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Abstract

This thesis reports on a study of elastic and proton-dissociative production of p°, ¢, and J/v vector
mesons (ep—eVp,ep—eV N) at the positron-proton collider HERA. The data used for this analysis
were collected by the ZEUS experiment during 1995 and correspond to an integrated luminosity of
1.98 pb~!. The data cover the kinematic range 85 < W < 105 GeV and Q2 < 0.01 GeV? where
W and —Q? are the virtual photon-proton center of mass energy and the squared four-momentum
transferred by the photon. The low values of Q2 covered made it possible to precisely reconstruct the
four-momentum transfer squared at the photon-vector meson vertex (t) and to extract from the data
the cross sections for real photoproduction of vector mesons (yp—Vp,yp—V N) up to —t = 3 GeV2. In
the case of p¥ (p°—7+77) production, the #*7~ invariant mass distribution has been investigated as
a function of ¢. The spectra show deviations from a simple relativistic Breit-Wigner shape as expected
in models in which the asymmetry of the #*7~ invariant mass shape is ascribed to the interference
of resonant and non-resonant 77~ production. The asymmetry of the p° mass shape decreases with
increasing —t. The spin density matrix elements obtained from the decay angular distribution of p°, ¢
and J/% mesons are generally consistent with expectations based on s-channel helicity conservation,
except for the highest —¢ range accessible in this analysis where r?4, was found to be different from
zero for all mesons. However present accuracy does not allow to conclude about SCHC violation. The
differential cross sections do/dt for elastic and proton-dissociative p°, ¢ and J/4 production have been
measured and compared to predictions of QCD models. The proton-dissociative cross sections at —t >
1 GeV? could be successfully described by QCD models. However for p° and ¢ meson photoproduction
the non-perturbative mechanisms still dominate in the considered kinematical range. The ratio of
elastic to proton-dissociative cross sections decreases with increasing —¢ for all three vector mesons in
a similar way thus confirming the Regge factorization hypothesis. The ratios of ¢ to p® and J/% to p°
photoproduction cross sections were studied as a function of ¢ for both elastic and proton-dissociative
processes. The ratios are lower than the expected ones assuming flavour independent interactions.
The Pomeron trajectory has been determined from the study of the W dependence of do/dt at fixed
t for p° and ¢ mesons in the range 0.0 < —t < 0.9 GeV? and 0.0 < —t < 1.4 GeV? respectively. From
elastic p° photoproduction the result is o, (¢) = (1.08£0.02) 4 (0.11+ 0.04)t and from that of ¢ data
ap(t) =(1.08£0.01)+ (0.15 £ 0.04)t.
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Chapter 1

Introduction

Vector mesons (V') can be diffractively photo-produced via two processes. In one of them the target
proton remains intact and the reaction is called exclusive or elastic,

p— Vp, (1.1)

and in the other process the proton dissociates into higher mass nucleonic states (V') and the reaction
is called proton-dissociative,
Fp — VN. (1.2)

Measurements of the exclusive vector meson photoproduction have been very helpful in understand-
ing of high energy interactions. This process has been found to reveal the general characteristics of
a diffractive process: a weak energy dependence of the cross section, an exponential fall-off of the
forward cross section do/dt and s-channel helicity conservation (SCHC).

Vector Meson Dominance Model and Regge theory connect vector meson production in photon-
hadron collisions to inclusive yp scattering and to hadron-hadron processes. These phenomenological
models, often referred to as ’soft models’, have been able to describe an extensive list of results obtained
in hadron-hadron collisions as well as the results of photon-hadron fixed target experiments at center
of mass energies W up to W = 20 GeV.

The first electron-proton collider HERA with a center-of-mass energy of 300 GeV has allowed
the study of electroproduction of vector mesons in a kinematic region previously unexplored and
unreachable in fixed target experiments. The HERA lepton beam can be considered as a source of
interacting virtual photons. The advent of HERA has therefore allowed the study of photon-proton
interactioms in a new kinematic regime.

Vector meson production is one of the few processes calculable in perturbative QCD (pQCD). It
allows investigation of the gluon content in the proton and the nature of the Pomeron and photon.
One of the most important profits from the study of V' production is the insight into the transition
between the soft and hard regimes of QCD.

The photoproduction of light vector mesons at HERA has been studied in detail and found to
exhibit characteristics of soft processes.

The studies of the energy behavior of diffractive vector mesons production at HERA show that
whenever a hard scale is present, the cross section rises faster than expected from soft processes. The
hard scale can be either the photon virtuality @2, as in the exclusive electroproduction of vector mesons
at high @2, v*p — Vp or the mass of the heavy flavour quark, as in the exclusive photoproduction of
the J/1 meson, yp — J/vp.

It was suggested [1, 2] that in processes of diffractive vector meson photoproduction, the four-
momentum transfer squared ¢ between the photon and the vector meson may also serve as a hard
scale. In this thesis this hypothesis is tested by measuring these diffractive processes as function of ¢
and confronting the data with pQCD based models which should hold in the presence of a hard scale.
In addition, the lower —t data is used to compare with models expected to hold for soft processes. This
will provide a study of the transition between the soft, non-perturbative, and the hard, perturbative,
regimes of QCD.

ZEUS is the multipurpose detector for physics at HERA, taking data since 1992. Its region of
coverage in t has been extended in 1995 by the installation of a small angle electromagnetic calorimeter
located at Z = —44 m in the direction of the outgoing positron. The detection of the scattered
positrons in this device ensures that the virtuality of the exchanged photon is Q? < 0.01 GeV?,
and allows —t to be measured up to high values. In this kinematical regime the virtual photon
behaves essentially like a real photon, and photon-proton interactions can be studied indirectly through
positron-proton collisions. Therefore in the following this small positron calorimeter is called the
Photoproduction Tagger (PT). The PT can bring significant contribution to the understanding of V'
production at a region of large —t where the calculations of pQCD can be applied.

The ZEUS collaboration consists of almost 500 physicists coming from more than 50 institutes and
12 different nations. Such a large scale experiment requires joint effort from many people. During
my time as a PhD student I was a member of the ZEUS Luminosity Monitor (LUMI) group. My
contributions in the ZEUS experiment have been the following: participation in the tests of the
LUMI detectors at the DESY test beam, development of the calibration techniques used in the LUMI,
implementation of the reconstruction software for the LUMI position detectors, monitoring of the
data quality and responsibility for the calibration of the LUMI detectors, participation in the offline
luminosity calculation, participation in the development and optimization of the trigger for vector
meson photoproduction using the PT and analysis of the large —t vector meson production with the
R

This thesis reports on the study of reactions (1.1) and (1.2) by measuring the processes ep — ¢'Vp
and ep — €'V N, where V = p° ¢, J /1) up to —t = 4 GeV? using the new ZEUS component, the PT
located at Z = —44 m.

The organization of this thesis is as follows. Chapter 2 contains a short introduction to the physics
of photon-proton scattering at HERA, especially to the vector mesons photoproduction. The compo-
nents of the ZEUS detector relevant for this analysis are introduced in chapter 3. The reconstruction
of the kinematic variables as well as the online and offline event selection are presented in chapter 4.
Chapter 5 contains a description of the Monte Carlo simulation programns used in this analysis. Chap-
ter 6 summarizes the results obtained in this thesis. These results are compared with the predictions
of the pQCD and Regge based models in chapter 7. Finally conclusions are drawn in chapter 8.



Chapter 2

Diffractive vector meson production in
positron-proton collision

In the following a brief description of the essentials of various models for vector meson production in
positron-proton collision will be given. First the relevant kinematical variables for positron-proton
scattering are introduced. Then the relationship between positron-proton and photon-proton cross
sections and the hadronic character of the photon are presented. The overview of the hadron-hadron
diffractive scattering will be described next. Finally the basic theoretical expectations for diffractive
vector meson production are discussed.

2.1 Positron-proton scattering

The positron-proton interaction proceeds via the exchange of a virtual boson. The intermediate boson
can be either a photon 7* or one of the weak gauge bosons (Z,W). The contribution from weak
exchange is negligible at the low values of momentum transfer ¢ that are involved in the analysis
and thus is ignored. One-photon-exchange to the first order is assumed (see Fig. (2.1)).

e(k) 12 /gz/'/_g(k)

Y (q=k-k’)

X(P’)

p(P)

Figure 2.1: Schematic diagram of posiiron-proton scatiering via one-photon-ezchange. The positron-proton
collision can be seen as a y*p collision, with the positron beam emitting the photon. The energy-momentum
four-vectors of the particles are given in parentheses.

Assuming that k, &, P, P’ are the four-vectors of the initial positron, the final positron , the incoming
proton and the outgoing hadronic system, respectively, the kinematics of the inclusive scattering of
unpolarized positrons and protons is described by the squared positron-proton center-of-mass energy

s = (k+ P)? (2.1)

and any two of the following variables:

¢ the negative square of the exchanged photon’s four-momentum
Q*=-¢"=(k-K), (2.2)
e the center-of-mass energy of the photon-proton system

W? = (g+ P)?, (23)

e the fraction of the positron energy transferred to the hadronic final state in the rest frame of
the initial state proton

‘*Q
A~

>
v

y= (24)

2.1.1 Relationship between positron-proton and photon-proton cross sections.

The differential cross section for the positron-proton interaction at small enough @? (@% < W?) can
be written as

d2 ep—reX ) 3
~gpag = T.@) (7Y + e 77) (2.5)
where I is the photon flux
o 1+(1-9)? 2(1- e
(@) = 5oz ( Cour ) ——5;") (26)
and
2(1-y)

&=

2 2.7
L+ (1 - y) - 201 - y)°% i

2 3 . St . . B
Q2. = M2~ is the minimum possible Q?, « is fine-structure constant and M, is electron mass.

el-y
m . % ( *p— . .
The functions o, ” —X and op? X are the photon-proton cross-sections for transversely and longi-

tudinally polarized photons, satislying

3 *, X
Jim oFT R (0,Q%) = 0¥ (w),
. i X
Jim o} 5,90 =0 .

Siu*ce the virtuality of the exchanged photon is nonzero, one should extrapolate the measured value
of o X 46 Q% = 0 to obtain o™X, If Q? is unmeasured, or poorly determimed, such an
extrapolation is not possible.

It was shown [3] that if the virtuality of the exchanged photon is small @2 < Q 2. =~ 0.01 GeV?

max
4 ks - 3
one can neglect the Q* dependence of the o7, P=X and neglect o7 P=X 1In this case, one can write
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d2 oer— eX

“apdgr = Y@ ) ’ (23)

s . .
The measured positron-proton cross section o *¢X can thus be transformed into the photon-

proton cross section o™X by dividing the positron-proton cross section by the photon flux
integrated over the y and Q? range covered by the measurement.

