3 | ELE;
X {4PT+P;+ orr + 2p7* ploTL
+20%3 Y orr + 003011 (1.9)
+2| pf P2~ | TrrC0s(24)

~8 | p3%03° | 7r1c0(¢)}

where o’s and 7’s are the cross sections for vy — 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 Q2 — 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 771 vanishes and the differential cross

section for ete™ — e*e~ X can be approximated as

a2/ 2 _ o242
do(ete” = ete”X) = (192) BL 4 b ot

3‘)7r4Ebeamqlq2 AN

&Epid’py
XUTT(W'Y')',QUqQ) EiEé (1'10)

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

photons, Ey,';r , this becomes

dolee” mererX) L, (W. 2) 1.11
dwrdwn,d6,d0;dd  dwrdwgdfidBydg TN T %% (1.11)
where w, = E., / Epeam. The differential luminosity function is defined as
d5£TT 2E,E2\/(q1Q2) - QI q24 4+ (1 12)
Tordondd 45,08 =~ 16mE T g 1P '

with

++_ Crga—qa@)’ |1
1 = 2 2.2 ; + 2
(9192)" — gid3 =

2

Mme
2
2

pit =t (142

The differential luminosity function can be integrated numerically to find its

dependence on W.,. The resulting function dﬁ?g /dW.,,, following the exact



¢

-1

CHAPTER 1. INTRODUCTION

dx: TN T T I8 A T ——
Wy | ‘\“ ]
0.010 } \ ]
[ \\\ j
0.005 f \ .
0.001 F 4
500.0-10-% | ]
o\ " ) 4 " n | I " N { " o\ "N L1 " Aﬁ
0.0 1.0 2.0 3.0 4.0 5.0

Hn[GeV/Cz]

Figure 1.2: dLIT/dW.,, as a function of W.,,. The full line represents the exact
calculation and the dotted line the calculation with the Equivalent Photon
Approximation (EPA)

calculation given in [4] and [6], for the case of Ey.em=>5 GeV, is plotted in figure
1.2,

Sometimes it is convenient to use “the Egquivalent Photon Approzimation’

y

for LT given by

dCIT  4a?

— 2 L4
dI/V-n - 7T2Wf-n (17'”7) f(") (113)

where 7 = Epeam/m. when the scattered electron is not detected (no tag mode)
and 7 = Bpnaz/Omin When it is detected in the polar range between 6, and

Opmaz- The "Low function” f(z) is given by [1]
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f(z)= (2 + 22)2 In (i—) - (1 - 22) (3 + 22) (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

o]
y

0l

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

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

a mass Mp, spin J and total width T’ can be written as [5]

32 (27 +1) W2, LT,
hih, 2vVX (W,f., - Mﬁ)z +T2M3

o(yy = R) = (1.15)
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where hq, hy are the number of helicity states allowed for the photons and X =
(q1+92)% — ¢¥q2. T,y is the partial vy width of R, and is the quantity measured
in two photon production of R. In the limit of resonance formation by (quasi-)
real photons (¢?,¢% — 0) only two helicity states are allowed for each photon

and the formula 1.15 becomes

IT,,
(w2, - M3)" + T2Mp

c(yy—> R)=8r(2J +1)- (1.16)

The resonance R must have even charge conjugation, C, since it is formed
from two photons. Only resonances with spin parity quantum numbers J* =
0%,2%,3%,4* ... can couple to two real photons. Spin 1 mesons do not couple

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

1.4 Motivation for the Experiment

The observation, by several groups, of an unexpectedly large cross section of the
reaction vy — p%p° ref. [8-12] below the nominal pp threshold and the relatively
suppressed upper limits for the reaction vy — p*p~ [13] (figure 1.4) generated
great interest in vector meson production in two photon interactions. A large
variety of theoretical models dealt with these measurement.. Some of these
models make specific predictions on phenomena that are yet to be observed.
In this thesis, a contribution to the understanding of the vector meson pair
production in photon-photon interactions is made by the first observation and
measurement of the channels vy — ww and p*p~. Before this presentation some
of the current theories are discussed, as well as some of the present experimental

data. -
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150 L A o 1 Al 1] |
o | % -+ PLUTO .
a(nb) | { % } 3 TASSO
100 L ¢ CELLO 1
. H $ JADE
1 TPC/2v

505- ‘; %

Figure 1.4: Cross section for 44 — pp from references [8-12,13]. All the data
are on the vy — p°0° channel except those from JADE that are on yy — p*p~.

1.5 Vector Meson Dominance model

The Vector Meson Dominance model (VDM) is the oldest and most common
model applied to the hadronic interactions of photons. The model was intro-
duced in 1960 by Sakurai [14] to explain the large cross sections observed in
inelastic electron proton scattering. The model was later used to describe the
energy dependence of the ete~ annihilation into a virtual photon at low en-
ergies. It has also been applied to explain some phenomena observed in two
photon interactions. In many inodels used in two photon physics, the photon is

described as a superposition of wave functions with the same quantum numbers
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Figure 1.5: Vector Dominance Model
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(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 interference terms.

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

the vector mesons (p°, @,w...), since these have the same quanturn numbers as

the photon (figure 1.5).

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

vy = p°p°% %P, dd,ww, ... where both photons convert into flavorless vector

mesons which then scatter elastically with one pomeron or meson exchange

(figure 1.6).

The cross section for such a process is
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Figure 1.6: One pomeron or pion exchange.

2 2
gv~9v:
Opyms VYV = (47@)2WPVVIUVVI_,VVI (118)

where gy, is the coupling of the vector meson V' to the photon, My is its mass

and pvv: is the phase space factor

(W2, — (My + M) E - (W2, = (My — M)

pvv: = (1,19)
W2,

The coupling gv. can be extracted from the decay of the vector meson to an
ete” pair.

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

oy = pp) = (3—) - (fj—) (00— p0) (120)
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where 7, is the equivalent photon coupling constant to the p-meson ( 7y =
em¥ /gv, and f’,—,;"- =2.85-107% ), p; and k} are the momenta of the p-mesons

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

(k)" = (_2"‘1)2 and (p})’ = (I;—’)z —m? (1.21)

The factor (p*/k*)* accounts for the different relative velocities for v and
pp at fixed invariant mass W. The elastic cross section o,,-.,, is not directly
measurable but can be estimated from other related processes (like 77 — 77,
7N — #N, pp — pp, ...) by using, for example an additive quark model. In

this framework one expects

2 4
Oppmipp = Onxnoanny = EJ,N_.,N & ~Opp—pp (1.22)
9
leading to the parametrization [15]
®\ 2
o(vy — pp) = ( %—) . 34 nb (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] constructed a model using t-channel factorization. They

suggest that the o.,_.vy’ can be factorized as
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. N Tap=Vp * TypV'p F»?p
e Z:: Opp—pp " LopFryy (1:24)

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

150 ‘ +
X [ +PLUTO |
o(nb) | 3 TASSO |
100 L ¢ CELLO |
50
L
0
0.8

W, [GeV/c?]

Figure 1.7: Calculation of the cross section for the reaction vy — p°p° according
to the VDM and the t-channel factorization models. The VDM expectation is
given as a full line; the t-channel factorization model by Alexander et al. as a
dotted area and by Kolanoski as a hatched area.

nel) and the one pion exchange process (OPE), as in figure 1.6. The F), rep-
resent flux factors due to the different masses involved in the calculation. The
photoproduction data, at fixed photon energies in the center of mass system
of the final state particles, were used to estimate the cross section for different
channels. The predi~tions of this model are shown in figure 1.7.

Their approach explains the existing data for the reaction vy — p%° quite
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well. However this result is not unambiguous. Kolanoski {17] has performed the
same calculation for this specific channel using a different method for accounting
the p width. His result is significantly different below the nominal p°p° threshold

and is also shown in figure 1.7.

1.7 4-Quark States

The existence of bound states of four quarks (ggqq) is predicted in the MIT
bag model [18]. The model assumes that colored quarks and massless colored
gluons are confined in the hadrons by the introduction of a constant energy
density term into the interaction hamiltonian. In this model the masses of the
u and d quarks are set to zero and the s quark mass is tuned to the lowest
qq and qqq states. The basic parameters of the model are the bag constant or
confining pressure B t = 146MeV, the strange quark mass m, = 279MeV, the

gluon coupling constant a = 0.55 and a parameter that represents the energy

shifts due to zero point fluctuations, zp = —1.84. Using these parameters which
are ”derived” from the ordinary hadrons, one can extrapolate and estimate the
masses of the ¢gqg states [18].

If one uses the SU(3) property of a quark pair being in either a symmetric 6
or an antisymmetric 3 flavor multiplet, and couples the quark-pair to the multi-
plets of a §q pair taking into account the Pauli principle, thien one can construct

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

Using this recipe the following S-wave multiplets arise:

JP = 2+ : 9,36
1* : 9,36,18,18%,18,18"
JP = 0t : 9,9%,36,36"

o
]
]

Two multiplets with identical overall spin and flavor content are distinguished

by an asterisk (applied to the heavier).
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O O

)

Figure 1.8: OZI-superallowed decay for a qgqg-state.

The four quark state can decay by simply falling apart into two ordinary
mesons (figure 1.8). This decay is usually referred to as the Zweig-superallowed
mode. A direct and very important consequence is that, if a ¢gqq 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 space suppression can make the resonance
narrow enough to be identified.

Since the ¢7¢q states can be considered as bound states of meson pairs,
two photon interactions, which according to the VDM proceed via two vector
mesons, are expected to provide a “clean” channel to look for ¢gqg states decay-
ing into two vector mesons. According to Landau-Yang’s theorem (Appendix
A) only ¢Gq7 states with J* either 0t 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 et al. [20] will be presented. Li and Liu [21]
use a slightly different formulation, but they arrive at very similar results.

According to the formulation described by Achasov et al. the v+ width of a
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q7qq state R decaying via two neutral vector mesons is expressed as

|A(R = VoVg = ) ]2
167m%

oy =

with the amplitude A given by

A(R— VoVg = 77) = grry =goA(%VJ)Ee_—2]§; -C- { 1@ Vz ; 1%: (1.26)
where A(VoVj) is the probability of a four quark resonance to be in the VoV
state. C is a term which accounts for the fact that not all the available spin
states can turn into massless photons and is \/g for JP = 0% and \/1—75- for
JP = 2%, The factors 1 and +/2 are due to Bose 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 vy — R(qgqqq) — V'V’ is expressed

as @

_ (2J+ 1) s pvy

o(yy = Rlg7qq) » VV') =~ O | Sy
- el

D(a,mn, W)

(1.27)

where pyyr is the phase space factors for the two vector mesons, as in 1.19, gry
is the coupling of the two photons to the resonance I2, gryvv' is the coupling of

the resonance to the two vector mesons

grvvr = gA(VV") (1.28)

D is the inverse of a Breit-Wigner resonance propagator
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@qq 1 ptpm p%° KK~ KK ww wé % wp® ¢4
¢ o0 i1 0 o -1 0o o0 o0 o0
cS(9) 0 0 0 1 L 0 =2 0 0 0
cZ(9) 1 0 0 -1 : 0 0 1 0 ©
E@6) 2 -1 2 0 0 0o 0 0 0 0
Cr(36) 1 0 0 0 0 6 0 0 1 0
c°6) 0 I o 0 o £ o0 0 o0 0
CS(36) 1 0 0 1 -1 0 o0 T 0o o
cS@36) 0 0 0 1 1 o /I 0o o0 0
CS5(36) 0 0 0 0 0 0 0 0 0 1

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

D(a,mp, Wyy) = m% — W2, —i (ampTr(mg) + WarTr(Wyy))  (1.29)

The width T'g (W,,) is the sum of the partial widths I'gyy: of all the meson

pairs that contribute to the decay of the resonance R

VAV

ghvv: { 1
Tr(W,,) = . 1(s) 1.30
R (Wy) ‘;,l&rw.,., pvvi(s) 2 V=V (1.30)

In the case of the p-meson which has a large width, the flux factor is weighted
by the resonance shape of the meson. The parameter a in 1.29 is the only free
parameter of the model and takes into account all the contributions from the
non-Zweig-superallowed decays to the width of the ¢7¢q resonance.