By the same arguments also vector meson production at HERA in the reaction ep—eV X
can beexpressed in terms of the process yp—V X

d2aep—'eV X

—qyag— = Y@M H() (2:9)

2.1.2 The hadronic character of the photon

It was shown in the previous section that at very low Q7 there is a direct relation (see Eq. (2.9))
between electroproduction of vector mesons ep—eV X and real photoproduction yp—V X. The latter
reaction has been extensively studied in fixed target experiments and is usually interpreted in terms of
the hadronic character of the photon. Measurements in the early 50s and 60s of diffractive photopro-
duction of vector mesons revealed a number of similarities between photon-hadron and hadron-hadron
interactions and gave rise to the model of Vector Meson Dominance (VDM). In this model the vector
meson photoproduction is viewed as a two step process (see Fig. (2.2)): i) photon fluctuates into a
vector meson which carries the same quantum numbers as the photon, i) vector meson scatters from
the target proton.

p

Figure 2.2: Vector meson production in the Vector Dominance Model. The photon fluctuates into a vector
meson which then scatters from the proton.

2.2 Diffractive scattering

In hadron-hadron scattering the diffraction covers three types of processes which differ in the characte-
ristics of the final states: i) elastic scattering when exactly the same incident hadrons come out after the
collision, ii) single dissociation when one of the incident hadrons dissociates into a multi-particle final
state preserving quantum numbers of the initial hadron, 1) double dissociation when each incident

9

v

Figure 2.3: a) elastic scattering, b) single dissociation c) double dissociation.

hadron gives rise to a bunch of final particles with exactly the same quantum numbers of the two
initial ones.

One usually refers to a diffractive process by saying that it is dominated by the exchange of the
Pomeron (IP). From Fig. (2.3), due to the lack of additional final state particles created through
color interaction with the exchanged 1P, it is clear that IP has to carry vacuum quantum numbers.
Fxperimentally for such events one expects to see no particles in a region in the detector (rapidity
gap) between the leading particle b (or system Y') and the system X.

2.2.1 Diffraction and triple Regge formalism

The behavior of the hadron-hadron cross sections can be interpreted in terms of Regge theory [4]
in which the interaction is regarded as due to the exchanges of a family of off-shell particles (Regge
poles) such that the relevant quantum numbers are conserved. The Regge poles within a single family
form a linear trajectory in the J,m? plane, where J is the spin of the particle and m its mass. The
continuation of a trajectory to negative values of m? leads to a parameterization in terms of ¢ as
follows:

a(t) = a(0) +ao' -t (2.10)
where a(0) is the intercept and o' is the slope of the trajectory.

Fach trajectory has the quantum numbers, isospin, parity, strangeness etc. of the first recurrence
from which it takes its name. The mesonic trajectories (p, fa,4az,w,...) almost coincide and have a
common form

a(t) ~ 05+t . (2.11)

The fermionic trajectories and those interpolating strange particles have a very similar slope o’ but
lower intercept a(0)

a(t) =00+t . (2.12)

The parameters of the trajectory for the IP exchange have been determined experimentally [5] to be

10



ap(t)=1.08+025-1 . (2.13)

Generally each Regge pole is called a Reggeon. However to distinguish between pomeron and non-
pomeron exchanges in the following the name Reggeon (IR) is reserved for all Regge poles other then
the pomeron. i

In the Regge limit (—t < M? < s) the total, elastic and single dissociation cross section formulas
for the interaction of hadrons @ and b can be written as:

ol = S Bar(0)Bui(0)s2+ @1 (2.14)
k
dogt _ B2 (OB 2an(t)-2 i
di @ Zk: 16m S ) ( a ()
d*oh 2 20y () -2
T 3wl ()™ (2= (2.16)
kil

where f((t) and g(t) are vertex functions and «(t) is the Regge trajectory. The sum runs over all
the Regge trajectories for which the quantum numbers are preserved. In principle for elastic and single
dissociative processes k = IP, f and [ = IP, IR.

2.2.2 Diffraction in photoproduction

It is useful to explain what one understands by diffractive processes in photoproduction. The true
elastic process is the elastic Compton scattering yp—yp. However this is an electromagnetic process
and accounts only for a small part of the total yp cross section while in the hadron-hadron colli-
sions the elastic process takes typically ~ 20% of the total cross section. In the VDM (described in
Sec. (2.1.2)) the photon first fluctuates into the virtual vector meson which then scatters from the
proton. With this in mind the process yp—Vp can be considered as the hadronic elastic scattering
in photoproduction. Its contribution to the total yp cross section is of the same magnitude as the ela-
sticscattering in hadron-hadron collisions. With similar arguments the following processes also con-
tribute to the diffractive photoproduction reactions: yp—Xp (photon dissociation), yp—V N (proton
dissociation) and yp—X NV (double dissociation) where X # V. This is illustrated in Fig. (2.4).

Y v it L4 i Y
X X
' P P P
P P P N B oy - P P N
a) b) c) d)

Figure 2.4: a) elastic, b) proton dissociation, c) photon dissociation, c)double dissociation.
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2.3 Vector meson production

For the elastic process y*p — Vp and the proton-dissociative process y*p — VN (V — two charged
particles, g*¢~) the following additional variables are used (see Fig. (2.5)) J

7'p—Vp Tp—> VN

RS e

Figure 2.5: Overview of kinematic variables describing vector meson production.

the squared four-momentum transfer at the photon-V vertex
t=(g—v)’=(P-P')? (2.17)

where v is the vector meson four-vector,

for the proton-dissociative reaction, the mass My of the diffractively produced state 7V is relevant
M} = (P,

o the mass of the vector meson My,

the angles describing the production and decay of the vector meson.

Decay angular distribution

The spin state of the produced vector meson can be determined from the angular distribution of its
decay products. The knowledge of the vector meson spin allows to study the spin dependent properties
of the production process such as s-channel helicity conservation (SCHC, i.e. does the vector meson
retain the helicity of the photon 7). The relevant formalism has been developed in [6]

The production and decay angles are usually defined in the s-channel helicity frame as shown in
Fig. (2.6). The vector meson direction in the y*p frame is taken as the quantization axis while the
direction of one of the decay particles (by convention positively charged) in the rest frame of the vector
meson is used to calculate the polar and azimuthal angles 0} and ¢,. The polar angle 8), is defined as
the angle between the direction of the outgoing V and the direction of the positively charged decay
particle. The azimuthal angle ¢, is the angle between the decay plane and the V production plane.
The angle ® between the vector meson production plane and the positron scattering plane in the 7*p
frame is also used.

12



V production plane o

/

J

positron scattering plane

V decay plane

V rest frame

/ Yp cms /

Figure 2.6: Definition of the planes and angles used to describe the decay of the vector meson into two charged
particles (q*,q~).

The full decay angular distribution is usually expressed in terms of (cosf,dn, ®). Since in the
analysis presented here the angle ® is not measured, the decay angular distribution integrated over
this angle for an unpolarized positron beam reduces to (for a decay into two spin-0 particles)

W (cos Or, ¢) = [ (1—788) + (3738 — 1) cos? O,

—+/2Re(r03) sin 26}, cos ¢y,
—r94, sin® 6 cos 2] . (2.18)

After integrating over cos 0}, or ¢, the fo]]owing one-dimensional distributions are obtained:

W(cosby) = [1 — B8+ (3188 = 1) cos? ] (2.19)

W(dn) = 5;(1 — 194, cos2¢y) (2.20)

where 733, 708, and r%% are the relevant vector meson spin density matrix elements. The element

708 represents the probabxhty that the vector meson is produced in a helicity zero state. The element

04 is related to the interference between non-flip and helicity single flip amplitudes while » {1, is

related to the interference between helicity non-flip and double flip amplitudes. If SCHC holds then
9, and 79§ should be zero.

Eq. (2.18) holds for a decay into two spin-0 particles (for example p °— 7+7~ and ¢— K K ~). For
a decay into two spin-1/2 particles (like J/¢p—e te~and J/yp—ptpu™) it has to de replaced by

W(cos Oy, ¢n) = = [’5(1 +708) — 2(3r08 — 1) cos® 8y,

13

+v/2Re(r98) sin 26), cos ¢y,
4794 sin? 0y, cos 2] . (2:21)

After integrating over cosfj, or ¢y, the following one-dimensional distributions are obtained:

W(cosby) = [1 + 138 — (3r33 — 1) cos? 0;,] s (2.22)

W(gn) = ~(1+1”4 cos 2¢1) (2.23)

2.3.1 Regge theory expectations

Regge formulas (Eq. (2.15) and Eq. (2.16)) written for the diffractive vector meson photoproduction
have the form

40—, By i)ﬂ L () el

'n:it 2o Z Pyi\t)Fpet) (VV2)2 k(t)—2 2 (2-24)
0y vN B2 (6)Bp1 (0)gina(8) e s
dth}Q = Z S - =5 Ml},‘ (,7]:;) (ME 0=t (2.25)

As mentioned in Sec. (2.2.1) for these processes k = IP, f and | = IP,IR. In case of ¢ and J/¢
production the f trajectory exchange is forbidden since ¢ and J/tv are pure s3 or c¢ states which
couple only to the Pomeron. For p © production the f trajectory exchange is allowed. However its
contribution is expected to be negligible at large W ? smexll M2 /W?and high —t. Tor simplicity in
thefollowing the f trajectory exchange is neglected also for p° production.

For only IP exchange the cross sections are given by

dffv_zrg i Fo(d) - (W2yraw(d-2 (2:26)
%wﬁvw = Grrr(yg (%)wm M3y @2 + B@)- (MG)=O]  (220)

where
Vit o e = e (229)
Y op(t) = ﬂvu’(t)ﬁpﬂ;é?r)gﬂ'ﬂ’ﬂ’(l) ] (2.29)
Chopmlt) = ﬁ?/zp(i)/%l;zég)gn’mm(i) ’ (2.30)
R(t) = Gprr(t) _ Bmr(0)grrr(l) (2.31)

Ghopp®) — Br(0)grrr(t)

It should be noticed that GIPIPIP(t) and Glum(t) depend on the type of produced vector meson
while R(t) does not and is expected to be the same for all proton-dissociative reactions (ap—aX)
independent on the type of the initial hadron a.



Elastic cross section

Usually fy(t) is approximated by the single exponential function fy () ~ e¥ett thus the cross section
takes the form

(l 4 ’ . X
_____UWZTVP ~ 0 et 2alpin(W2)) 4 -(W)ler(©—4 et (W)t (W)ter(0)=4 (2.32)
where V(W) = b})” o+ 2a/pIn(W?). This last expression is an important prediction of the Regge
theory. The fact that ap is non-zero means that the slope of the ¢ distribution will depend on the
energy (this is called shrinkage). Integrating the last expression over ¢, the energy dependence for an
elastic process yields
(W)“" »(0)—4 )
Fap—sVn!~ W A (2.33)

Proton-dissociative cross section

v
Assuming that Glppp(t) ~ e'ose and R(t) = R =const, the proton-dissociative cross section can be
written as

ooy b tralpin(Ya))t ] 4ap(0)—4
Iyp—VN (59, pa 20 pIn( 7o~ ( w ) [(]‘lﬁ)ar(o)—l +R-(M,2V)“‘R(°)‘l] . (2.34)

atamy ¢ "Mz \ My

Similarly as in the elastic process, the fact that a’p is non-zero means that the slope of the ¢
distribution will depend on the energy and also on the My; bY (W, My) = b,‘)’pd + 2ap ln(]%’;— ;
! N

Ratio of the elastic to proton-dissociative cross sections as a function of ¢

Without any assumptions about the ¢ dependence of the Gl pp(t), R(t) and fi(t) the Regge theory
predicts that the ratio of the differential cross sections do/dt for elastic and for the proton-dissociative
reactions is independent of the type of the vector meson involved in both processes as well as does not
depend on energy.

doyp—vp ,d0yp—vN

—dt—/——dt— = F(t) - I(t, MF*®) (2.35)
where ® 2 )
AANRENE, ) — Pl ;
which ¢ Glpp(t) ~ Ppr(0)grrr(t) i
and
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2.3.2 Photoproduction in the presence of a hard scale

Models based on pQCD(7] describe the diffractive photoproduction of a vector meson on a proton as
a three step process: i) the photon fluctuates into a ¢g state long before the interaction, i) the ¢
pair scatters on the proton target, i) the scattered ¢g pair turns into a vector meson. The process is
depicted in Fig. (2.7.
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Figure 2.7: The two gluon exchange model describing hard diffractive production of vector mesons.