In addition, the MIT bag model predicts several resonances with similar
masses which contribute to the same channel. Their contribution to the reac-
tions 4y — V'V’ 1s shown in Table 1.1.

Using the Achasov formulas [20, (1985)], the cross sections for several vy —

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

The model predicts a cross section for the reaction vy — p°p° of the order of
100 nb whereas the predicted cross section for the reaction vy — p*p~ is much
smaller. This is a result of the interference between the isoscalars C'°(36,2%)
and C%9,2%) and the isotensor E(36,2%), which are degenerate in mass. As
first pointed out by Li and Liu {21, (1982)], a resonance with definite isospin
0 or 2 yields different ratios of the cross sections between neutral and charged
decay modes. This is obvious if one writes down the isotopic structure of the

two p-meson wave functions :
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p>“\/-|0>+\/'|2> (1.31)
| ptp~ >=\/;|0>—\/;|2> (1.32)

where | 0 >, | 2 > are the isospin states. For I=0 0.y— 0,0/ Cay—p+,-=1/2 and

for I=2 the ratio equals to 2.

1.8 Glueballs

y
c y
/¥ Y (a)
G
B 1228822001
c
y
c y -
q
o ——
I/ YYYYYY
B 1RARRARI (b)
e 3

| Figure 1.10: Diagrams for the decays a) J/¥ — ~Glueball and b)
‘ J/¥ — yMeson

The MIT bag model [22] predicts, in addition to the 4-quark states, introduced
in section 1.6, the existence of bound states of gluons, the so called gluonium

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

(b)

Figure 1.11: Diagrams for the reactions a) vy — Glueball and b) vy — Meson

with masses less than 2 GeV, and width of the order of hundreds of MeV due
to the strong coupling to the hadrons. The glueballs are expected to have the
same quantum numbers as the ordinary hadrons. This makes it difficult to
distinguish a glueball from a meson.

Radiative J/¥ decays are suggested as a good source of glueballs. These
decays proceed via the lowest QCD diagram shown in figure 1.10.

In this diagram the € pair of the J/¥ annihilates into a photon and two
gluons. The coupling of the two gl’uons to the c¢ pair is of the order of a?. In
the case in which an ordinary meson is produced we have another factor o? duc
to the additional coupling of the gluons to the quarks of the meson. From that
we can conclude that the ratio of the widths of a glueball G and a meson M

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



F Sl

N

s aaad

T L AT

CHAPTER 1. INTRODUCTION 22

F(J/¥—4G) _ 1
D(J/¥ — M)  o?

(1.33)

On the other hand, in the case of two photon collisions, the formation of a
glueball proceeds via a quark loop with coupling proportional to a2a?, whereas
the ¢g-meson has a coupling proportional to a® because of its direct creation

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

Ty —=6) _ o

Ty S M)~ % (1.34)

1.9 Related Measurements from Other Exper-
iments

T ke
Figure 1.12: Vector meson nonet for the lowest mass states.
Vector meson pair production has been extensively studied in radiative J/¥

decays as well as in the two photon interactions. In the following, existing mea-

surements for the processes J/¥ — 4VV’' and vy — VV' 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 glueballs (see section 1.8).

1.9.1 Radiative J/¥ Decays.

eventis

1%0 T —— A2 . L] 25

M [GeV/c?]

Figure 1.13: Mass spectra of the two vector mesons for the decays a)
J/¥ — 4p°0° b) J/ ¥ — vp*p~ and c)J/¥ — quww.

Most of the data on vector meson pair production in radiative J/¥ decays come
from the MARK III and DM2 collaborations.

The reaction J/¥ — 4pp 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/c? (figure 1.13). A spin parity analysis showed that these tentative states

have JP =0-.
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Mass [GeV/c?] | VV' | J¥
~ 1.5 PP 0~
~ 1.8 pPp 0~
~ 21 pp 0~
<20 ww 0~
~ 22 ¢ 0~
< 2.0 KK | 0-

Table 1.2: States decaying into V'V’ observed in radiative decays J/¥ — V'V’

The measurement of the reaction J/¥ — yww showed an ww peak below 2
GeV /c? (figure 1.13), also having JF = 0-.

The decays J/¥ — ywé, J/¥ — v¢¢ and J/¥ — 'yK‘o-I_\’_*O show structures
with JP = 0~ as well. Table 1.2 summarizes these results. Common to all these
reaction. is the result that the measured branching ratios are of the order 10~3.
A summary of all these results and an attempt to explain the data can be found

in the review article on the J/¥ decays by Képke and Wermes [26)].

1.9.2 Vector Meson Pair Production in Two Photon In-
teractions

The two photon interaction experin.ents do not have the luxury of high statistics
data samples as in the case of the J/¥ studies. We have to deal with very small
data samples measured in terms of tens to hundreds of events.

The channel studied the most is vy — p°p°. It was observed for the first
time by the TASSO collaboration [8, (1980)] at PETRA. The measurement was
confirmed by MARIC 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
27+27~ spectra assuming that they are an incoherent mixture of p°0°, p%7+7~
and non-resonant 2x+2x~. In 1982, the TASSO group performed a spin-parity

analysis of the p%o° system by using the maximum likelihood technique that is
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Figure 1.14: Existing results on the vy — 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 | W.,[GeV/c%] | o[nb] (95% CL) | Experiment
2.0-2.2 <35
2.2-2.4 <12

bp 2.4-2.6 <8 TASSO [27]
2.6-3.0 <2
3.0-3.4 <1
3.4-4.2 <0.5
2.2-24 <67
2.4-2.6 <7

6 2.6-3.4 <2 TASSO [27]
3.4-4.2 <1
4.2-6.0 <0.5
1.8-2.0 <55

KK 2.0-2.4 <18 TASSO [27]
2.4-2.8 <10
2.8-3.5 <8
1.6-1.9 <15

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

wp 1.9-2.2 <10 PLUTO [28]
2.2-25 <20

Table 1.3: Upper limits for the cross sections vy — VV".

described later in the p*p~ analysis section. Recently PLUTO [11] and TPC/2y
[12] have also published a spin parity analysis of the p°p° system. A comparison
of all these angular analysis is shown in figure 1.14. The results are rather

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

dominate the cross section.

The upper limits for the reaction p*p~ by JADE [13] (figure 1.4) showed that
charged pp production is suppressed. This made things even more interesting

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

section 1.6).

26



:

§

L

CHAPTER 1. INTRODUCTION 27

50 - -
°(nb)[ ARGUS
O F yreep ]

el

o
SRR -

10-*

o PP 9 i i S i 1
1.2 1.4 1.6 1.8 2.0 2.2
W, [GeV/c?)
c(nb) AAERAR 2R L§ L] L

ARGUS ]
60 4 n_.x.-‘x'- .;
— 4
‘o e amd o

S
i
-
+

0 "
1.0 1.5 2.0 2.5 3.0 3.5
Wy [GeV/c?)
o(nb) . j T o
st ARGUS 3
y-K*OK*0
6t J
4} ]
2t .
S — ————— ]
0 . " N
1.5 2.0 2.5 3.0
Wn [Gev/c?)

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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Channel | W.,,[GeV/c?] o[nb] ¢7qg-model
dp 1.9-2.1 <1.1(95% CL) | ~28nb
b 1.925 | <1.7(95% CL)| ~1nb
Iy 2225 |<7.1(95% CL)| ~4nb

Table 1.4: Upper limits for the cross sections vy — ¢p, 77 — ¢w and vy — ¢¢
from ARGUS (30,31].

The upper limits for vector meson pair production in two photon interactions
existing before the ARGUS measurements are listed in Table 1.3. ARGUS
has made measurements of five vector meson pairs produced in two photon
interactions. For the remaining three, limits have been derived and they are
shown in Table 1.4. Figure 1.15 shows the ARGUS results for the vector pair
production in two photon collisions. In this thesis, the first observation of the

channels yv — 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 ete~ storage ring at the Deutsches Elektronen SYnchrotron
(DESY), situated in Hamburg, West Germany.

The ARGUS detector [34] is a magnetic solenoidal spectrometer which was
designed [35] as a universal tool to analyze final states from electron-positron
interactions at energies around 10 GeV, and in particular to study the T-system,
both above and below the BB? threshold, charmed meson systems, 7-lepton
physics and two photon interactions.

These stugdies require good charged tracking capabilities with good momen-
tum resolution and charged particle identification, as well as good neutral en-
ergy measurement. 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 regular 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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Figure 2.1: The DESY/DORIS II Accelerator Complex
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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 voke. The effect of the ARGUS
magnetic field on the beams is compensated for by coils extending along the
beam pipe into the detector.

Charged particles can be identified both by the measurement of specific
ionization, dE/dz, in the main drift chamber and by the measuremeat of their
velocity by the Time-of-Flight system. The momentum measurement 1s 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 as low as 50 MeV. Three layers of wire chambers identify muons.
The magnet coils, the flux return iron yoke and the shower counters serve as
absorbers.

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

following pages.

2.2 DORIS

The DORIS II (acronym for DOppel RIng Speicher) storage ring [33] provides
the experiment with electron and positron becams 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 accelerates
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, they 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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Figure 2.2: The ARGUS detector. 1) Muon chambers, 2) Shower counters, 3)
Time of flight counters, 4) Drift chamber, 5) Vertex chamber, 6) Iron yoke, 7)
Solenoid coils, 8) Compensation coils 9) Mini beta quadrupole .
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DORIS, electrons and positrons are circulated in the same beam pipe in single
bunches with currents of about 30 mA per beam and crossing period at the
two interaction points of 1 us. 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 um in y, 500 ym in z and 2.5 cm
in z, (the coordinate system is defined with z along the beam axis and z 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 :

ItI-

= —— 2
4refo,o, (2.1)

where I'*, I™ are the currents of the positron and the electron beams in Amperes
respectively, e is the electron charge, f is the revolution frequency and o, o, are
the beam sizes in the x-y plane in cm. The luminosity for the DORIS ring with
typical running conditions is about 10%*cm=2s~! and the integrated luminosity

delivered to the detector per day about 8§00 nb~!.