The photon ¢ fluctuation is described by the photon wave-function derived from QCD [7]. The
interaction of the ¢g pair with the proton is mediated in a lowest order by the exchange of two gluons
in a colour singlet state. In the leading logarithmic approximation (LLA) it can be also described by
the exchange of a gluon ladder [8, 9, 10]. The interaction to be calculable in the pQCD has to involve
hard scales. In photoproduction this formalism can be applied if the mass of the vector meson or ¢ is
large enough to serve as a hard scale. The transition of a ¢ pair into a meson is a non-perturbative
phenomenon and can be described by the meson wave-function derived from the lattice calculations
and sum rules [11].

The expected signs of approaching the perturbative regime of the diffractive meson production are:
o ‘A fast rise of the diffractive cross sections with W due to increase of the gluon density in the
proton [8].

e No variation with W of the t-dependence of the cross section, i.e. no shrinkage of the diffractive
t-slope [9].

Significant breaking of SCHC for light vector mesons production [10, 12], in particular at the
asymptotic limit of very large —t at which the mesons are produced in helicity zero state
independent of the initial photon helicity.

¢ Approximate restoration of the flavour-independent production (i.e. the U(4) symmetry) [13].
From the quark charges of the vector mesons and a flavour-independent production mechanism,
the production cross section is expected to have a relative size of 9:1:2:8 for p®:w: ¢ : J/%.
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Chapter 3

The ZEUS detector at HERA

In this chapter, first, the HERA accelerator and the ZEUS experiment are overviewed. Then the
components of the detector that are of particular relevance for this analysis are briefly described.

3.1 The HERA collider

Hall
West

Hall

HERMES East

820 GeV
protons

)/30. GeV
positrons

Hall
South

Figure 3.1: The layout of HERA with the location of the different detector halls.
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Parameter designed values 1995

proton energy (GeV) 820 820
positron energy (GeV) 30 27.5
bunches (ep + e + p) 210 174415416

proton current (mA) 160 55

~ positron current (mA) 58 30

bunch crossing time (ns) 96 96
specific luminosity (cm=2s71A~?) 3.9-10% 5.0-10%°
instantaneous luminosity (cm™2s71) 17108 4.3-10%°

integrated luminosity (pb~!/year) 35 125

Table 3.1: Design and operational(1995) values of the main HERA parameters.

The HERA (Hadron-Elektron Ring Anlage) machine is the world’s first lepton-nucleon collider located
at the DESY ( Deutsches Elektronen Synchrotron) laboratory in Hamburg, Germany. It consists of two
storage rings of a circumference of 6.3 km. The proton storage ring uses superconducting magnets to
provide the 4.68 T field necessary to store protons of energy 820 GeV. In contrast, the field required
to store 27.5 GeV positrons can be reached by conventional magnets. The beams collide at two
intersection regions at zero crossing angle to provide ep interactions for the H1 and ZEUS experiments.
The center of mass energy from the collision of these two beams is /s = 300 GeV, equivalent to a
beam of 48 TeV positrons colliding on a fixed target.

The two beams at HERA are also used by two other experiments. In HERMES for the measurement
of the proton spin structure the polarized positron beam collides with a polarized proton gas jet.
HERA-B aims at measuring CP violation in the B hadron sector by scattering beam protons on a
wire target. Fig. (3.1) shows the layout of the HERA collider and the locations of the four experiments.

The positrons and protons are bunched with bunches separated by 96 ns. Some number of bunches
are left unpaired (i.e. the corresponding bunch in the other beam is empty) for background studies.
In 1995 HERA was filled with 174 paired (colliding) bunches and 16 unpaired (pilot) proton bunches
and 15 unpaired positron bunches.

Themaximum instantaneous luminosity achieved in 1995 was 4.3 - 10%° cm™2 s~! to be compared

with the design goal of 1.7-10 2! cm™2 57! . Tab. (3.1) summarizes the design and operational
(1995) performance of HERA.

3.2 The ZEUS detector

The ZEUS detector is a multipurpose magnetic detector with nearly hermetic calorimetric coverage.
The detector is described in detail in [14]. It has been supplemented by various sub-detectors dedicated
to special physics topics. Here only those components relevant for this analysis are described in some
details.

The direction of the proton beam defines the positive z axis, the positive y axis points upwards and
the horizontal positive & axis points towards the center of the HERA ring. The highly different beam
energies of protons and positrons lead to an asymmetric event topology which has been accounted
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Overview of the ZEUS Detector
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Figure 3.2: Cross sectional view of the ZEUS detector.

for in the design of the detector as can be seen in Fig. (3.2). At the center of the detector inside the
magnet coil the inner tracking chambers arelocated (CTD,RTD,SRTD,FDET). The vertex detector
(VXD) was removed before the 1995 running period. Around the tracking devices a high resolution
uranium-scintillator calorimeter (UCAL)is built whose parts are called BCAL, FCAL and RCAL.In 1995
ZEUS has been operated with additional components: the Proton Remnant Tagger (PRT) and the
Leading Proton Spectrometer (LPS) in the forward direction and the Beam Pipe Calorimeter (BPC),
Luminosity Detectors (LUMI) and Photoproduction Tagger (PT) in the backward direction.
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The central tracking detector

The CTD is a wire chamber designed to reconstruct charged particles track over a wide range in polar
angle (15° < 6 < 164°) and full azimuthal coverage. The CTD is composed of 9 super-layers, each
consisting of 8 wire layers. Of these, 5 are axial super-layers and 4 are stereo super-layers allowing
both R — ¢ and Z coordinate measurement. This structure is shown in Fig. (3.3). The sense
wires are contained in 576 cells oriented at a 45° angle to the radial direction to produce drift lines
approximately tangential to the chamber azimuth in the strong axial magnetic field (1.43 T) provided
by the superconducting solenoid.

*0.0g

Pigure 3.3: Cross section of an octant of the CTD. Sense wires are indicated by larger dots.

The CTD has a design momentum resolution at § = 90° in a 1.7 T magnetic field of ol 0=
V(0:002p)? 4 (0.003) and a Z coordinate resolution of 1 mum.

The uranium calorimeter

The UCAL is a 3 U-scintillator sampling calorimeter, covering the angular range 2.2° < < 178.4°.
The calorimeter consists of a forward component (FCAL) positioned 222 cm from the interaction point
(IP) in the proton direction, a barrel part (BCAL) extending from 120 to 230 cm in radius and rear
pact (RCAL) opposite to FCAL.

The FCAL and RCAL contain 24 modules each. Each module is 20 cm in width. The BCAL is
built out of 32 wedge shaped modules. The modules are subdivided transversely into towers, which
consists of alternate layers of depleted uranium and plastic scintillator tiles. The towers are subdivided
longitudinally into two parts. The inner part constitutes the electromagnetic calorimeter (EMC) with
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depth of = 25X,. The outer part is called the hadronic calorimeter (HAC). The depth of the hadronic
sections are & 6, = 4) and ~ 3, respectively, for FCAL, BCAL and RCAL. Each section (EMC and
HAC) of a tower is made up of a group of cells.

back beam
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Figure 3.4: Layout of the ZEUS FCAL module. The module 1s partitioned inlo towers having two sections, an
electromagnetic section EMC and a hadronic section HAC.

The calorimeter design was chosen to give the best possible energy resolution for hadrons. The
energy measurement is complicated by the fact that hadrons can initiate nuclear reaction involving
neutrons and for various reasons fail to deposit their entire energy. As a consequence a hadron with
specific energy will produce a shower whose energy will be less than of the one initiated by an electron
of same energy, unless the invisible energy produced in nuclear reactions is compensated for. In the
ZEUS calorimeter the compensation is achieved by using depleted uranium in the absorbing material with
a precisely matched thickness of the scintillator layers. Uranium calorimeters show better response
to hadrons than other types of calorimeters. This is because when using a uranium absorber, some
fraction of the hadronic shower energy results in the productions of low energy neutroms. These
neutrons can induce fission in /. The fission reaction produces fast neutrons which can scatter
elastically so that recoil protons can be sampled. This boosts the hadron response considerably. In
this way it is possible with the ZEUS UCAL to achieve an identical energy response to electrons and
hadrons (e/h ~ 1).

The performance of the calorimeter has been measured in detail at the test beam giving the energy
resolution of o./E ~ 18%/+/E for electrons and o;,/E =~ 35%/+/E for hadrons with the energy 2
in GeV. Besides its compensating effect the uranium has proven to be an extremely valuable source
of calibration and monitoring tool by its natural radioactivity. The inter calibration between cells is
known at the 1% level by setting the photomultipliers’ gains in such a way as to equalize the uranium
signal. Despite the presence of the uranium activity the calorimeter has very low noise (typically
10 MeV for EMC cells and 20 MeV for HAC cells).
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The photoproduction tagger

The PT is a small detector located at Z = —44 m and sensitive to 22-25 GeV positrons scattered under
very small angles. A 3.5 m long part of the HERA positron beam pipe near the PT was modified
by making a 14 mm deep and 60 cm long indentation on the side facing the ring center as shown in
I'ig. (3.5).

5cm

W/Sci calorimeter

i’ (i) 44m from IP
~

Figure 3.5: Layout of the photon tagging detector.

The detector is an electromagnetic sampling calorimeter made of twelve 70 x 90 x 7 mm® tungsten
plates interleaved with 3 mm thick scintillator layers. The detector sensitive edge is about 28 mm away
from the electron beam. After the first, second and third tungsten plates, corresponding approximately
to depths of 2, 4 and 6 radiation lengths, additional scintillator strips are installed. These 8 mm wide
vertical strips are connected at the top end to plastic light guides. Signals from the strips can be used
to apply fiducial cuts and select well contained electromagnetic showers.

Test beam measurements demonstrated that for 1-5 GeV electrons hitting the calorimeter centrally
the energy resolution is 0.25/\/E(GeV) and the calorimeter linearity is better than 1%.