2.3 The main Drift Chamber

The heart of the ARGUS detector is the main 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 as 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

o
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point. The inner wall is made of 3.3 mm thick carbon-fibre epoxy, the outer
one of 6 mm thick aluminum. The end plates are rigid enough to support the
~ 31200 N tension of the wires and are made of 30 mm thick Al

There are 5940 sense and 24588 potential wires arranged in 36 concentric
layers, comprising a total of 5940 drift cells. Each drift cell is 18 mm by 18.8
mm with a 30 um diameter gold-plated tungsten sense wire surrounded by 76
um Cu-Be field shaping wires. The potential wires are under a tension of 1.1 N
and the sense wires are under a tension of 0.7 N. In order to allow measurements
of the z coordinate every second layer is at an alternating positive and negative
stereo angle (with a stereo angle sequence of 0°,+a,0° —a and so on). The
stereo angle a increases with the radius r as \/r from 40 mrad in the innermost

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

The chamber operates at a pressure of 1035 mbar in an environment of
97 % propane (C3Hg), 3 % methylal (CH2(OCHs3)2) and 0.2% water vapor.
The water was added after discharges occurred in one of the chamber’s sectors.
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 stable operation, the drift chamber is monitored and
calibrated on a regular basis. Pulser runs, during which a pulse of known am-
plitude is fed through each ADC. are done once a day during the data collecting
periods so that the calibration constants for the dE/dr 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 pum and for multihadrons 220 um (figure 2.4).

For fast particles ( p > 1 GeV/c ) the momentum resolution is dominated
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Figure 2.3: Cross sections of the Drift Chamber. a) perpendicular b) parallel

to the beam axis.
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b) for hadron tracks. Squares are for chamber operating with water additive
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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 :

o(Pr)
Pr

= 0.009 - Pr [GeV /] (2.2)

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

scattering and can be expressed as

o( Pr)

= 1/0.012 + (0.009 - Py [GeV /c])? (2.3)
Pr
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The polar angle resolution is o(cot())=0.004. The DC covers 96 % of the 4~
solid angle. Figure 2.5 shows a plot of the dE/dz versus the momentum of a
particle. The separation between 7-KX and p-K is larger than 30 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 particles as A'%’s ana A’s. It also provides the necessary resolution
to perfo.m the lifetime measurements of charmed particles and 7-leptons.

The chamber is 1 m long, has an inner radius of 5 cm and outer of 28 cm.
In order to reduce multiple scattering the inner and outer cylindrical walls are
made of a carbon fibre epoxy composite (0.9 anc 1.3 mm thick). The end plates
are made of 2 cm thick G10 fibre glass. Brass feed throughs use a broached
groove to hold the wires with a precision of 5 um.

There are 594 gold plated tungsten sense wires with a diameter of 20 um
and 1412 Cu-Be field wires with diameters of 127 um. They are arranged in a
close packed hexagonal cell pattern to maximize the number of hits per track
(figure 2.0).

The inscribed radiu: of a drift cell is 4.5 mm. This small cell size allows the
maintenance of large efliciencies in this high track density region of the 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-v plane.

The vertex chamber operates at a potential of -3.5 'V applied to the field

wires m a pure CO> environment at a pressure of 1.5 bar. To prevent aging
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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 as determined from Bhabha
scattering events is shown in figure 2.7. There is a plateau with about 50
um resolution for one third of the total drift length. For about half of the
cell the resolution is better than 100 um. 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 CO,. 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 muon«
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Figure 2.7: VDC resolution as a function of the drift distance.

improved from -‘-'%:Tl = 0.9% - Pr to 0.6% - Pr. By studying the distance of
closest approach between the two tracks in the Bhabha scattering events, it was
found that single high momentum electron tracks can be extrapolated to the
vertex with a precision better than 100 um. The reconstruction efficiency for

secondary vertices from JX? and A decays was improved by about 60 %.

2.5 The Time of Flight System

The ARGUS Time of Flight system (TOF) [38] consists of 160 scintillation
counters surrounding the drift camber. The barrel part contains 64 counters
and each of the two end caps 48. They are all NE-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 full

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 full solid angle. The scintillation 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 time 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 = ‘*ﬁ'# v Y T T v— T
M? ARGUS
(Gev?)
1.0F 4
0.5F ’ .
T
0+ ~6~ 4
- 05 1 1 L - — - 1

0.08 01 0.5 1 5 10

P (GeV/c]

41048

Figure 2.8: Mass squared from TOF measurements as a function of the mo-
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 # and determining its rest mass according

to

1 ¢ TOF me?\’ 2 o (1 1
=1 (5) e (3-3) a9
and the mass resolution is then
2
o(m?) = 2. (?) . TOF - o(TOF) (2.5)

which for 220 ps TOF resolution leads to 3 standard deviation 7/K separation
up to 0.7 GeV/c and I'/p separation up to 1.2 GeV/c. A scatter plot of TOF

m? 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.

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

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

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

shape and the amount of energy deposited on the counters.

o They are used for the construction of the total energy trigger.
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The shower counter system consists geometrically of two parts. The cylin-
drical barrel calorimeter which measures particles with | cos(6) |< 0.75 and the
endcap calorimeter that measures particles with 0.75 <| cos(8) |< 0.96. The
whole calorimeter covers 96 % of the full solid angle. The barrel section consists
of 1280 counters arranged in 20 rings of 64 counters each. Each of the endcaps
has 240 counters divided in five rings of increasing radius with 32, 40, 48, 56
and 64 counters respectively. All counters are of alternating 5 mm scintillator -
1 mm lead. (The lead is 1.5 mm plate for the end cap calorimeter). The overall
length of each counter corresponds to 12.5 radiation lengths and its width is 1
(0.9) Molliére radius for the barrel (endcap) counters.

Two types of counter shapes have been used (plane-paralle] 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
wave length shifters is guided to phototubes operating in a region outside the
magnetic field. Each shower counter is connected to a quartz fibre light guide
to allow laser calibration pulses 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-Summing
(SDS) units, which delay the signals by 240 ns and sum the signals from groups
of 8 or 14 counters. The SDS signals are used as a part of the fast trigger (sce
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 15 done using

electrons and positrons from Bhabha scattering events. The Bhabha events we
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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 reconstruction.

In order to define the energy resolution for high energies, QED processes
(ete™ — e*e™,v+) were used. At low energies, measurement of the widths of
the invariant mass distribution of 7%s and n’s provided the resolution. The

results obtained can be parametrized by the expression

o(E) _ , . (0.065)2
5 = \Fomz) + EGe] (2.6)

for the barrel region and by

o(E) _ v, (0.076)?
5 _J (0.075)2 + SEAG (2.7)

for the endcaps. From the study of the reaction et e~ -+ v+ 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
magnet 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 full solid angle. The two layers outside the yoke cover 87 % of 4r
and are separated from the first layer with an additional 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 mm? 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 diagram.

The data flow diagram is shown in figuie 2.9. The triggered events are passed
to a CAMAC system which 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 PDP 11/45 computer via
a LeCroy CAMAC Booster { CAB ) which reduces the processing time to 3
ms/event. The PDP 11/45 supervises the readout. It is also used to start and
stop runs, and run the calibration programs such as the laser monitor for the
shower counters and the TOF system.

Assembled events are afterwards sent via a pair of DR11-W parallel poris




CHAPTER 2. THE ARGUS DETECTOR 46

toa VAX 11/780 computer which has as its primary task the monitoring of
the detector performance by filling histograms of various quantities of interest.
This way problems with the detector can be easily spotted and cured.

Finally the VAX sends the data to the DESY main frame IBM computer
(an IBM 3089Q main frame and an IBM 3090 vector processor) via a PADAC
serial link. In the case of a failure of the IBM link system, the VAX disk is

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

the IBM.

2.9 The ARGUS Trigger

The bunch crossing frequency of DORIS IIis 1 MHz so the detector electronics
have 1 ps 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 wedge

sectors and 8 counters for each of the filler sectors (figure 2.10). The end cap
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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 bartel 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 units and the
TOF counters :

e Thetotal energy trigger (ETOT) uses only the shower counter information
and requires the total energy deposition 1n either hemispliere to be greater

than 700 MeV. The total energy deposition also gives online information




CHAPTER 2. THE ARGUS DETECTOR 48

for the background and the rate of this signal correlated to the bunch

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

The High Energy SHower trigger (HESH) searches for events with single
particles that carry a large portion of the total energy. It sums the SDS
units in each hemisphere in groups of five units with one unit overlap
between neighboring groups. In total there are 16 HESH trigger groups,
each covering about 70° in azimuth. The event is accepted if one HESH

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

The Charged Particle PreTrigger (CPPT) requires at least one track in
each hemisphere without any requirement for azimuthal angular correla-
tion. A track is defined by the 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
common 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.



Pl
g

[P e e g et

R Rl P e,

e o — T

TR PUEL sy ey

TN MAA ZURRA R ISR I T

CHAPTER 2. THE ARGUS DETECTOR 49

Figure 2.11: The CPPT group.

e 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) is 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 minimum
possible dead time into the data taking process. A fast hardware procedure
would be too inflexible whereas a flexible software procedure would be too slow.
As a compromise the LTF was built as a table-driven Emitter-Coupled-Logic
(ECL) device that is connected between the main trigger logic and the CAMAC
system.

Each primary trigger initializes the LTF and the hits of the DC and the
TOF system are transferred online into bitwise addressable memories. Another
memory is preloaded with a list of all possible tracks (2000 masks in total).
The entries of the hit memories are compared with the mask lists. Each time a
match between the two is found a count is incremented until a certain threshold
is reached. If 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 ps. 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 1 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

reduces the final trigger rate to about 10 Hz.
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2.10 Luminosity Monitoring

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

can be determined by the expression:

dNBhabha

dt =L O Bhabha (28)

Nphabha is determined online by requiring a coincidence between a shower counter
and the TOF group in front of it. The grouping is similar to that of the CPPT
in the barrel region. The energy deposit in the shower counters is required to
have a minimum of 1 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
using (2.8) the counts are converted to luminosity.

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

structed Bhabha events in the barrel region.

2.11 Event Reconstruction

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 as particle tracks, momenta, ver-

tices, x?’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 homogeneous 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 addition to

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

set of 5 parameters.

e x : the curvature of the helix

e dj : the distance of closest approach of the track to the innermost hit wire

in the DC, measured in the x-y plane.
e 2 : the z-coordinate of the above distance
o ¢, : the azimuthal angle of the track

cotf : 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 «,dy and ¢¢ by using
the paraxial wires. In a second step the information of the stereo wires is used
to the find coté and zp and finally make the three dimensional reconstruction
of the track.

At the start of the search for tracks in the x-y plane (1st step) the program
looks for neighboring pairs of hits and adds a third hit (since 3 points define
a circle) to determine the curvature £ from the wire position. A single triplet
of hits does not yet contain any information as to whether the hits are coming
from a track candidate or not. As a minimal requirement a matching fourth hit
must be found. For this the initial triplet is extended by combining a fourth hit
to the original three. The curvature of the newly formed triplet is calculated.
If the difference in k between the initial and the new triplet is sufficiently small
the four hits are assumed to form a track candidate, with the new curvature
taken as the average of the two calculated curvatures. The track candidate is

then extended by adding a fifth hit with two of the previously found hits und
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so on. In reality the procedure is more complicated since we do not have points
to fit but circles which represent isochrones around the hit wires. The particle’s
trajectory is then a segment of a large circle tangential to these small circles.
In this case the left-right ambiguity must be taken into account. The actual
space-time relation, rather than the wire positions, are used.

Once we find &, the track projection is described by a circle which must
match two pairs of points far from one another. From that the ¢y and dy may
be defined. An additional cut which requires that there must be at least two
tracks with dp < 1.5cm has to be fulfilled for the event to be accepted.

After the two-dimensional pattern recognition is complete, the parameters zq
and coté remain to be found. This is done by using the stereo wire information.
The x-y pattern recognition constrains the track to the surface of a cylinder
parallel to the z-axis. Neglecting the drift times, the intersection of the cylinder
with the stereo wires gives a sequence of z-values. A procedure similar to the one
described above reconstructs the track in the z-direction after the drift tunes
and the left-right ambiguity are included. An event is accepted if there are at
least two tracks with 29 < 8cm in addition to having dp < 1.5e¢m. A minimum
of 4 z-wires 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 main 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 Particle Identification

The charged particle identification in ARGUS is done by using the specific en-
ergy loss due to ionization in the drift chamber ( dE/dz measurement) and the
Time-of-Flight measurement. These, in combination with the momentum mea-
surement from the drift chamber, allow the mass reconstruction of the particle.
To identify leptons there are other independent methods. Muons with mo-
mentum greater than 700 MeV /c are identified by the muon counters and elec-
trons by the energy deposited in the electromagnetic calorimeter. The shower
counters also provide a powerful tool for the antiproton identification due to
the enormous energy deposit produced by the strong annihilation process.
The specific ionization loss of a particle of charge z,,.e transversing a medium

is given by the Bethe-Bloch formula

dE _ D . Zmed * Pmed |:zmc]2

-d_x B Amed ﬂ
2m.y*p%c? , 6 c
x |In ( T -p% - 5~ 7 (1+v) (2.9)

where D = 4z Nyr’ni.c® = 0.3070 MeV - ¢em®/g. Zpea and Apeq are the charge
and mass numbers of the medium, pnes the density of the medium and 1,6, ¢
and v are phenomenological functions {42).

From this formula it is obvious that the dE/dz depends on the velocity
of the incident particle. Combined with the momentum of the particle, this
provides information about the mass of the particle.

In the reconstruction software, five particle hypotheses are used: electrons,
muons, ptons, kaons and protons. For each particle hypothesis, the theoreti-

cally expected dE/dz'" is compared with the measurement by forming a \?
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2
(% - ddE':h)
X (dE/dz) = —

—— (» =e,p, 7. K, p) (2.10)
OiEsa: + O

where dE/dz is the measured specific ionization energy loss, dE/dx!* the theo-
retically expected one for particle ¢, oy, the uncertainty of the theoretical dE/dx
due to the uncertainty of the momentum measurement and o4g/4, the uncer-
tainty of the measured dE/dz.

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

for each of the above particle hypotheses

2
1
2 (3-) .
X,(TOF) = 5——4 (: = e.p.7, I,p) (2.11)
OroF t+ T

where 3 is the velocity of the particle as measured by the time of flight system,
Bt the expected velocity for the particle : knowing its momentum, oror and
o, are the uncertainties of the measured and expected velocities.

The TOF and dE/dz x*’s are then combined into one \?

dE
A=) +AI(TOF) (212)
T
which 1s used to form a likelihood function
-2
L= ezp(——o—') (t=e,pu, 7N, p) (213

-

out of which the normalized likelithoods A, are constructed
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w, L

= S L (i = &, K,p) (214)

A
where w, are the relative production rates introduced from a priori knowledge
of the particle abundance. The analysis presented in this thesis used 1:1:5:1:1
for we 1w, : W WK : Wp.

The dE /dz and TOF measurements can give good identification for hadrons
up to ~ 1 GeV/c and for electrons up to ~ 230 MeV /c. For electrons the iden-
tification is considerably improved by adding the shower counter information
into a likelihood similar to the one described above. The normalized likelihood

for the electrons has the form

w, - ], Pe(m) 9
= : 2.15
T wk - [, PF(x) ( )
{ =dE/dz.TOF.SC k=e,u,mK,p

Ae

where P*(z) is the probability that a track witb measured parameters z be
identified as a particle of type k by the device i, »1d wy is the relative production
rate as above. The likelihood A, takes values between 0 and 1 and has an
electron selection efficiency gieater thau 90 % for all momenta above 500 MeV /c.

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

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

wh - Ht R#(x)
Ek wk : Ht 'P:k(x)
i = dE/dz,TOF,SC,uC k= e p,mK,p

M =

(2.16)

The p-n misidentification probability is (2.2 £ 0.2) % per pion and the u-I

(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 Language), is used. The main frame of KAL is written in FORTRANTT.
KAL processes events in a mini DST format and may be used to perform the
tasks required for the physics analysis, such as 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 required to write FORTRAN code but rather uses KAL statements.
This way the user is more focused on the physics analysis rather than program-
ing.

The first step of KAL is particle identification, during which the program
calculates the different likelihood hypotheses ( see section 2.12) for each track
the a prior: relative particle abundance supplied by the user. To make the
invariant mass combinations a statement is used to select the desired particle
combinations and then 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 interactions using theoretical mod-
els. For electromagnetic interactions the EGS program [45] 1s used and for the
hadronic interactions routines from the program GHEISHA [46] The dE/ds

simulation is made by using energy loss spectra as measured 1 a swmaller pro-
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totype of the actual chamber. This way the dE/dr simulation is completely
independent of the different theoretical models for the energy loss spectrum.
The final dE/dz 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 file also contains the generated event information. The

full detector Monte Carlo simulation has the following essential steps :

e Generate an event [see section 3.6).
e Pass the event through SIMARG and write the digitized output.

e Process the event through the reconstruction program, applying efficien-

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

ponents.

e 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 according
to the user’s requirements. Then, it sums the shower counter pulse heights for
each trigger element and determines the LTF masks from 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 returns 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 deter-
mined from the data, by using the actual trigger information and the calibrated
pulse heights. A 2 % smearing was introduced in the threshold shapes to ac-
count for the uncertainty in the deposited energy determination.

The LTF efficiency is defined as the probability for a charged particle to be
assigned one or more LTF tracks if it hits a TOF counter. Bhabha events, when
the ETOT trigger 1s set, are ideal to determine the LTF efficiency 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
efficiency. the program discards masks randomly.

The trigger simulation reproduces well the actual trigger eficiencies 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 1 % Another check was done by com-
paring Monte Carlo events simulating the reaction 1T(2S5) — T(1S)7*%~ with
the T(1S) decay mnvisible to the detector and data for the reaction T(25) —
Y(1S8)x*=~, with the T(15) — 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
found for 74 — 27%27727° events to be about § % and for v — 7¥7~ 27"

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 routines 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 collected in

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

named within the collaboration as experiments 2,4 and 3.

Running Period

Integrated luminosity [pb~']

Experiment 2 62.8
Experiment 4 69.9
Experiment 5 101.0
i Total i 234.3

Table 3.1: Integrated luminosity collected with the ARGUS detector in the

different running periods.

The integrated luminosity for each period is summarized in Table 31 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 «ets
the DST's. were divided in two sections. the multihadron event< (ANIUHA ) and

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

61




*

CHAPTER 3. DATA ANALYSIS 62

e at least three reconstructed tracks in the main drift chamber with total

energy deposited in the calorimeter greater than 1.7 GeV.

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

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

These criteria select about 5% and 30% of the total 2.7 - 10" reconstructed
events as MUHA-candidates respectively. For the two-prong events the selection

criteria are:
1. there are exactly two tracks with opposite charge;
’ .

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

plane and 6 cm in the z-axis;
3. the angle between the two tracks must be less than 165°;

4. one track must have shower energy less than 1.5 Ge\", or momentum less

than 3.0 GeV and shower energy less than 4.0 GeV;
5. | 6 |> 30° where 6 is the angle of the track with the z-axis

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

3.1-10% two-proug 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 measures only the
final state X and not the scattered electrons. The two-photen events have a
unique feature that makes them easier to distinguish from annihilation events.
The total transverse momentum, P, of the final state X peaks at low values.

The Pr* is defined as Py =| 3 Pr, |, where the sum runs over each individual
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Figure 3.1: (Fy)? for Monte Carlo generated events of the type

vy = wtr~ 7070,

0

N

0.005 [GeV/c]?

80

60

40

20

}

PO | "

i PR

| Y

P

e,

0.15

0.20

(P°")? [Gev/c]?

0.25

Figure 3.2: (P§*')? for events containing five charged tracks in the data.
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particle 7 of the final state. The (P#*)? distribution peaks strongly at zero as
one can see in figure 3.1 where the (P§!)? for Monte Carlo generated events of
the type vy — 77~ #%%0 is plotted. In reality there is some background in this
distribution from incompletely reconstructed events and events with 7-pairs.
The (P§*)? 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 P}** distribution enhances the two photon events in a data sample

and suppresses the background.

3.3 The Reaction vy --» 271277270

Candidate events for the reaction vy — 27+27~27° were selected from the

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

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

vertex

e these particles had to be identified as pions by requiring the pion likelihood

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

e cxactly four photons had to be detected by the electromagnetic calorime-
ter with minimum energies 50 MeV for experiments 2 and 5 and 70 MeV
for experiment 4. The different cut for the minimum energy of the pho-
tons for experiment 4 was 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.

e any two photons with an invariant mass between 60 and 220 MeV /c? were
considered as =° 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 vy — 2r+27x~27° 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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of the two photons with and without the opening angle cut is shown in
figure 3.3 as open and shaded histogram respectively for data. Finally the

7° candidates were subjected to 1-C fit to the nominal #° mass.

e at least two 7° candidates were required in an event. The #° candidates

were not allowed to have common decay photons.

o the total transverse momentum, P =[5 Pr, |, had to be less than 100
MeV/c and the sum of the scalar momenta Py, = 3 | B | less than 3.5
GeV/c. The P¥' versus the P,,, scatter plot is shown in figure 3.4.

After these selection criteria, 553 candidate events for the reaction v —
27127~ 27° remain. The invariant 27727 "97° mass distribution is shown in

figure 3.5.

3.4 The Reaction vy — wtr~ 7070

Candidate events for the reaction vy — w+t7~7°7° were selected from the two-

prong data sets by imposing the following selection criteria :

o Two oppositely charged particles had to originate from a common event

vertex. No other charged particles were allowed 1n the detector.

¢ The two charged particles had to be identified as pions with likelihood

ratios larger than 5%.
o Exactly four photons were required with minimum energies of 50 MeV.

o At least two n? candidates were required. The 7° candidates were defined
as combinations of two photons with invariant masses bhetween 60 and
220 MeV /c? and opening angle between the two photous smaller than 90°

- in order to reduce combinatorial background. The 7% candidates were
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My [GoV/c’].