The proton remnant tagger

The PRT [64] consists of 7 pairs of scintillator counters surrounding the beam pipe, in the forward
region, which detect particles scattered at very small angles, predominantly associated with the rem-
naut of the proton. Two pairs of counters (PRT1) are located at Z = 5 m and five pairs (PRT2) at
Z = 24 m, tagging particles in the angular range from 6 to 26 mrad and 1.5 to 8 mrad, respectively. In
this analysis only PRT1 has been used, because at sufficiently high —t (¢ > 0.5 GeV?) some fraction
ol true elastic events, in which the scattered proton stays intact, have the outgoing proton detected in
PRT2. Bach of the four counter paddles of PRT1 are constructed as scintillator-lead sandwiches with
two slices of 26 cm x 15 cm x2.6 mm scintillator separated by 2 mm lead foils as shown in Fig. (3.6).
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Lightguide Saniillator (30cm) Lighlguide

Figure 3.6: Setup of the PRTI counters. Plot taken from [64].

The luminosity measurement

For a cross section calculation a precise measurement of the luminosity is imperative. The experimental
definition of the luminosity is !
L=R/o (3.1)

where R is the events rate for a specific process and o is the cross section of the same process. At
ZEUS the Bethe-Heitler bremsstrahlung process ep—epy is used to measure the luminosity as the
cross section for this process is very precisely known theoretically. The luminosity is determined from
the corrected rate of photons measured in the LUMI photon detector within an energy window where
the correction accounts for: photons originated from electron-gas interaction, multiple bremsstrahlung
processes which occurred at the same bunch crossing, geometrical acceptance of the detector, non-
linearity of the energy scale, and limited energy resolution. The total luminosity gated by the ZEUS
experiment in the runs used in this analysis corresponds to 1.98 pb™! with an uncertainty of 1.1%.

The LUMI consists of two detectors: an electron and a photon detector. The photon detector is
placed at Z = —104 m close to the proton beam pipe. The electron detector is placed about Z = —35 m
close to the electron beam pipe. Both detectors consist of lead-scintillator electromagnetic calorimeter
(with energy resolution of 18%+/E(GeV)) and one position detector (which consists of two layers
of horizontal and vertical scintillator fingers). The photon detector is additionally equipped with a
carbon filter (with the thickness of 2.5X¢) to absorb synchrotron radiation. However the presence of
the filter reduces the energy resolution to 24%+/E(GeV) and introduces a nonlinearity in the detector
response.

The veto counters

The Veto Wall (VW) is an 87 cm thick iron wall, sandwiched by two scintillator layers, located at
Z = 7.27 m. It helps to shield the detector against products of proton-beam gas interactions, and its
timing information is used at the trigger level as a veto.

The crucial part in the trigger is also supplied by the C5 counter located at Z = —5.3 m which is
used to reject proton-beam gas interactions occurring between the VW and this counter.

23

Chapter 4

Reconstruction and event selection

The reconstruction of the vector meson events is briefly discussed here. Then the online trigger
decision and its efficiency is presented. At the end the offline selection criteria are described.

4.1 Offline event reconstruction

The production of vector mesons decaying into the two charged particles are analyzed. This require-
ment and finite statistics limit the number of analyzed vector mesons to three p’—rta—, ¢ K+t K~
and J/yp—ete  /utp~.

ZEUS

PRT

I

positrons protons
—

I'igure 4.1: Sketch of the diffractive vector meson production signatures in the ZEUS dedector.

A sketch of the diffractive vector meson production signatures in the ZEUS detector is shown in
Fig. (4.1). It is required to see the two oppositely charged tracks in the CTD. The moxnenta of the
tracks are then used to reconstruct the invariant mass. The event is included in the analysis when
the reconstructed mass is near the mass of the vector meson under study. The UCAL and PRT1 are
used to reconstruct additional particles. 1t is required not to observe additional particles in the RCAL
and BCAL. This requirement on the one hand reduces the photon-dissociative background and on the
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other hand fulfills the experimental definition of diffraction (i.e. presence of the rapidity gap between
V and p( NV)). The proton-dissociative production is tagged by the detection of additional particles in
the forward region (FCAL or PRT1) where the final state still consists of an exclusive vector meson
and the additional energy is deposited by the proton fragmentation system. The proton-dissociative
events where no energy is deposited in the forward direction are experimentally not distinguishable
from the elastic ones on an event by event basis. This is the main contribution to the systematic error
on the cross sections measurement. The scattered positron detected in the PT ensures low virtuality
of the exchanged photon and allows a precise measurement of t.

4.1.1 Reconstruction of particles in detectors
Reconstruction of charged particles in the CTD

The package VCTRAK [15] is used to reconstruct CTD tracks and the primary event vertex. The
default reconstruction is dual (performs tracks finding twice per event). The first pass uses ouly
information from the CTD. The second pass uses information from other tracking detectors (VXD,
SRTD and RTD). In this analysis only the information from the CTD is used because this reduces
uncertainties in corrections for efficiency and acceptance.

Each track candidate begins as a track "seed” in an outer part of the CTD. A track seed is then
extrapolated inward, gathering additional hits with increasing precision as the track parameters are
updated. After all the track candidates are found the primary vertex is reconstructed. In the vertex
reconstruction only tracks which are compatible with coming from the beam line are used and a diffuse
pseudo-proton (centered at the beam spot in the XY plane with ox = oy = 0.7 cm) is added to help
constraining the vertex position. The final vertex fit not only solves for the final vertex position, but
also constrains the remaining tracks (vertexed tracks) to it while simultaneously refitting direction
and curvature of the tracks.

In this analysis the vertexed tracks (assumed to be the decay tracks of the vector meson) are used
to perform a reconstruction of the event’s kinematics.

Detection of particles in the UCAL

The reconstruction of the calorimeter quantities uses as input the readout of the two photomultipliers
connected to each cell. In this analysis the energies and the positions of the calorimeter cells contain
enough information to perform the event selection and reconstruction. Any cell (not associated to the
decay tracks observed in the CTD) with energy well above noise is a good evidence of the additional
particles being present in an event.

Those cells which exhibit noise above average or had been identified to have a faulty PMT were
removed from the analysis. For this purpose the energy distribution of all cells had been monitored
for all runs used in this analysis (16].

Detection of particles in the PRT

The particle is observed in the PRT if it hits one of the PRT counter pairs. The hit in a given pair
is defined as the coincidence of signals above noise in both counters. In order to suppress signals not
related to particles coming from the IP the timing cut was applied.
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Detection of scattered positron in the PT

The PT is sensitive to the 22-25 GeV positrons scattered under very small angles. The energy deposit
in the PT well above noise (~ 1 GeV) is required in the trigger. It is possible to reconstruct offline the
energy of scattered positrons by applying the fiducial cut which selects electromagnetic showers well
contained in the detector. However this reduces the number of observed good vector meson candidates
by 30% - 50% and increases systematic uncertainty of the tagging efliciency. In addition the energy
of the scattered positrons can be calculated from the vector meson four-momentum with much better
resolution. therefore for the purpose of this analysis no offline reconstruction of the scattered positrons
was performed.

4.1.2 Reconstruction of kinematic variables

In the present analysis only the three-momenta of the decay particles were measured. The momentum
of the scattered positron as well as the angle between the V' production plane and the positron
scattering plane were not measured. In such tagged photoproduction events @2 ranges from the
kinematic minimum Q2 =~ M2y?/(1 —y) ~ 107° GeV?, where M, is the electron mass, to the
maximuw value at which the scattered positron is observed in the PT, Q2. ~ 4E. Ey sin?(0naz/2) =
0.01 GeV?, where 0,4, is the maximum scattering angle and E, and E, are the energies of the
incoming and the scattered positron, respectively. Since the typical Q? is very small (the median
(Q? is approximately 10=7 GeV?), it can be neglected in the reconstruction of the other kinematical

variables. The photon-proton center-of-mass energy can be approximated by
W? ~ 2E,(Ev — pv,z) (4.1)

where 17, and Ey are the energies of the incoming proton and of the produced meson V in the
laboratory frame; the meson longitudinal momentum is denoted by pv,z.
The four-momentum transfer squared is given by

t = to— 4ppy sin’(0"/2) (4.2)

where p?, pj, and 6* are the photon and meson momenta and the angle between them in the photon-
proton center-of-mass system and

to = (MK — My — Q% — My)* [4W? — (9}, - py)? (4.3)

is the maximum #(¢* = 0) value. For Q* < —t,p} ¢, My, My < W?, t and 1y are given by
t=to — plg & —My(MF — MJ)/W? - p}p (4.4)
where py 7 is the meson transverse momentum. Since the maximum —{y value in the kinematic range
covered by this analysis is small (=g < 71072 GeV? for V = p% ¢ and —1p < 6 - 102 GeV? for

V' = J/4) compared to the —¢ value, it can be neglected. The ¢ is then given by

tm —phg. (4.5)
The derivations of the Eq. (4.2, 4.3 and 4.4) can be found in appendix A.
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The energy Ev and momenta py z,pyr are calculated from the measured three-momenta of the
tracks observed in the CTD assuming that the tracks are pions, kaons or electrons for p, ¢ and J/v,
respectively.

The approximation Q% = 0 is used to reconstruct the decay angles in the helicity frame. In addition
no transverse momentum for the incoming positrons and protons is assumed.

4.2 'Trigger

The positron and proton bunches collide at HERA every 96 ns. The ZEUS detector is required
to detect the products of positron-proton collisions resulting from any of the 107 bunch crosses that
occur per second. Most of the signals observed by ZEUS are background produced by interactions with
residual gas in the beam pipe or cosmic rays which have much higher rates than that of positron-
proton interactions. To cope with such rate of background events and to select efficiently physics
events, there is a three level trigger system providing a final output rate of a few Hz. The first level
trigger (FLT) is a hardware based trigger while the second (SLT) and the third (TLT) level trigger are
software based. At the FLT the trigger decision is taken based on the global properties of an event,
like energy sums, timing information or signals in the veto counters. The main task of the SLT is to
identify and reject background events while the TLT runs part of the offline reconstruction code and
allows sophisticated and reliable filtering of interesting events. Events which are accepted by the TLT
are written to tape and can be used for offline analysis.

4.2.1 Trigger for vector meson events

The PT was installed at the beginning of the 1995 running period. The trigger for PT tagged vector
mesons was optimized simultaneously with data taking so that only part of the 1995 luminosity is
useful for physics analysis. The final trigger configuration was used for ZEUS runs since run 13348.
The trigger demands the following requirements:

o At the FLT the candidates were identified by an energy deposit of more than ~ 1 GeV in
the PT (PTrrT), at least one track candidate in the CTD (CTDprr), no vetoes from the
ZEUS veto counters VW and C5, and less than 1250 MeV energy deposit in the innermost
FCAL towers ring close to the beam pipe (FCAL_BPppr) (to remove proton beam gas inter-
actions). An upper limit of 1 GeV on the energy deposited in the LUMI photon and electron
(LUMI.VETO) calorimeters was also imposed. This requirement suppressed random overlays
with bremsstrahlung events.

The SLT included a restriction on the number of tracks and track segments in the CTD and
a requirement on the vertex position if the vertex had been found (CTD sp7). Further cuts
allowed rejection of beam gas events and cosmic or halo muons.