Figure 3.6: Invariant mass of two photons versus the invariant mass of the
remaining photons for the vy — #t7~7°#° data.

constrained to the #° 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 7%z region. This indicates the existence of

events with two ‘/TO-meSOI'lS.

¢ The total transverse .nomentum of an event was required to be P}t <
100 MeV/c and the scalar momentum sum Py, < 3.5 GeV/c. The

scatter plot of the P} versus P, is shown in figure 3.7.

1290 events survived these selection criteria and their invariant mass is shown

in figure 3.8.
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Figure 3.9: (P#*)? for 2r*27~27° (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

are:

e incompletely reconstructed events which are events where the missing mo-

mentum is carried by undetected particles.

o events of the tvpe ete™ — 7%7~, where the two 7’s decay to one and
three prongs respectively and may contribute to the background for the
reaction yy — 27+27~27% If they both decay to one prong they may
contribute to the background for the reaction vy — 77~ 7%#°% In both

cases the missing momentum is carried by the undetected neutrinos.



T L T Y L YT e

AL A e aie it i auitaini A 1 A

CHAPTER 3. DATA ANALYSIS 71

N

0.005 [GeV/c)?
1600 , , , .

1200

|

800

400

.
0 VT SIS SIS VI 7P

0.0 0.05 0.10  0.15  0.20  0.25
(P°)? [Gev/e]®

Figure 3.10: (P¥')? for ntn~7%%° (data) The shaded area represents the
estimated background.

These backgrounds can be estimated by studying the (P;*')? distribution.
For this purpose the (P#°!)? distribution for Monte Carlo generated events was
fitted with a function of the form A(1 + B/z + C/z?). This way the constants
B and C are determined. Then the data are fitted to this distribution with
B and C fixed from Monte Carlo and including an additional linear term to
parametrize the background. The (P§!)? distribution for the data with the
corresponding fits is shown in figure 3.9 for the reaction vy — 2x%27~27°,
and in figure 3.10 for the reaction vy — #¥#~#7% With this procedure 27
events are estimated to be background for the reaction vy — 27+27~27° and
53 events for the reaction vy — 7*7~7%7°% Incompletely reconstructed events
are the main contribution to these numbers.

Another background source is noise in the electromagnetic calotmeter that

fakes photons. The noise 1n the calorimeter was estimated by studying the
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Figure 3.11: The energy distribution of random noise in the calorimeter.

reaction Y(1S5) — [*1~, where | = ¢, and by counting the fake photons in the
calorimeter. The Y(15) was tagged by the pions from the transition T(25) —
#*n=Y(1S). The noise distribution is shown in figure 3.11. This random noise
was included in the Monte Carlo simulation.

For the final state 2727~ 2%°. noise in the calorimeter could fake~ an event

in the following ways:

¢ a reual two photon interaction event of the type vy — 27x+2r~7° with
an additional two noise photons in the calorimeter that fake a second
7% To estimate this background Monte Carlo events of the type vy —
27+ 2n~ 7% were generated and, while simulating the random noise, we

tried to reconstruct the 2x+27-27° final state. This study showed that

this kind of background is negligible;

e events coming from the reaction vy — 277 2#x 270 itself, where one pho-

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 27*27~27° production is events of the type
vy — 2n+27~3n° where one #° 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-

+ 770 where two

tion 4y — w7~ 7%7%. Background from the reaction vy — =
noise photons fake an additional 7° was found to be negligible. The absence
of events of the type vy — 71~ 7727 showed that the background from this
channel, where one of the 7%’s is undetected, is negligible too. In the case of
real 7t~ 7°%° 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 as a function
of T1°,,. The number of measured events N in a range All.. corresponding to

an integrated e*e” luminosity L. 18

j\Y(Mf‘Y’Y) = Emt AW-,, A dac*e'—oe‘* e-X (31)

where A4 is the detector acceptance for the final state X in the W., bin. By

using formula 1.12 this e.xpression can be rewritten as:

dﬁTT
NW,.,)= L. N Al (. (32
(1%-n) : AH'-,-,A =X dWVoq ‘ o
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Assuming that the interval, AW, we choose is such that the cross section is to

first order constant over the whole interval, it can be expressed as

N (W)

deTT
Lyt - fAW.,., A- dW.:., dIV‘Y‘Y

Oy—x (Woy) = (3.3)

Therefore, if we evaluate the integral we can measure the cross section for the
reaction vy — X. The luminosity function E,T;,,T can be calculated analytically
while the acceptance function A isunknown. The usual way to solve this integral
is by Monte Carlo nethods. For the analysis described in this thesis the Monte

Carlo simulation is divided in four major steps. First, events simulating the

0 0

reactions 4y — 27277270, ww, wrt w0, 7 7~ 707° were generated according
to the exact QED expression presented in section 1.2 for collisions between
transverse photons. The w-meson decay was geverated according to the matrix
clement for the decay of a vector meson to #*7n~7°. As a second step these
events were passed through SIMARG (see section 2.14) and the full trigger
simulation (see section 2.14.1). Then the events were reconstructed and had
to satisfy the same selection criteria as the data. The events were generated

assuming a constant cross-section of 1 nbleading to the sensitivity function &

defined as

) aclr
S(Wo,)= Lot A- dV. 3.4
m “Jaw, " dw,, 7 (34)

which represents the number of expected events in the AW.,, interval per nb.

The cross section o(yy — X) is then given by

Ooy=x (W) = %Y—(("%l))' [nb] (3.5)
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Figure 3.12: Sensitivity for 44 — 27+27x-270.

The sensitivity curves for the reactions 47 — 277277 2x% and 44 — 77~ =Yz°
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 end we have to deal with 490 events of the tvpe v — 27+27-270
and 1178 event f the type #*x 790 After the raw mass spectra (figures
3.5 and 3.8) are corrected for the estimated background, they are divided by
the sensitivity for the coirresponding reaction and hence the topological” cross

section for each reaction is obtained. The result is shown in figure 3.14 for the

reaction vy — 27727~ 27° and in figure 3.15 for the reaction vy — 7t 7~ #"z"
The term topological cross section means that the cross section is not corrects

for any production of possible meson resonances that might be produced in an
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Figure 3.15: Topological cross section for yy — =+ 7~ =0z¢

intermediate stage before we observe the final six (four) pious.

For the reaction vy — 27%2772%° the topological cross section starts at
about 1.3 GeV/c? and rises smoothly to a maximum of ~45 nb at W, ~2.4
GeV/c2.

The topological cross section for the reaction vy — 7+ 7~ 770 rises smoothly
till about 70 nb at 1%, ~2 GeV’/c? and then drops rapidly for higler 117,.. For
four pion masses less than 1 GeV/,c? there is an enhancement, possibly due to
the expected production of the ac(980) decaying into ag — n7°.

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 full de-

tector simulation, luminosity raneasurement 3 %. trigger simulation uncertamty

5 % and background estimation 5 %.



Chapter 4

Vector Meson Production

4.1 Introduction

In the following sections the observation of w and p in the multipion subsystems
for the two final states is described. The observation of correlated w’s in the
27+27727% and p's in the 7t 7~ #%° final states is also presented. The width of
these meson resonances motivated the use of different analysis methods in order
to extract the ww 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,
whereas for the p*p~. since p 1s very wide. the fractions of the different states
that contribute to the measured n* 7~ 7%z cross section were extracted by using

a maximum likelihood method.

4.2 The 27127~ 27°% Final State

4.2.1 Mass Resolution

In order to study the production of w-mesons we need to know the 3-pion mass

resolution of the spectrometer. This was determined by studying the 3-pion

78
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Figure 4.1: Mass revolution for three pions as a function of the invariant mass
of the three pion system in 27727279 final state.

system with Monte Carlo generated events. The resulting mass resolution is
shown in figure 4.1 as a function of the three pion mass. The resolution of the

spectrometer for the w-meson region is about 20 MeV /c?.

4.2.2 w-Meson Production

To investigate the w-meson production in the 27+27~27° final state an addi-
tional ccnstraint 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 #%-pair combinations. When the event had more
than one 7%-pair candidate, the one that resulted in the lowest P was chosen.
This cut was motivated by the fact that the two photon eveuts have low P

Tests with Monte Carlo generated events showed that the efficiency of this eut
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Figure 4.2: Invariant 7+ 7~ 7% mass spectrum. The fit consists of a Breit- Wigner
distribution with the parameters of the w(783) meson, convoluted with a gaus-
sian to describe the mass resolution of the detector, and a third order polynomial
background (8 entries per event).
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Figure 4.3: Scatter plot of the mass of one 77~ #° combination versus the mass
of the remaining #*7~ 7" combination (4 entries per event).
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Figure 4.4: Scatter plot of the mass of one 7n*r~7° combination versus the

mass of the remaining n*7~7° combination (4 entries per event) a) for ww b)
for wrt7~ 7% Monte Carlo generated events.

for assigning the correct photons to a #° is more than 95 %.

The invariant mass distribution of all 7#+*7~#° 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 Breit-Wigner distribution with the w(783)
meson parameters [42] convoluted with a gaussian describing the mass resolution
of the spectrometer, and a third order polynomial to describe the background.

The fit gives 263 £ 30 entries in the w peak. The scatter plot of the invariant
mass of only one 7t 7~ 7% combination versus the invariant mass of the other
7+ n~n° combination is shown in figure 4.3. Each event contributes four entries
to this plot. A clear enhancement is seen in the ww region. However, this
enhancement can be due either to ww production or to the overlap of two
independent w bands, as is demonstrated by Monte Carlo generated events in

figure 4.4.
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Figure 4.5: Invariant mass of the 7~ 7% system recoiling against an w me-
son for ww (shaded histogram) and wn*7~7° (open histogram) Monte Carlo
generated events.

To investigate whether this enhancement is due to a real ww production,
a recoi]l 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 as a function of the invariant mass of the remaining
r+t7~7° combination. The ww signal would manifest itself as an enhancement
in the bin between 680 and 880 MeV /c? of the recoiling #* 7~ #° invariant mass.
This is demonstrated with Monte Carlo generated events of the type vy — ww
and v = wrt7~70 (figure 4.5), where the different features of the recoil mass
of the two reactions can be seen.

The recoil 7t7~7° invariant mass for the data is shown in figure 4.6. To
estimate the expected distribution for events with only one w, Monte Cailo
generated vy — wrt7~7° events were used with the total W,, distribution

modified to agree with the observed 27*27~27° distribution. The resulting non-
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Figure 4.6: Invariant mass of the =*#~ = system recoiling against an w meson.
The data points are shown with error bars. The non-resonant three pion mass
distribution, as expected from wrtnr~7n° Monte Carlo events, is shown as a

histogram.
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resonant 7+ 7~ 7° mass from Monte Carlo is also shown in figure 4.6, normalized
to the data at masses above 1.1 GeV/c?. A clear excess of ww events is seen
in the data. Two other methods were used to determine the background from

wrtr~x° in order to estimate the systematic uncertainty :

¢ Monte Carlo vy — 27+27~27° generated events

e wrong-sign combinations like 7¥7% 70 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 ww events. The
second error gives the systematic uncertainty. Thus, (29 £ 8+ 2 ) vy — ww
events are observed. This is the first evidence for ww production in two-photon

interactions

4.2.3 Cross Section for 7y — ww

To derive the cross section for the reaction vy — ww, events containing at least
two different 7%~ 7° combinations with masses between 680 and 880 MeV /c?
were selected. The shape of the background was estimated from wrong-sign
combinations, requiring at least two #*#~ 7% 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 yy — ww as
derived from Monte Carlo simulation 1s 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 calorimeter. This was
checked with Monte Carlo generated events of the type ¥y — ww using the

noise simulation algorithm and was found to be negligible.