At the TLT the selected events had exactly one vertex within £60 cm of the IP with two tracks
pointed to it and no tracks not associated to the vertex (CT Drpr)
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4.2.2 Trigger efficiency

Any trigger inefficiencies which are not properly modeled in the MC simulation will result in wrong
conclusions for physics analysis. Thus a correct simulation of the trigger is necessary. While the SLT
and TLT can be verified using pass through events (i.e. the event is taken independently of any trigger
decision) or control trigger events (i.e. some fraction of events with looser cuts than the nominal
trigger are taken), this is difficult in the case of the FLT. Thus the main concern is to ensure the
correct simulation of the FLT in the MC. The efficiencies of all sub-triggers were evaluated by an
event sample obtained by requiring independent triggers.

Efficiency of the PTppr
The PT issues a trigger for events with energy deposit above approximately 1 GeV. The low threshold
ensures that the tagging efficiency is determined mainly by the geometrical acceptance.

The PT acceptance for high energy positrons scattered under very small angles was studied with
Bethe-Heitler events, ep — e'yp as depicted in Fig. (4.2). Triggering on the events with a photon

Photon
Detector

y
‘e\"\ | »-
Photoproduction
Tagger

IP

Figure 4.2: Sketch of the small angle positron and photon tagging system

measured in the LUMI photon detector the PT acceptance Ap was studied as a function of the
measured photon energy in the LUMI Fig. (4.3a) shows the distribution of the measured photon
energy in the LUMI photon detector(non-shded histogram) and the subsample of events with the positron
measured in the PT (shaded histogram). The acceptance Ap is the ratio of these two distributions
after correction for the multiple events (in which the photon and positron originated from different in-
teractions) and after subtraction of the positron-gas contribution.

Thus the Monte Carlo program using the HERA beam transport matrices to simulate the scattered
positron trajectory was tuned so as to achieve the best agreement with the data.

The PTppr efficiency for photoproduction events was then evaluated using events generated ac-
cording to the equivalent photon approximation for positron scattering angles up to 3 mrad (for larger
angles the acceptance is negligible) and were tracked through the HERA beam line. The fraction
Ay of the positrons which passed the trigger was calculated as a function of the collision energy W
(shown in Fig. (4.3b)). For the kinematical range used in this analysis the average PT acceptance was
70% + 11%.

28



nlnlnllllemLRLML

5 10 15 20 25 30

Ey /GeV

0.9 b)

0.1 3
0 W i N SRS NN TN ERREE ERR T ER NS RRNEE Nish

75 80 85 90 95 100 105 110 115 120

W/ GeV

Figure 4.3: (a) The acceptance (crosses) of the PT as a function of the measured photon energy in LUMI for
bremsstrahlung data. The histograms are explained intext. (b) The acceptance of the PT as a function of the
collision emergy W for photoproduction events. The shaded region represenis the systematic uncertainty of
the PT acceptance.

The procedure used to determine A, and its systematic uncertainty is described in more details
in [18].

In the analysis to account for the PT acceptance and efficiency the reconstructed Monte Carlo
events were weighted with the function A,(W).

Efficiency of the FCAL_BPprr veto

To study the efficiency of the FCAL_BPprr veto an independent trigger (BPC F2) without
FCAL_BPppr was used.

The FC'AL_BPppr veto is set when there is more than 1250 MeV energy deposited in any of the
eight FCAL towers surrounding the beam pipe. Since the energy thresholds of FLT triggers are not a
step function, a cut on offline energy at 1200 MeV was introduced to obtain a good agreement
between data and MC.

The efficiency of the FC AL _BPrry as well as the FCAL tagging efficiency is sensitive to the position
of the collimator C4 situated in front of the FCAL to reduce the radiation in the inner tracking
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detectors and in the calorimeter. Further complication is that the position of this collimator is not
precisely known and has been changing during running period. In the standard ZEUS MC simulation
the collimator is opened. Therefore another MC sample with the closed collimator was generated to
check the sensitivity of the results to the collimator position. Since the agreement between data and
MC is better in the case of the open collimator, the final MC sample consisted of 67% of MC events
with an open collimator and 33% of MC events with the collimator closed. The uncertainty on the
collimator position was accounted for by increasing the contribution of MC events with the collimator
closed to 67% and by decreasing it to 0% . Fig. (4.4) shows the FC AL_BPppr veto inefficiency as a
function of M7 for both MC samples and its nominal mixture.

inefficiency

4 20 40 60 80 100 120

M2 (GeV®)

Figure 4.4: The inefficiency of the FCAL_BPrrr veto as a funclion of M7 . The histogram corresponds to the
mizture of 67% of MC events with an open collimator ( squares) and 83% of MC events with a closed collimator
(empty circles)

CTD trigger efliciency

The CTD trigger efficiencies were checked using the BPC F2 sample, which did not require any
tracking information in the trigger. Since the CTD trigger efficiency depends on the topology of the
two track events, all of the offline selection cuts described in the next section were applied to select p°
events for BPC F2 data and MC sample. The trigger efficiency for data and MC was compared for
each trigger level. Also control triggers with relaxed SLT and TLT CTD cuts was used to check CTD
trigger efficiencies.

The CT Dy trigger efficiency was found to be 94 + 1.5% for data and 88 +0.5% for Monte Carlo.
The difference between data and Monte Carlo (6+1.6%) does not depend on pseudorapidity®(n) of the

1y = —lutan g where 0 is the polar angle of the track relative to the z-axis
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tracks. The CT Dgyr trigger efficiency was 99% for both data and MC. The CT Dypr trigger efficiency
were found to be strongly dependent on almost all relevant variables for MC samples contrary to the
results from BPC F2 and control trigger data. Therefore no TLT CTD cuts were finally required in
the MC simulation.

The overall CTD trigger efficiencies (FLT, SLT and TLT in case of data and only FLT and SLT
for Monte Carlo) were compared. Within the statistical error the differences between data and Monte
Carlo (3.5+2.0%) do not depend on any relevant variable, except for M,,. For low and for high M,
events no difference between data and Monte Carlo is observed but the statistical error for data is
4%. The topology of the two track events (7 distributions) for low M, and for ¢ are similar, as well
as for high M, and for J/+ events. Therefore the cross sections for p° were scaled down by 3.5% and
no corrections were implemented for ¢ and J/1 cross sections. The statistical errors 2% for p° and
4% for ¢ and J/1) events are included in the systematic error of all cross sections measurements.

Veto counters

The signals in the veto counters are used to reject background events. If the background rate is high
the accidental coincidences reduce also the rate of the interesting events. The random trigger and
BPC F2 sample were used to estimate the size of this effect. The same runs as used in the vector
meson analysis were selected and additionally the random trigger events were reweighted according to
the integrated luminosity collected in each run.

It was found that the LUMI V_.ETO requirement rejects 10%+1% of good events. To account for
this all cross sections were increased by 10% + 1% where the error includes the statistical uncertainty
as well as the difference between results obtained using BPC F2 and random trigger samples.

4.3 Selection of vector meson candidates

The following conditions were required for selection of the vector meson candidates using the final
output from the ZEUS offline reconstruction software:

o Generic cut

1. Only runs above 13348, excluding special runs taken with shifted Z coordinate of the 1P,
were used. Performance of the detector components was monitored during data taking and
runs with severe problems were discarded. Energy deposit in any of the F'C'AL_BP towers
was required to be less than 1200 MeV.

o The tracking requirements.

2. Two opposite-charge tracks from a common vertex were required.

3. Track quality cuts were applied to restrict the measurement to a region were the detector
performance and trigger efliciency are well understood. The pseudorapidity of each track
was required to be |p| < 2.2 and the minimum transverse momentum of each track p ¢ >

150 MeV.
4. The vertex was constrained to be around the nominal IP ,,/V} RS V,Z < 0.7 cm and |Vz| <
40 cm.

o The selection of the diffractive events.

31

step events
1 183302
2 144490(79%)
3 108553(59%)
4 98671(54%)
5 58483(32%)
6 25446(14%)
7 | p°(22823), $(366) and J/(120)

Table 4.1: The impact of the culs applied to select vector meson events on the iriggered data.

5. An efficient cut against background, when other particles (from the photon vertex) than
the two tracks are observed in UCAL, is a cut on the maximum energy Lo, of calorimeter
cells that are not associated with the two tracks. This is achieved by applying a matching
routine (TRKCLU [17]) associating the tracks in the CTD with the energy deposits in the
UCAL. Each calorimeter cell inside a circle of radius Ry, around the track is assigned to
the tracks. It is required that F,,, is below an energy which is given by the naximal noise
in the calorimeter. The noise in the calorimeter was studied by using random triggered
events. From this study the cut values for Epqe were determined (Epmar < 200(250) MeV
in the RCAL(BCAL)) by requiring that only 0.1% of all random trigger events have the
maximal noise greater than ... The size of the circle R, was fixed by studying the
p° MC events. The R,q.r was chosen at the lowest possible value at which the efficiency
of keeping good p° events starts to flatten. A different size was used in EMC and HAC
(Rmaz = 30(50) cm in the EMC(HAC)) section taking into account the different radial size
of the shower at different depth in the UCAL.

¢ The kinematic cuts.

6. The W cuts were applied to restrict the measurement to a region where the PT acceptance
is well understood, namely 85 < W < 105 GeV.

7. The final identification of the vector meson candidates was performed using cuts on the
invariant mass of the tracks in the CTD, assuming that observed particles are either pions
(M) kaons (M ) or electrons (M) .

p° 0.55 < My < 1.20 GeV and Mgg > 1.075 GeV
$ 0.99 < Mgg < 1.06 GeV
J/% 2.98 < Mee < 3.13 GeV

The cuts on the M,, were used to suppress the countribution from other vector mesons
(w—rT7~ 7% and p'(1500)—7x7~). The cuts on Mgg and M, were chosen at the level
of -£3 typical mass resolution around the nominal reconstructed masses of ¢ and J/1 to
reduce the non-resonant background.

The number of events after each of the above selection steps are listed in Tab. (4.1) together
with a fractional number of events, normalized to the number of events after the first step.
The effectiveness of the cuts is displayed in Fig. (4.5a) where the invariant two pion mass
spectrum is shown after subsequent application of the cuts. In Fig. (4.5a) contributions from
¢yw, p¥, p'(1500 — 1700) and J/1 mesons are clearly visible. Fig. (4.5b,c,d) show the mass spectra of
the selected events (before applying the invariant mass cut) with a clear p 9, ¢ and J /1 signal.

Fig.( 4.6) shows the comparison of the measured pseudorapidity (n*) and transverse momentum
(pF) of the positive tracks, W, helicily angles and V pseudorapidity (nvas) distributions in the data
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Figure 4.5z The invariant two-pion mass spectra (a) after subsequent application of the cuts 1-6. Contributions
from ¢,w, p°, p'(1500 — 1700) and J/1p mesons are clearly visible. Mass spectra Myy (b), Myg (c) and M., (d)
after all selection cuts (except for the mass cut). The shaded regions indicate the culs on the invariant mass of
the two tracks used to select p°, ¢ and J /4 candidates.

with MC for p° ,¢ and J/v candidates. The selection cuts on the plotted variables were not applied
and are indicated as a solid lines. The MC events were reweighted as described in the following chapter.

Figure 4.6: The comparison of the measured y'*, p¥, W, helicity angle and ny distributions in the data with
MC for p ,¢ and J/1 candidates. Points represent the data. The histograms correspond to the sum of elastic
and proton-dissociative MC events. The solid lines correspond lo the selection cuts.
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Chapter 5

Monte Carlo simulation

In this chapter the Monte Carlo (MC) simulation programs used to study efficiency of the selection of
the vector meson candidates are described.

5.1 Monte Carlo generators

The MC event and detector simulation is used to correct for acceptance and smearing effects due to
the final resolution of the measurement. The package GEANT [19)] is used for the detector simulation.
DIPSI [20] generator was used to simulate elastic yp—Vp vector meson photoproduction. EPSOFT
[21] and DIFFVM [22] generators were used to simulate vector meson photoproduction with proton
dissociation yp—V N. The MOZART package [23] was used to track the particles through the whole
detector taking account of physics processes such as particle decay, energy loss and multiple scattering.

The mass distribution of the vector mesons were generated according to the Breit-Wigner function.
The distributions of the V' decay angles were generated according to the SCHC. The ¢ values were
simulated assuming an exponential dependence.

The mass spectrum of the nucleonic system resulting from the dissociation of the proton was cal-

lated as
il do it

o~
dMy  M%
where = 2.0. DIFFVM simulates additionally the resonance enhancement for a light dissociative

system (My < 1.9 GeV) according to the results of the proton dissociation on deuteronium. However
it is expected that such enhancement should disappear at sufficiently large —t.

(5.1)

In EPSOFT the multiplicity distribution for charged and neutral hadrons from the decay of the
nucleonic system N comes from a fit to the ZEUS photoproduction data and to hadron-hadron results.
In DIFFVM the proton fragmentation is carried out by the JETSET [24] program.

In this analysis My and multiplicity of particles were not. measured so it was not possible to tune
the simulation to the present data. Therefore both EPSOFT and DIFFVM were reweighted so as to
describe M)y distributions measured in the other experiments with proton dissociation at large —¢.
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My evolution with ¢

Both EPSOFT and DIFFVM assume that there is no My evolution with ¢ (8 in Bq. (5.1) is ¢
independent). It is in contrast to the results from proton-dissociative experiments as-well as to the
expectation from Regge theory. In the triple Regge theory at a fixed ¢ the My distribution is given
by (see Eq. (2.27))

IO (% it (34307 4 R(t) - (MmO (L)m (5:2)
M3\ ME . o My ‘ ‘

The effective power 3 depends on both ajp(t) and R(t). Very little is known about azp(t) and R(t)
at high —t. The authors of [25] assuming that R(t) is constant showed that ap(t) has a quadratic
form ap(t) = 1.08 4 0.25¢ + 0.08¢>. However other scenarios are in principle possible (limear pomeron
trajectory with R(t) rising with —¢).

For the acceptance calculation only the shape of My at a given value of ¢ is relevant. It does not
matter if it is due to the ap(t) or R(t). The power § was determined at several values of ¢ in the
range 0.15 < —t < 2.95 GeV? from the fits of the Eq. (5.1) to the ISR data taken from [26] as it is
shown in Fig. (5.1).
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Figure 5.1: The invariant cross sections sd*c/dtdM3, at fized values of t as a function of M /s. The solid
curves are the results of the fits with Eq. (5.1). Data were taken from [26]
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Fig. (5.2) shows the dependence of the power 4 on t resulting from the fits shown in Fig. (5.1).
Additionally the results of the CDF measurement [27] at ¢ = 0 and UAS8 [25] are presented. The solid
curve is the best parameterization of 8(t) used later to reweight proton-dissociative MC samples for
p° and ¢ mesons. The dashed curves represent the systematic uncertainty on (1) used to evaluate
the systematic error due to the modeling proton dissociation.
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Figure 5.2: The effective power f as a function of —t resulting from the fit of the formula do/dM} ~ l/M,’,’,
to the ISR data (empty circles). Also the result of the CDF measurement at t (0 and UAS are presented. The
curves are ezplained in the tezl.

A different parameterization of 3 was assumed in the J/¢ MC with proton dissociation. The steep
energy belavior of the elastic photoproduction cross section at HERA [31, 32] cannot be described in
the Regge picture by a Pomeron trajectory with a universal intercept of ap(0) = 1.08 but requires a
larger intercept. In addition, a direct determination of the Pomeron trajectory has shown that the slope
a’p from elastic photoproduction of J/v is much smaller than 0.25 GeV~? [40]. Therefore as one of
the system atic checks 3(t) = 2.35 was assumed (the dotted line in Fig. (5.2)). The J value of 2.35 was
obtained by putting ap(t) = 1.175+ 0.0t and R(¢) = 0 into Eq. (5.2). The nominal parameterization
used in the p® and ¢ MC (solid curve) was also used as the second systematic check. As a nominal
parameterization of f3(t) for the J/1 meson the average of the above two parameterizations was taken
(dashed-dotted curve in Fig. (5.2)).

Particle multiplicity of the proton dissociative system

The parameterization of the average ((n)) and dispersion (D) of particle multiplicity as a function of
My used in EPSOFT comes from the fit to the ZEUS photon-dissociative photoproduction data and to
the hadron-hadron results. However those fits were performed at relatively high values of dissociative
masses. It was found that the standard EPSOFT does not reproduce the multiplicity distributions
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measured in the pp—pN experiments in the low My region. For the present data FCAL energy
limitation in the trigger restricted the mass of the dissociative system My < 5 — 8 GeV therefore the
correct simulation of the low My region is essential.

Therefore the modeling of the proton dissociation in the standard EPSOFT was improved, according
to the results obtained in [41]. The multiplicity distributions for charged and neutral hadrons from
the decay of the system N at a fixed mass My are assumed to be Gaussian

P(n) ~ %exp (—- (n—;ﬁ@)j) (5.3)

where n = 1,3,... (multiplicity of charged hadrons) and n = 0,1,2,... (multiplicity of neutral

hadrous) and
(n) = (n)er = 24/(My — Mp) for charged hadrons, (5.4)

(n) = (n)nu = \/(My — Mp) for neutral hadrons, (5.5)
(n}/D =20 . (5.6)

5.2 Comparison of MC with data

The analysis of the vector meson production is complicated due to the fact that the acceptance depends
on all kinematic variables (W, My, t, ¢p,cosfy). 1t is therefore important to have an MC simulation
which is capable of reproducing the data to have confidence in the results.

To improve the agreement between data and MC in the reconstructed ¢, My and decay angular
distributions, the MC was reweighted so as to minimize the differences between the measured data
distributions and the reconstructed MC distributions.

_ The unknown parameters X are given by the minima in y? function with respect to all parameters
A. Here variable x?is defined as in [42]

g NN
xz(X)=Z——————(d‘ :;‘('\)) (5.7)

where d; is the number of data events in bin 4, m; ( A) the number of Monte Carlo events (mixture of
elastic and proton-dissociative) determined with parameters Xin the corresponding bin and g is the
error assigned to the number of events in this bin. The sum in Eq. (5.7) runs through three dimensional
(PDT |1, My) bins, where PDT =1 for events tagged as the proton-dissociative by requiring a signal
in the PRT1 (or FCAL) otherwise PDT = 0. The data and MC events with PDT = 1 are almost all
proton-dissociative while events with PDT = 0 are the mixture of elastic and proton-dissociative ones.
This procedure allows to determine all parameters related to the ¢ and My distributions separately
for elastic and proton-dissociative events as well as the relative contributions of these two processes
in the whole data sample. The minimalization was performed using the package MINUIT [43].

To improve the agreement between data and MC in the reconstructed angular distributions, the
MC was reweighted in an iterative procedure. As the first step of this procedure the acceptance
corrections were calculated using the MC generated according to the SCHC hypothesis and the spin
density matrix elements were obtained as described in Sec. (6.3.3), Sec. (6.4.3) and Sec. (6.5.3). Then
the procedure was repeated using the spin density matrix elements as measured in the first step. The
whole procedure was repeated until the parameters converged.
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5.2.1 Reweighting of the p° MC

Since the p® mass shape is skewed and since this skewing changes with ¢ the p® MC was reweighted
according to the Séding parameterization (see Eq. (6.4)), where parameter B/A depends on t. The
dependence of the parameter B/A on t was parameterized as (see Sec. (7.1))

B/A = kgebst . (5.8)

The parameters ks and bg describe the p° mass shape as a function of t. The parameter kg was fixed
to the value 0.8 GeV~? measured at low —¢ ZEUS measurement [44] and only parameter bs was a free
parameter of the fit.

The contribution of the background events with photon dissociation (term f = Af(1+ 1.5M,) in
Eq. (6.4)) also changes with ¢ (see Sec. (6.3.1)). The parameter Ay is treated as a free parameter
which depends on . The dependence of Ay on t was parameterized as

Ap = Alatl (5.9)

M, and Towere free parameters and were assumed to be independent on t. The parameters kg, bs,
M,, Ty and A%, based on the results of this analysis, were assumed to be the same for elastic and
proton-dissociative events.

The generated ¢ distribution for elastic p° events was parameterized as suggested by the results of
this analysis (see Sec. (7.1))

d;’t” exp(bl,t) at —t < 0.25 GeV? , (5.10)
.. exp(—bl, - 0.25 + bl (¢ + 0.25)) at—t > 0.25 GeV? . (5.11)

The t-slope b!, was fixed at the value 11 GeV? measured at low —t ZEUS measurement [45] while
parameter b/ was a free parameter of the fit. The ¢ distribution for proton-dissociative events was
generated according to the formula

i (5.12)
N

where f(t) is the solid curve plotted in Fig. (5.2) while b,q and cpq were free parameters of the fit.

The spin density matrix elements rd3, r{s and r{*, were measured in this analysis (see Sec. (7.1))
and taken the same for elastic and proton-dissociative events. The matrix elements 7§3 and r {j
were found to be t independent while r*%, can be approximated using a linear function

e = rouites (5.13)

The x? fit (see Eq. (5.7)) was performed to the 84(=2 x 7 x 6) (PDT:,M,,,,) bins. The ¢ and M,
bin limits are given in Tab. 5.1.

Tab. (5.2) shows the final reweighting parameters and the errors corresponding to a change by one
standard deviation. These errors are used later to determine the systematic error due to changes in
the MC simulation. The parameters 733, r{d, 7o and its uncertainties were obtained from the fit to

results of this analysis and are also shown in Tab. (5.2).