After correcting the 6 pion mass distribution of the 29 events for acceptance

and BR(w — 7 7~7°), the cross section for 49 — ww was derived and is shown

in figure 4.9.
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Figure 4.7: Mass distribution of the 27%27~27° 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 yy — ww
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Figure 4.9: Cross section for the reaction ¥y — ww The cross section derived
using background shape from wrong sign combinations is shown with dots and
the one derived with the recoil mass technique in different ¥, 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 — #*7~7°) the cross section was derived and is shown in figure 4.9.
The two results are in perfect agreement.

The ww cross section shows an enhancement of about 12 nb W.,, ~1.9
GeV /c?, whereas for W, greater than 2 GeV /c? the ww production is sup-
pressed.

The systematic uncertainty for the measured cross section of the reaction
vy — wwis 25 %. The main contribution comes from the acceptance calculation
which was done for isotropic ww production. However, if the ww final state is
produced with a definite spin parity, it wovld result in a 17.5 % uncertainty
in the acceptance calculation. From the different methods used for calculating
the ww cross section, the uncertainty is 15 %. In addition to that, thereis a
4.5 % uncertainty resulting from the #*#~7° invariant mass fits, 5 % from the
estimation of the total number of ww events, 5 % from the trigger simulation

and 3 % from luminosity measurement.

4.2.4 The Reaction vy — wrtr— 7?0

In the previous section we found that 57 out of 203 w's are from the reaction
44 — ww. The rest come from any other channel that would have a final state
of the type wnr*w~%° In order to find the cross section of this final state,
the distribution of the number of w mesons is plotted as a function of the
total 27+27~2x° invariant mass (figure 4.10). This distribution was derived by
fitting the corresponding 7+~ #° mass spectra and determining the number of
« mesons in different 6 pion mass bins. With this procedure a total of 249 +
33 « mesons were found. which is in good agreement with the total number of

the 263 + 30 w’s found by fitting the #*7~#° invariant mass spectrum for the
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Figure 4.10: Number of w-mesons as a function of the 27%2x~27° invariant
mass.

whole W, range. After subtracting the ww events, which contribute to tlus
plot with two entries per event, the distribution of number of w mesons as a
function of W.., for events with only one w meson in the final state remains.

0 :

+ is

The only significant background process to the reaction vy — wr¥x™7
when one photon escapes detection at the same time as noise in the calotimeter
fakes a photon. Monte Carlo studies show that the expected background of tlus
type amounts to 11.5 events.

The sensitivity for the reaction vy — wr+#~#° 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 as
well as for the BR(w — w7~ 7°). The resulting cross section is shown in figure
4.12. The cross section for the reaction 7 — wr*7~ 7% does not show any

structure within the present statistics. It is a smooth distribution that reaches

a maximum of about 20 nbat W, ~ 2.3GeV/c?.
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The systematic uncertainty on the measured cross section for the reaction
vy — wrtr 7% is 14 %. The acceptance calculation contributes 11 %, the
luminosity measurement 3 %, the estimation of the number of w-mesons from

the 7t7n~ n° invariant mass fits 4.5 % and the background estimation 5 %.

4.3 The vy — 7wt 7% Final State

4.3.1 p-meson Production

N
20 MeV/ﬁr.:2 _

200

100 +

0.0 0.5 1.0 1.5 2.0

Figure 4.13: The invariant mass of #*#° combinations is shown as crosses (4
entries per event). A clear enhancement can be scen in the p-meson region
whereas in the invariant mass of the "wrong” sign combinations (x*%z=~1),
shaded histogram, 2 entries per event) no signal is observed.
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The production of charged p-mesons is demonstrated in figure 4.13 where the
invariant mass of the two pion combinations is shown. The evidence for events
with two correlated p-mesons is demonstrated in the scatter plots of figure 4.14
where the invariant mass of the 7+ 7° and of the 7~ 7° combinations is plotted on
two axes respectively, in different W.,, ranges. The ”"wrong” sign combinations
(TMy+ - and myoyo) are also presented in figure 4.14 for the same W, regions.
The clear enhancement in the p*p~ region indicates the presence of vy — p*p~

in the data.

4.3.2 The 3-parameter Fit

For the p*p~ analysis, as in the case of the ww analysis, the two 7%’s resulting
the smallest P} of the event were chosen. In order to determine quantitatively
the p*p~ contribution, some assumptions had to be made. As a first step

(referred to as the 3-parameter fit) the following two assumptions were made :

1. The observed final state 7t7~ #n%2° is an incoherent sum of the three final

states p*p~, pE7n¥7°, and the non-resonant 7+ 7~ 7%7°.

o

Each final state is produced with isotropically distributed (decay) parti-

cles.

The first point (1) means that no interference effects between the three final
states are considered. As for the second point (2), p*p~ and p*n¥F 70 are the
simplest possible states with a p-meson. Other states, for example, aX#¥ and
af ¥, are also conceivable. An attempt was made to include events of these two
final states in the fitting procedure. Thisinfluenced only the p7 fractions while
the p*p~ and the non-resonant 7+ 7~ 7% contributions remained unchanged.
No significant signals of either a; or a; are however observed in the data, so

they were not included in the final analysis.
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Figure 4.14: Scatter plots of two-pion mass distributions in different W, re-
gions. The first column corresponds “wrong” sign combinations (m,+,- vs.
myoxo ) and the second column to the to the "right” sign combinations (m,+.»
VS, May-po). @) all W, b) W, < 1.4 GeV/c?, ¢) 14 < W, < 1.8 GcV/c? and
d) 1.8 GeV/c? < W,,.
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It should be noted that the isotropic p°n°r® 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 as

C = (-1)+

G = (_1)l+0+1

From this, one can conclude that the isospin I of the final state is even. The
presence of p® with I=1 requires that the 7%7° system has also I=1, which is
impossible.

One argument holds, however, for retaining p*#¥7% Conservation of C-
parity requires that the p*n¥ 7% 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 (scction 4.4). Therefore, this is likely to be valid
for the p*7¥x0 system as well. Hence, as a first approximation, an isotropic
state is the most reasonable choice. With these two assumptions, a maximum
likelihood procedure was used to derive the three cor.tributions.

The procedure, as well as the formalism, is similar to the one used in the
TASSO analysis of the p%?° channel [8, (1982)].

The differential cross sectina for the reaction vy — n+7~7%7? for fixed W.,.,

was parametrized by

do s ers .
% = C W) 16:(€) > (i=pp,p27,4m) (4.1)
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where C is a constant, W, the 7t 7~ %% phase space, and g, the matrix element
for the final states i. The symbol £ represents the set of seven variables needed

to describe the cross section

£= (mfzamgu C-) = (mfz’mgu 9,1;2, 9;2’ 11r2’ 924, d’?) (4-2)

where the numbers 1,...,4 refer to the four pions using the convention: 77 7973 n§.

The variable m;; denotes the invariant mass of two pions ¢ and j; 6}’ the pro-
duction angle of the system ij in the v+ center-of-mass system; and 6}’ and ¢
the polar and azimuthal angles of the pions in the :5 center-of-mass system.
In the first step, 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 g,, is
1 .
Jer = -\_/.-; (BW'(mlz)BVV(mg.,) + BW (77114)BI/V(T7123)) (43)

where BW denotes the Breit-Wigner amplitude [47]

7 _r
BW(m) = n(m2 —m? — im,I',) (4.4)
-\ 3 ) =2
T, =To (” ) o (4.5)
Po) PO+ P

1
ym?2 —4m? = Symi - 4m?2 (4.0)

m, = 770 MeV , I'o = 150 MeV.

l\)l'—'

The p*nF7° matrix element is
1
Jpar = E(B"V(mn) + B"V(T’I’Laq) + BVV(m“) -+ B“/ (77223)) (47)
and for the phase space

Jar = 1. (4 8)
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In order to extract the fractions JA,, of the different contributions in the
data, each event was assigned a probability P, to result from process ¢ . Then
the probability for the whole data sample was maximized by varying the three

parameters ),, using the maximum likelihood function
A= I;IZ/\,-P.(E,J (4.9)
with the constraint that
Ya=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

2 [’” (E M) - Z’\‘} (1)

:
where A(£) is the detector acceptance. The sensitivity for each of the three
hypotheses is shown in figure 4.15.

The cross sections derived from the 3-parameter fit are shown in figure 4.16
and are also listed in Table 4.1.

The cross section for the reaction v4 — p*p~ is about a factor 4 smaller
than the p°p° cross section in the range 1.2 to 2.0 GeV/c?. The cross sections
for the reactions 4y — pm7 and vv — non resonant 77 7~ 7°7° do not show any
structure and they have a mean value of about 20 nb each.

In figure 4.17 the 7 #° invariant mass distributions for the data (crosses) are
compared with the Monte Carlo expectations (histogram) using the fractions
derived from the fit. The agreement between the two is excellent.

If the contribution of the p7x7 is neglected in the fitting procedure then

0,0

its contribution divides equally into the p*p~ and the non-resonant #* 7~ 7%

fractions.
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Figure 4.15: Sensitivity curves for the final states a)p*p~ (dotted histogram),
b)pErFx? (dashed histogram) and c) non-resonant 7%z~ x°7°(full histogram).
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Figure 4.17: Comparison of the #*#° invariant mass distributions in the data
(crosses) with the Monte Carlo expectations (histogram) using the fractions
derived from the the 3-parameter fit. The comparison is made in four W, bins.
a) 1.2< W,, <14 GeV/c?, b) 1.4 < W,, < 1.6 GeV/c}, ¢) 1.6 < W,, < 1.8
GeV/c? d) 1.8 £ W,, < 2.0 GeV/c?.
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cross section for different states (nb) |
W.., (GeV/cY) ptom pEx*n0 | non res. 4
1.0 - 1.2 478 £1.77 | -414 £4.59 | 7.03 £ 2.66
12 - 14 15.80 + 3.45 | 13.88 £ 7.31 | 15.50 £ 4.58
14 - 1.6 15.82 £ 3.46 | 18.43 £ 6.48 | 20.14 + 4.06
16 — 1.8 |31.26 £5.65 | 14.88 £4.59 | 26.10 £ 7.27
1.8 — 2.0 |14.88+4.59 | 26.10 £ 7.27 | 27.68 &+ 4.94
2.0 - 2.2 7.59 + 3.60 | 35.50 £ 7.06 | 15.65 + 3.30
22 - 24 8.22 £2.71 | 15.41 £ 4.85 | 13.85 £ 3.07
24 - 2.9 0.53+0.87| 406 +1.57| 825+1.74
29 - 3.5 0.38+1.10} 3.08+1.81{ 430+ 1.90

99

Table 4.1: Cross section in nb for p*p~ (different JP states), prm and non

resonant 7t 7~ 7%x%°.

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 ¥y — p*p~ only
states with spin J=0 and J=2 were considered. Spin-1 states are excluded by
the Landau-Yang's theorem (Appendix A) since we deal with untagged events.
The analysis is also restricted to the lowest angular momenta L between the two
p’s that are allowed by parity conservation, L=0 and L=1. This seems justified
since the p*p~ production is observed reasonably close to the threshold. The
parity of the state is given by P = (—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

e spin-2 states with helicity J., = %1 are not allowed due to helicity conser-

vation.
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o The state J¥ = 2~ can only be produced with helicity J, = 0 because :

the state (JP,J,) = (27,%2) requires L=1, S=1 and S,=1.
However, S=1, S,=1 require that at least one of the two

photons has helicity 0. This is unphysical for real photons.

For JF = 2% both J,=0 and 2 contribute with, in principle, arbitrary relative
strength. Assuming, however, that in the initial v+ state the lowest multipole
dominates and that the matrix elements do not depend on the v 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> = /1/6|1, =1>|1,1> + +/1/6]1,1>|1, -1 >

The dominance of helicity 2 is expected from other theoretical arguments
and is seen in the data on the photon production of tensor mesons. See for
example [3].

The decay of a state with spin-parity JF into two vector mesons is in general
determined by different amplitudes depending on the spin component J, of the
initial state, the orbital 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.

— P .
TIPS () 0 Ty OFr e V2 (1% 61)Y77(612, 617)
% }/'1534(0‘.34, ¢34)] (4.12)

where the numbering of the pions is the same as in section 4.3. The coefficients

P
C‘I{.ﬁ;’.’sl,, s,, are defined as

P
a"I’,,I:;’.Isn.Ssq =< Sl2a Sl2z 534, 5342 I 57 Sz >< Sv Sz L’Lz l J’ Jz > (4'13)
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L|L,| S| Sa JP, 1., S

0+,0,0 | 0-,0,1 | 2+,0,2 | 2+,2,2 | 2-,0,1 | 2-,0,2
0]o0 -1 1 1
olofo]o -1 2
0]o0|-1]1 1 1
00 1 1
1101} 1 1 -1
1{1]-1]0 -1 -1 -1
101 |- -1 2
1/0]-1]1 1 -2
1/-1]0 -1 -1 1
1/-1111]0 1 1 1

Table 4.2: The coefficients Oifi,],'s,,, s,, entering the angular distributions of the
different spin-parity (J¥, J., S) states of the p*p~ system (not normalized).

The coeflicients a}il'ffsn'ss , 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 p'? production angles 61?, ¢1? defined in the v+ center-of-mass
system. Since we deal with no tag events the angle ¢}? is integrated out. It
is convenient to define the angular distribution in the so called v+ helicity”
system. This is the v center of mass system with the z axis pointing along
the vy direction and the z axis in the production plane of p!?; in this system
¢12=0. S is the total spin of the p*p~ system. The decay angles 67 and ¢¥
are the polar and azimuthal angles of the charged pion in the ij center-of-mass

system.

The amplitudes ¥(J P J,. L, S) for the different JF states are expressed as:

¥(0*.0.0,0) x Y2(() ();‘(cg)Yl"(ca) = 32($2)Y2(G)
FHHGN(G) (4.14)
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¥(07,0,1,0) x  ¥i(G) (VG (Go) ~ ¥ (G) V(o))
—Y2(G) (YT (G) = 17HOVA(G)  (4.18)
+¥77H(G) (Y (G)Y2(Gs) = YR(Ca)Y7 (Ga))

\I’(2+’2,0’2) x Y.OO(CI)}III(CZ)}’II(CS) (416)

¥(24,0,0,2) x Y2(¢:) (VG (G) + Vi ()Y ()
+ 2Y(:)YP(6)) (4.17)

¥(27,0,1,1) «  Y(&) (YAG) (&) - Y (&G)YR(¢))
+2Y(G) (VNG (G) - QY (G))  (4.18)
+177(G) (G Y2(G) — 12(0)17(G))

¥(27,0,1,2) o ¥7(G) (=¥ () - YN (G)10(0)
Y7 G) (FAGYR(G) + YGVH(G)  (4.19)

The p*p~ matrix element introduced in equation (4.3) is extended by in-
cluding the angular part ¥ and becomes:

g7 = o (BW(mig) BW (mag) 77 (Gias)

pe ) i, 4.20)
+ BT (mm)BW"(mza)‘I"’P"]‘(CMw)) (

where B11” denotes the Breit-Wigner amplitude for the p (section 4.4). The six
JP amplitudes were assumed to be produced incoherently. Note that a total of
8 final states is taken into account, the six J¥ amplitudes of the p*p~ system
together with the isotropic p77 and non-resonant 7+ 7~ #%7? final states.

The fitting procedure is basically the same as 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 A,.
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4.19 and are summarized in Table 4.3.
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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

cross section for different states (nb)

W.,, (GeV/c?) 0,0 0-,0 T 2% 2%.0
1.2 — 14 3.01£3.27| 2.71+1.39 | 11.88 + 3.59 | -3.49 + 2.22
14 — 16 |13.80+3.70| 1.524+1.47 | 2.59 +3.01 | -0.32 + 2.64
1.6 — 1.8 9.40 £ 3.75| 3.56 £ 1.53 | 10.17 £3.57 | 1.71 £ 2.52
; 1.8 — 2.0 6.43+£3.65| 0.27+1.48 |11.51 £3.61 | -2.57 £ 2.99
r 20 — 2.2 3.05x297|-1.86 £ 1.77| 9.01 £2.32|-2.77 £ 4.88
E W, (GeV/c*) | 2-,05=1 [ 27,05 =2 p=rF 70 non res. 4x
l 12 - 14 |-1.02+1.55(-2.74+1.89 | 10.86 £ 7.16 | 15.96 + 4.79
? 14 — 16 |[-1.30+£149(-2.78+1.99|22.85+6.35| 17.72 + 3.67
: 16 — 1.8 [-0.88+1.73 | 5.81 £2.04 |11.38 £5.77 | 14.25 £+ 2.99
1.8 — 2.0 |[-225+2.08| 1.58+£1.94 |16.61 + 7.52 | 28.13 + 4.37
20 — 22 |-147+212|-1.65+2.43 |35.31 £ 7.44 | 15.09 &+ 3.22

Table 4.3: Cross section in nb for p*p~ (different J¥ states), pr7 and non
resonant 7+ 7~ 7%7° from the 8 parameter fit.

I cross section for different states (nb) |

W, (GeV/c?) 0*.0 2+,2 pErFrl non res. 4w
1.2 - 14 -1.54 £ 2.91 | 13.09 £ 2.93 | 9.81 £6.21 | 15.74 £ 4.57
14 - 1.6 1240+ 3.19 | 1.42+£2.24|23.76 +6.05 | 17.13 & 3.82
1.6 — 1.8 12.34 £ 3.51 | 9.44 £2.91 | 20.28 £ 6.10 | 14.82 £ 2.99
1.8 - 2.0 7.87T+3.05| 8.73+£2.67|15.97 £6.57 | 28.29 & 4.48
20 - 2.2 0.71+2.34 | 6.57+£2.81 |25.70 £6.79 | 15.82 £ 3.35

Table 4.4: Cross section in nb for p*p~ (different J¥ states), prm and non

resonant 7t 7~ 7%7% from 4-parameter fit.

The vy — ptp~ cross section is dominated by two amplitudes. J¥ = 0% and

JP = 2% helicity 2. The JF = 0% contribution reaches a maximum of ahout
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Figure 4.19: Cross sections for the reaction vy — p*p~ for different J* hy-
potheses.
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14 nb at W,,, ~ 1.5 GeV/c? whereas the JP = 2+ helicity 2 about 11 nb at
W, ~ 1.8 GeV/c?. All the other amplitudes have negligible contribution.

As a test of consistency of the 3-parameter and the 8-parameter fit the cross
sections for the reaction vy — prnm and 4y — non-resonant #t#x~.:%7° are
compared in figure 4.20. In both cases the agreement is excellent. 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 admixtures of the various JF states were subjected to
the same fitting procedure as the data. In all cases the fitting procedure was
able to reproduce the input fractions of the different JF states very well. An
example is shown in figure 4.21. In figure 4.22 the same number of events was
used as the one given by the four parameter fit and was fitted with all the 8
parameters. The fit procedure can reproduce the input very well.

Also a check of possible migration between different J¥ states was per-
formed. For this purpose only one state was used as input whereas the full 8-
parameter fit was applied. Figures (4.23,4.24,4.25) show the results for J¥ = 0*
and 2*(J, = 2) which dominate the data, as well as the J¥ = 0~ amplitude. In
all the cases the generated amplitude was properly identified 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 generation and detector simulation (£11%), experimental luminosity



CHAPTER 4. VECTOR MESON PRODUCTION 107

L
O(flb) S R A A I ]
40r (a) ' ]
20} _I_ ! |
0f ;
o(nb)}f S '
40F (b) ]
20 £ { —i— ]
0f ‘
1.0 1.5 2.0 2.5
Wy [GeV/c?]
Figure 4.20: Comparison of the cross section found with the 8-parameter fit to
the one found with the 3-parameter fit.
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Figure 4.21: Consistency check of input and output from maximum likelihood
fit. The input corresponds to Monte Carlo sample containing all the differ-
ent spin-parity assignments and is presented as full histogram. The output is
the presented with crosses and is the number of events found with the full 8
parameter fit.
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Figure 4.22: Consistency check of input and output from maximum likelihood
fit. The inpui corresponds to Monte Carlo sample containing all the different
spin-parity assignments as they were derived from the 4-parameter fit in the
data and is presented as full histogram. The output is the presented with
crosses and is the number of events found with the full 8 parameter fit.
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Figure 4.24: Consistency check of input and output from maximum likelihood
fit. The input corresponds to Monte Carlo sample with only J¥ = 0t events
and is presented as full histogram. The output is the presented with crosses
and is the number of events found with the full 8 parameter fit.
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(£3%), trigger simulation (+£5.5%), background estimation (£5%), and uncer-
tainty from the maximum likelihood technique (£10%).