As an example of the agreement reached between data and MC after reweighting the p° MC, various
distributions ( t, W, Myr,cos@, and ¢;) of p° candidates as reconstructed in the data and in MC are
shown in Fig. (5.3). The distributions are presented in four ¢ bins. The agreement between data and
MC is satisfactory. The proton-dissociative process dominates at large —t.
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My, (GeV)

—t (GeV?)
lower limit | upper limit
0.30 0.50
0.50 0.70
0.70 0.90
0.90 1.15
1.16 1.50
1.50 2.20
2.20 4.20

Table 5.1: Myx and —t bin limils used to obtain parameters of the p® MC.

lower limit I upper limit

0.55
0.67
0.75
0.82
1.00

0.67
0.75
0.82
0.90
1.20

range corresponding to
parameter | optimal value one standard deviation
M, 766 MeV 763 MeV 769 MeV
Ty 152 MeV 146 MeV 152 MeV
A§ -0.06 GeV=3 | -0.09 GeV™3  -0.03 GeV—3
b 6.4 GeV™2 | 6.2GeV™2 6.6 GeV™2
bpa 0.72 GeV~2 | 0.69 GeV™2 0.75 GeV~2
Cud -0.28 GeV~=4 | -0.26 GeV~4 -0.30 GeV~4
bs 1.7 1.5 1.9
Toa 0.06 0.03 0.09
L2 0.06 0.04 0.08
0 0.07 0.05 0.09

Table 5.2: The final reweighting parameters of the p° MC.
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Figure 5.3: The t, W, Mrr,cos0s and ¢y, distributions of p° candidates as reconstructed in the data and in MC.
The distributions are presented in four t bins. Points represent the data. Emply histograms correspond to the
sum of elastic and proton-dissociative MC events. Shaded histograms are proton-dissociative MC events.
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5.2.2 Reweighting of the ¢ MC

The study of the ¢ mass distribution for the completeness of the results are presented together with
other results in chapter 6. Since the non-resonant background under ¢ signal cannot be neglected
it has to be accounted for in the reweighting procedure. The results presented in Sec. (6.4.1) show
that the background to the ¢ signal is well described by equation Apg (Myx — 2M5)® where A
is almost ¢ independent. In the x? fit (see Eq. (5.7)) data distributions were compared to the MC
distributions after background subtraction. The background contribution in the chosen ¢ signal region
was parameterized as a function of ¢ with a form

Chplt) = kigy -6t . (5.14)

The parameters A, ky, and by, were free in the fit and assumed to be the same for elastic and proton-
dissociative events. The t and Mg bin limits are given in Tab. (5.3). Eq. (5.14) gives the background
contribution in the ¢ signal region (first Mg bin listed in Tab. (5.3)). The Mgk bins outside ¢ signal
region were used to constrain A and Cyg(t).

-t (GeVZ) My (GeV)
lower IimitJ upper limit lower limit ] upper limit
0.4 0.6 0.99 1.06
0.6 0.8 1.06 1.09
0.8 14 1.09 1.1
1.4 4.0 112 1.156

Table 5.3: Mg and —t bin limils used to obtain parameters of the ¢ MC.

Similarly as for p% the generated ¢ distribution for elastic ¢ events was parameterized as suggested
by the results of this analysis (see Sec. (7.1))

dog

= exp(blt) at —t < 0.35 GeV?, (5.15)
“;’;’ ~ exp(~bl,-0.35 4 Bt +0.35)) at—t> 0.35 GeV? . (5.16)

The t-slope b, was fixed at the value 7.3 GeV? measured at low —¢ ZEUS measurement [46] while
parameter b% was a free parameter of the fit. The ¢ distribution for proton-dissociative events was

generated according to
d B(t)

where (1) is the solid curve plotted in Fig. (5.2) while b,; was one of the free parameters of the fit.

The spin density matrix elements 733 and 9%, were measured in this analysis (see Sec. (7.1))
and taken the same for elastic and proton-dissociative events. The matrix element r J3 was found
to be ¢ independent while r {*, can be approximated using a linear function

iy ="m-% . (5.18)
The matrix element 79 was not measured and taken from SCHC, namely r {8 =
10 10

Tab. 5.4 shows the final reweighting parameters and the errors corresponding to a change by one
standard deviation as obtained from the x? fit (see Eq. (5.7)) to the 32(=2 x 4 x 4) (PDTt, M ;) bins.
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These errors are used later to determine the systematic error due to changes in the MC simulation.
The parameters 733 and 7o and its uncertainty were obtained from the fit to results of this analysis

and are also shown in Tab. 5.4.

As an example of the agreement reached between data and MC after reweighting the ¢ MC, various
distributions ( t, W, cos @), and ¢p) of ¢ candidates as reconstructed in the data and in MC are shown
in Fig. (5.4). The distributions are presented in four ¢ bins. The agreement between data and MC is
satisfactory. The proton-dissociative process dominates at large —t.

range corresponding to
parameter | optimal value | one standard deviation
by 56 GeV=2 |[5.0GeV=2 6.2 GeV™2
bpa 13GeV™2 | 1.1GeV™2 1.5 GeV~2
kyg 0.20 0.18 0.22
by 0.27 0.19 0.35
o8 0.00 0.00 0.05
o 0.14 0.07 0.21

Table 5.4: The final reweighting parameters of the ¢ MC.
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Figure 5.4: The t, W, cos8) and ¢y distributions of ¢ candidates as reconstructed in the data and in MC. The
distributions are presented in four t bins. Points represent the data. Emply histograms correspond to the sum
of elastic and proton-dissociative MC events. Shaded histograms are proton-dissociative MC' events.
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5.2.3 Reweighting of the J/y MC

Similarly as for ¢ meson the non-resonant background under J/v signal was accounted for in the
reweighting procedure. The results presented in Sec. (6.5.1) shows that the background to the J/1
signal is well described by equation Apg - (1+ AM,,) where A is almost ¢ independent. In the x? fit

(see Eq. (5.7)) the data distributions were compared to the MC distributions after background subtra-

ction. The background contribution in the chosen J/4 signal region was assumed to be t independent
Chp(6) =Ry (5.19)

The parameters A and ky, were free in the fit and assumed to be the same for elastic and proton-
dissociative events. The ¢ and M., bins limits are given in Tab. (5.5). Eq. (5.19) gives the background
contribution in the J/v signal region (second M., bin listed in Tab. 5.5). The M., bins outside ¢
signal region were used to constrain A and Cp,.

—t (GeV?) M., (GeV)
lower limit | upper limit lower limit [ upper limit
0.1 0.5 2.40 2.98
0.5 1:2 2.98 3.13
1.2 4.0 3.13 3.50

Table 5.5: M. and —t bin limits used to obtained parameters of the J/y MC.

The generated ¢ distribution for elastic J/1 events was parametrized as suggested by the results of
this analysis (see Sec. (7.1))
EE ~ et

5.20
It (5.20)
The t-slope be; was a free parameter of the fit. The ¢ distribution for proton-dissociative events was
generated according to
dopa ( R bpat
gl [lase pd 21
dit MN) & (B

where f3(t) is the dashed-dotted curve plotted in Fig. (5.2) while b,g was free parameters of the fit.

The spin density matrix elements 3§ and r{*, were measured in this analysis (see Sec. (7.1))
and taken the same for elastic and proton-dissociative events. The matrix element r §§ was found to
be t independent while 9, can be approximated using a linear function

e (5.22)
The matrix element r{j was not measured and taken from SCHC, namely r% = 0.

The Tab. (5.6) shows the final reweighting parameters and the errors corresponding to a change by
onestandard deviation as obtained from the x 2 fit (see Eq. (5.7))to the 18(=2x3x3) (PD Tt, M.) bins.
These errors are used later to determine the systematic error due to changes in the MC simulation.
The parameters 733 and o and their uncertainties were obtained from the fit to results of this analysis
and arealso shownin Tab. (5.6).

As an example of the agreement reached between data and MC after reweighting the J /¢ MC,
various distributions ( 2, W,cos6), and ¢;) of J/9 candidates as reconstructed in the data and in MC
are shown in Fig. (5.5). The distributions are presented in two ¢ bins. The agreement between data
and MC is satisfactory.
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range corresponding to

parameter | optimal value | one standard deviation

ber 4.3 GeV™2 | 3.3GeV™2 5.3 GeV™2

bpa 0.3 GeV™2 | 0.1 GeV™2 0.5 GeV™2
kg 0.16 0.13 0.19
00 0.08 0.00 0.30
7o 0.15 0.05 0.25

Table 5.6: The final reweighting parameters of the J/¢ MC.
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Figure 5.5: The t, W, cos0y and ¢y distribulions of J/v candidates as reconsiructed in the data and in MC.
The distributions are presented in two t bins. Points represent the data. Empty histograms correspond to the
sum of elastic and proton-dissociative MC evenls. Shaded histograms are proton-dissociative MC' events.
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5.3 Resolution and acceptance

5.3.1 Resolution

Fig. (5.6) shows the resolution for the variables: t, W, cos 8, ¢y and My as a function of reconstructed
—t for p°, ¢ and J/4 mesons. Generally the resolution for all the variables improves with increasing
—t since both tracks cross more CTD super layers as —t increases. The angular resolutions deteriorate
significantly if the tracks from the V decay are not well spatially separated. This is the case for the ¢
meson where opening angles between the two kaons are relatively small. In Tab. 5.7 the typical resolu-
tions are listed. There are no systematical differences between reconstructed and generated variables
except for the low —t region for the ¢ meson (excluded from the analysis) and mass reconstruction for
the J/1 meson. The radiation of the photons from electrons in the magnetic field caused a systematic
shift (50 MeV) in the reconstructed mass of J/1 observed in the J/—e*te~decay channel.

typical resolution

variable ° ¢ Jlp

t (GeV?) | 020 0.15 0.15
V (GeV) 6 3 1

cos O 0.08 0.20 0.02

¢n (rad) | 0.08 0.12 0.05
My (MeV) | 50 10 25

Table 5.7: The typical resolutions for the variables: t, W,cos 0y, ¢n ande for p° ¢ and J /1) mesons.
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Figure 5.6: The resolution for the variables: t, W, cosfy, ¢n and My as a functwn of reconstructed —t for p°
¢ and J /v mesons.
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5.3.2 Acceptance

The acceptance in a given bin was determined as the ratio of the number of accepted Monte Carlo
events to the number of the generated events in the selected kinematic range. The acceptamce calculated
in this manner accounts for the geometric acceptance, the detector and reconstruction efliciencies,
the detector resolution and, the trigger efficiency.

Fig. (5.7) shows the overall acceptance for proton dissociative (squares) and elastic events (circles) as
a function of ¢, cos 6 5, and ¢y. Inefliciencies at low —1 as well as the strong variation of the acceptance
with ¢y for p° and ¢ mesons are due to the relatively small opening angles of the decay particles,
resulting in many very backward tracks (as can be deduced from the pseudo-rapidity distributions of
tracks in Fig. (4.6)), outside the geometrical acceptance of the CTD.

The average acceptance was of the order of 30% and 5% for elastic and proton dissociative events,
respectively. The much lower acceptance for the proton dissociative events is mainly due to the FCAL
energy limitation in the trigger. This requirement restricted the invariant mass of the dissociative
system to My < 5-8 GeV.
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Figure 5.7: The overall acceptance for proton dissociative (squares) and elastic samples (circles) as a function
of t, cos 0y and ¢y. For the angular distributions the shape of the accepiance plots are the same for elastic and
proton-dissociative events.
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Chapter 6

Results

The differential cross sections do/dw (w = t, My, cosOy, ¢,) for elastic and proton-dissociative photo-
production of the p°, ¢ and J/1) mesons, were evaluated in each bin of variable w as

...Z ) e Nata - (1 B CD) 3 Crea

Go(rr—=V) R e e (6.1)
do - Ndata " CD i Crc.,
i il g e v Ll

where Ngqto 15 the number of observed vector meson candidates in bin Aw after all selection cuts, Cp
is the contribution of the proton-dissociative events in the bin, C,.s is the resonant contribution in
the bin, Cy, is the branching ratio of the observed vector meson decay mode, A is the acceptance in
the bin, £ the integrated luminosity, ®, = [ [ T'(y, @?)dydQ? is the photon flux integrated over the y
and (% range covered by this measurement and Aw is the bin width.