Another test was made by comparing the projections of the variables ¢, as
well as the angles between the charged pions, for data and Monte Carlo. For the
Monte Carlo distributions the fractions derived by the fit were used. Note that
these projections do not include all the information for the correlation between
the different parameters { since they are projections of the seven-dimensional
space that these parameters represent and most of the information is integrated
out. Examples of these projections are given in figure 4.26. (a) represents the
polar angle of the p with respect to the 4y 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 function. (c) represents
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 belong. The
expectations of the different spin parity states, as well as the Monte Carlo
expectations obtaines by using the fractions given by the fit, are also shown in

figure 4.26.
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Figure 4.26: Comparison of the one 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% (full line), 0* (dotted linc),
0~ (dashed line) and 2~ (dash-dotted line). The first column corresponds to 12
< W,, < 1.4 GeV'/c* and the second to 1.4 < W, < 1.6 Gel’/c?. a) the polu
angle of the p with respect to v center of mass system, b) polar angle of the
pions with respect to the p center of mass system 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 vy — 27¥27~27° and vy —

7+ 7~ 7%%% was described. In this chapter the experimental results will be dis-
cussed in the framework of the theoretical models presented in the first chapter

and will also be compared to the existing upper limits and related measure-

ments. The experimental results can be summarized for vy — 27n+27-270 as

follows:

e The topological cross section for the reaction vy — 27+27~2x° does not

T e I L LT TR

show any significant structure and reaches a maximum of about 40 nb

at W.,., around 2.4 GeV/c?. There are no theoretical calculations for

comparison.
e The production of w-mesons was observed in the 27+t27~27° final state.

e The production of correlated w-mesons was found and the reaction vy —
ww was observed for W,, < 2 GeV/c?. The cross section was measured

to have a peak value of about 12 nb at W,,, around 1.9 GeV/c?.

115
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e 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/c?.
And for the 77~ 770 final state

e The topological cross section for the reaction vy — 7*7~7%% was found
to rise steeply to about 70 nb for W,,, above 1.2 GeV/c?. Again there are

no theoretical calculations to compare the measured cross section.

e The final state was decomposed in the p*p~, pr7 and non-resonant 7t 7~ x%x°

contributions and the corresponding cross sections were derived.

e The vy — p*p~ cross section was found to be suppressed relative to that

for yy — p%°.

e A spin parity analysis of the p*p™ cross section showed that it is domi-

nated by JP = 0% and J* = 2+ with helicity 2.

5.2 Comparison to Model Predictions

The measured cross section for the reaction ¥v — ww is below the existing up-
per limits of PLUTO [28]. In figure 5.1 the measured cross section is compared
to the theoretical expectations. The prediction from a t-channe] factorization
model [16] is shown as 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 ¢ggg model predicts that the two cryp-
toexotic isotensors C'(36,2%) and C(9,2%) contribute to the cross section for
the reaction vy — ww. These states contribute also to the vy — 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 4y — ww measured cross section with the the-
oretical expectations. The shaded area represents the t-channel factorization
model expectations, the solid line and dotted lines the ¢gqg calculation for
m=1.65 GeV/c? a=0.5 and m=1.8 GeV/c?, a=0 and the dashed line the one

pion contribution (OPE).

of these states and the free parameter a of the model (m=1.65 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/c? was used by the authors in
their early calculations. In the later one a mass of 1.4 GeV/c? was used to fit
the p®p° cross section data, but this value is totally out of question in the case
of the ww cross section. However, using mass of 1.8 GeV/c? 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 44 — ww 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 ¥y — pp measured cross sections. The reaction
vy — p°p° is presented as squares and is the measurement by PLUTO [11] and

the reaction vy — ptp~ as full dots.

cross section and is also shown in figure 5.1 as dashed line. Still, it fails to
describe the data. Unfortunately, with the existing statistics it 1s 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 vy — p*p~ is about a factor
4 lower than the cross section for the reaction vy — p°p° as it can be seen in
figure 5.2. In figure 5.3 a comparison of the yy — p*p~ cross section assuming
isotropic production of the p*p~ system to the theoretical calculations 1s given.
The expectation of the t-channel factorization model is shown in figure 5.3 as

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 4y — p*p~ assuming
isotropic production of the p*p~ system (3-parameter fit, full dots) with the
upper limits given by JADE [13] (squares), the QCD calculation by Brodsky et
al. [48] and the t-channel factorization model predictions (shaded area) [16].

approach, the p*p~ cross section was calculated by Brodsky et al. [48] (shown
as full hne 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¥ = 0% amplitude is about a factor 4 lower in the p*p~ than that of
the p°° and for the J¥ = 2% J, = 2 about a factor 2.

In the framework of the four quark model by Achasov et ol [20] p*p~ pro-
duction proceeds through destructive interference of the exotic isoscalar reso-
nance, £(36,2%), and the two cryptoexotic isotensors, C(36,2%) and C(9, 2).
These states are expected to have mass 1.4 GeV/c?. The parameter a from equa-

tion 1.29 was set to ¢=0.5 from fit to the p%?° cross section. In addition the
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authors [20] expect contribution from the f(1270) while contribution from the
JP = 0% ¢gqq states is negligible. The model presented by Li and Liu has
in addition to the JP = 2% states listed above, sizeable contribution from the
JF =0t C(36%,0%), E(36%,0%) and C(9", 0%) states. The masses in this model
were set to 1.7 and 1.45 GeV/c? for the 2* and 0 states respectively by fitting
again the p%° cross section. The comparison of the data to the ¢Gqg models
is shown in figure 5.5. It is clear that the model expectations fail in describing
the data.

5.3 Conclusions

In conclusion, the reactions 4y — 27277 27°% and vy — 7+ %~ 7%%° were stud-
ied. The reactions vy — ww and v — p*p~ were observed for the first time
and their cross section was measured. The 44 — ww cross section shows an
enhancement around W.., ~ 1.9 GeV/c®. The vy — p*p~ cross section does
not show threshold enhancement similar to the one for vy — p°°. It was also
found that it is dominated by two amplitudes, J¥ = 0t and JF = 2+ helicity
J. = 2. The existing models fail to describe the measured cross sections. Simi-
lar problems were also found in the other ARGUS measurements on the vector

pair meson production in two photon interactions.
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Figure 5.4: Comparison of the measured cross section for vy — p*p~ (full dots)
for JP = 2% J, = 2 and JP = 0* with the measurement by TASSO [8,(1982)]

(squares) for yy — p%o°.
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Figure 5.5: Comparison of the measured cross section for vy — ptp~ for
JP = 2% J, = 2 and JP = 0% with the ¢g¢7 model predictions. Full line
by Achasov et al. [20] and dashed line by Li and Liu [21].



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,A >). Following Yang’s arguments [7] we consider
transformations under R4, Rx and P, where the symbols stand for rotation
around the z-axis by an angle ¢, rotation around the z-axis by 180° and the

parity transformation respectively. Therefore

Ry|k,A> = ek 2>
| =k, A > (A1)
| =k, =2 >

Ry |k, A >
PlkA>

A two photon state in the rest system of a resonance is given by
] k, A\ >| k, o>

where the A, can take the values £1 for real photons. If we choose as basis for

the four possible states

P =7_{|L v > =k >+ | k- > =k, - >} (A.2)
g =7{|L v+ > =k i+ > =k = > =k, - >} (A.3)
Ys =| k -> (A.4)
(' =| k1—' >I —ks+ > (A5)
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These states are eigenstates under Ry and P, and ¢, and 1, are also eigen-
states under Ry. The assignment for the total helicity is A = Ay = A = O or
2.

Y1 Y2 Ps  Ya
Ry, 1 1 e ¢
Ry 1 1 -

P 1 -1 1 1
A0 0 2 2

Table A.1: The eigenvalues of two photon states under the transformations Ry,
Rx and P.

The eigenvalues of the above states under the transformations A.1 are given
in table A.1.

From the A values and the behaviour under Ry, the resonance is allowed to
have J > 0 for vy and ¥, and J > 2 for 3 and 3,4. For J = 1, v;,%, are even
under R, whereas the wave function 17 of a spin 1 resonance is odd under the
same transformation. Therefore J =1 is not allowed for any two photon state.

Note that the helicity A=2 occurs only for even parity transformations and is

therefore allowed only for JF¢ = 2++,



Appendix B

The p-meson Decay Matrix
Element

The p-meson has J¥ = 1~ and decays into two 7-mesons. The two 7-mesons
contribute a factor +1 to the total parity of the system. Therefore the spatial
properties of the p-meson decay matrix element must correspond to J* = 1-
(i.e. it must be proportional to a vector). Since the p-meson is at rest, there is
only one independent vector available. In the case of p* — 7%#0, it is convenient
to choose the momentum p; of the charged pion. Then the matrix element for

the p can be written as :

M(p) = constant - p, (B.1)

The different spin states of the p are projected out by the p polarization

vector. Using the helicity basis, the polarization vector can be constructed

from the basis vectors

1 1 0
Ey = | 1 €. = | —i o= 0 (B.2)
0 0 1

In polar coordinates the p, can be written as:
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$inbrcosdn
) (B.3)

Drx =|pr | - | sinbrsing,
cosb,

Then the matrix elements for the decay of a p-meson with spin components

s; =0,%11is

My(p) ~ Pr - €4 =| Pr | -sin by (cos ¢r + isin ¢y)
M_(p) ~ Pr - €- =| Pr | *sin B, (cOs ¢r — isin py) (B.4)
Mo(p) ~ Pr + € =| pr | - (cos br)

which can be rewritten in terms of spherical harmonics as:

My (p) ~| x| X7 (6-¢x)
M_(p) ~| B | Yi7" (62¢4) (B.5)
Mo(p) ~| r | Y7 (62¢x)

e ——

ey




Appendix C

Trigger Simulation - User
Routines

In the following the subroutines that allow the user to supply his instructions to
the trigger simulation program are briefly described for the sake of completeness,
and for use by members of the collaboration. All these subroutines can be found
on the DESY IBM in a library under the name 'F15YOR.TRIGGER.USER'.
The user can supply his requirements to the trigger simulation program through

the subroutines UASIGN, UCUTRN, UCUTTR, UENG.

UASIGN allows the user to normalize and mix different Monte Carlo data sets

and in this way to simulate different periods (eg. runs with or without

VDC)

UCUTRN allows the user to make the data quality cuts he used in the analysis
of the real data. This is essential for the trigger program in order to

calculate the luminosity of each trigger period.

UCUTTR can be used to make cuts on the trigger logic. For example it can
ask the program to simulate only the trigger periods with a minimum

LTF threshold excluding the HESH trigger.
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UENG the user can make energy dependent corrections. For example in two
photon interactions a correction is applied for the energy dependence of

the two photon luminosity.
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Appendix E

The Author’s Personal
Contribution to the ARGUS

Experiment

I have been an active member of the ARGUS experiment since the fall 1986. I
spent two years in Hamburg. During my stay in Hamburg I, like all collaboration
members, worked shifts while data was being taken in the experiment. Running
shifts requires those present to monitor and record all aspects of the detector
performance and to correct problems as they occur.

In addition, I had the responsibility for two-photon Monte Carlo program
which was used for the two photon results and for the 7-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 7-lepton studies, where accurate
knowledge of the trigger efficiencies is needed. I was also responsible for the
selection of two prong events from the original ARGUS data sets.

The experiment is sited at DESY and all the analysis is done with the IBM.
However, many of the collaborating institutions have VAX computers and the
software has to be converted from IBM format to VAX format. I developed 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
experience.

My contributions to the physics analysis are the first observations of the
reactions vy — ww and vy — p*tp~ which are described in this thesis. In
addition, I was actively involved in all the vector meson pair production in two

photon interactions analyses published by ARGUS.
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