The effective photon flux for @* < 0.02 GeV? and 85 < W,, < 105 GeV is &, = 0.0121. The
integrated luminosity of the data sample is 1.98 pb~'. The branching ratios Cj, are 1, 0.5 and 0.12
for p°, ¢ and J/9 respectively.

Some results of this analysis (p° mass shape analysis, helicity analysis and the ratios of cross sections
p% ¢: J/1p ) are within errors the same for elastic and proton-dissociative processes. These similarities
indicate that the data are consistent with the hypothesis of factorization of the diffractive vertices.
Assuming factorization the differential cross sections for diffractive vector meson production without
separation of elastic and proton-dissociative events were calculated according to the formula

do N data * Cr.es

S X = e 6.3

gt T A= g G 5
where X is either the proton or higher mass nucleonic state N and the acceptance is determined from
a mixture of elastic and proton-dissociative MC events.

6.1 Estimate of systematic uncertainties

The systematic checks were subdivided into those related to the selection procedure and those reflecting
the uncertainty in the model used for the Monte Carlo generator.

o Assuming the conditions requested for selection of vector meson candidates described in Sec. (4.3)
the effect of the following changes was checked:
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. The tighter (pr > 200 MeV and |n| < 2.1) and looser (pr > 100 MeV and || < 2.3) track

quality cuts were applied.

. The tighter (|Vz| < 35 cm and |/VZ + ¥y} < 0.5 cm) and looser (|Vz| < 45 cm and

\/V} “ Vyz' < 1.0 cm) vertex position cuts were employed.

. The radia Rma, were changed to 25(45) cm EMC(HAC) and to 35(55) cm EMC(HAC).
. The maximum energy Eq. Was changed to 200(150) MeV BCAL(RCAL) and to 300(250)

MeV BCAL(RCAL).

. In the p° analysis the selected signal region was changed to 0.6 < My, < 1.15 GeV and to

0.5 < Myr < 1.25 GeV.

. In the ¢ analysis the selected signal region was changed to 1.00 < Mg < 1.05 GelV and

to 0.98 < Mix < 1.07 GeV.

. In the J/1 analysis the selected signal region was changed to 3.00 < M. < 3.11 GeV and

10 2.96 < M. < 3.15 GeV.

o The effect of the following changes in the definition of the proton-dissociative tag were checked:

8.
9.

The threshold values of all PRT1 counters were increased by 100%.
The FCAL instead of PRT1 was used for tagging.

¢ In order to estimate the systematic error from the uncertainties in modeling proton dissociation,
the following checks were made:

10.
I,
12.

The parameterizations of the 3(t) were changed as explained in Fig. (5.2).
The average particle multiplicity (n) (see Eq.s (5.4) and Eq. (5.5)) were changed by +0.4.
The ratio (n)/D (see Eq. (5.6)) was changed by +0.5.

o The effect of the following changes in the parameters assumed in the p® MC was checked:

13.
14.
15.

The t-slope b}, was changed by +1.0 GeV 2.

The parameter ks was changed by 40.05.

The decay angular distributions were reweighted according to the SCHC.
Other parameters were changed within their uncertainty listed in Tab. 5.2
16. Increasing and decreasing M,.

17. Increasing and decreasing I',.

18. Increasing and decreasing the parameter Aof.

19. Increasing and decreasing the parameter bf.

20. Increasing and decreasing the parameter by4.

21. Increasing and decreasing the parameter c,q-

22. Increasing and decreasing the parameter bg.

23. Increasing and decreasing r3.

24. Increasing and decreasing rig.

25. Increasing and decreasing the parameter rp.

e The effect of the following changes in the parameters assumed in the ¢ MC was checked:

26.
27.

The t-slope b}, was changed by +1.0 GeV =2,

The decay angular distributions were reweighted according to the SCHC.

51

- Other parameters were changed within their uncertainty listed in Tab. 5.4 .
28. Increasing and decreasing the parameter bf.
29. Increasing and decreasing the parameter byg.
30. Increasing and decreasing the parameter ky,.
31. Increasing and decreasing the parameter byg.
32. Increasing and decreasing rda.
33. Increasing and decreasing the parameter 7q.

o The effect of the following changes in the parameters assumed in the J/9 MC were checked:

34. The decay angular distributions were reweighted according to the SCHC.
Other parameters were changed within their uncertainty listed in Tab. 5.6
35. Increasing and decreasing the parameter bg;.
36. Increasing and decreasing the parameter bpg.
37. Increasing and decreasing the parameter ky,.

o Other error sources in addition to the errors estimated with the checks above:

38. Uncertainty on the FCAL_BPrrr trigger efficiency accounted for by changing the relative
contribution of the MC events with open and closed collimator in front of the FCAL as
described in Sec. (4.2).

39. Uncertainty on the PTrpr trigger efficiency accounted for by using different parameteriza-
tion of the A, as described in Sec. (4.2).

40. Uncertainty on the CTD trigger efficiency.
41. Uncertainty on radiative corrections.

42. Uncertainty on the luminosity measurement.

For all the results quoted in the following the systematic uncertainty was determined through
repeating the full analysis for each systematic check. For checks: 1-4,6-15,26,27,34,38,39 the analysis
was repeated starting from the reweighting of the MC samples as described in chapter 5. For all other
checks (except for 40,41,42) the analysis was repeated by changing only one parameter and keeping
all others at the nominal value. The systematic errors due to the checks: 40, 41 and 42 were evaluated
independently without repeating the analysis.

The errors due to the checks: 10, 11 and 12 are strongly correlated between different ¢ bins. Therefore
on all the plots these errors summed in quadrature are indicated as a shaded band and are not included
in the systematic error.

The effect of checks: 39,40,41,42 has been considered to be independent of the variables under
study and contributes therefore to an overall normalization error, which is not shown on the plots.
The overall normalization error (17 %) is dominated by the uncertainty in the PT acceptance (16 %).
It has been assumed that the overall normalization error does not affect the mass shape and helicity
analysis as well as the measurements of the ratios of cross sections.

6.2 Separation of elastic and proton-dissociative processes.

The selected samples of the diffractively produced vector mesons are mixtures of elastic and proton-
dissociative events. Proton-dissociative events were tagged by requiring a signal in one of the PRT1
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counters above a threshold corresponding to the signal of a minimum ionizing particle signal. Alter-
natively, for systematic checks, energy deposits in the FCAL towers close to the beam pipe were also
used for tagging the proton-dissociative events. In fact the proton-dissociative events where no energy
is deposited in the forward direction are experimentally not distinguishable from the elastic ones on
an event-by-event basis. Therefore these two processes have been separated on a statistical basis using
MC simulation.

Since the non-diffractive background was negligible, the following relation was assumed

T T
di,dn!a . di,MC

di,dula di,MC'

where N;?;,dm and N,Z;,MC are the numbers of the tagged proton-dissociative events, whereas Npg, data
and Npgarc are the numbers of all the observed proton-dissociative events in the data and proton-
dissociative EPSOFT sample, respectively. The unknown numbers of the observed proton-dissociative
events are equal:
NT

pd,MC
Npa,mc

o
-di,data = di,daiu/

Therefore, the fraction Cp of proton-dissociative events in the data could be calculated

i v i
CD = di.duta /% N;-d,data di,MC
Ndatu Nda.ta di'MC

o

EdE
where Nyg¢q is the number of all observed diffractive events (elastic and proton-dissociative) in a TR, Ui s ] L?L
given ¢ bin in the data. In Fig. (6.1) the observed fraction of PRT1 tags (Rp) in the data and in the 0 1 2 3
proton-dissociative MC as well as the estimated fraction of proton dissociative events C'p are displayed t (Ge Vz)

separately for the p°, ¢ and J/1 samples. The same procedure was used for separation of the elastic
and proton-dissociative processes in the p® mass shape and helicity analysis.

T

T

g 5

(oA BT 1 i T 1 Lil Radeck l [ Vi -
0 1 2 b § 0 1 2 3
-t (GeV?) -t (GeV?)

Fignre 6.1: Observed fraction of PRTI tags(Rp) in data (triangles with statistical error bars) and in the
proton-dissociative MC (shaded histogram) and the estimated fraction of proton dissociative evenls in data,
Cp, in the § (upper) , ¢ (middle) and J/y (lower) samples as a function of -t. The inner error bars indicate
the statistical error, the outer bars the statistical and systematic errors added in quadrature. The shaded bands
represent the size of the correlated errors due to modeling of the proton-dissociation in the Monte Carlo
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6.3 " photoproduction

6.3.1 Mass distribution

The differential cross section do/dM, for elastic and proton-dissociative m*#~ plotoproduction
was calculated according to Eq. (6.1) and E1. (6.2). The proton-dissociative contribution, C'p was
determined as described in Sec. (6G.2) as a function of M., . The resonant and nonresonant 7+~
photoproduction was studied together therefore the Cres in Eq. (6.1) and Eq. (6.2) was set Lo unity.

The differential cross sections do/dMy, have been fitted using a parameterization inspired by the
Sading model [47] where the p-wave relativistic Breit-Wigner (BW) shape is distorted hy interference
with non-resonant 77 production

do 2
=A
dMr [

VM M,T,
M2 —MZ2iM,T,

+B/A| +f] (6.4)

with M, the p® mass and I', the momentum dependent width

3 M,
. o (8 (q%) T (6.5)

where Tg is the width of the p, ¢ is the # momentum in the ww rest frame and gy is the value
of q for Myz = M,. The M, -independent non-resonant amplitude is denoted by B, and A is the
normalization factor of the resonant amplitude. Additionally, another term f was introduced which
should reflect the background from reactions with diffractive photon dissociation. The term f was

assumed to be of the form[44]
F= A}'{l + 1.51’!{,,) - (ﬁ.ﬁ}

Alternatively the following parameterization proposed by Ross and Stadolsky [48] was used

do M. M,T M.\"
=A - -t (_.E,) 7
AM [(M,f,, My M\ My, ) T (6.7)

where I', is given by Eq. (6.5) and [ is given by Eq. (6.6).

Tab. (6.1) summarizes the results of the S6ding type fit to the elastic and proton-dissociative
My spectra in three and four ¢ ranges, respectively, The resulls of the fit with Ross-Stodolsky
parameterization are presented in Tab. (6.2). The x*/NDF for all the fits is satisfactory. The values
of M,, Tg and x* /N DF do not depend on the prescription used to parameterize the mass distribution.
The p° mass M, and width I'g are within the statistical error close to the PDG values (768.1:- 1.3
and 150.9: 3.0 MeV respectively )

Therefore to decrease the uncertainties of the fitted parameters, the final results for BJ/A, n and
Ay were obtained by repeating the fits with the p% mass and width fixed to that of PD@. Tab. (6.3)
summarizes the results of these fits. The mass distributions for elastic and proton-dissociative w7~
production are shown in Fig. (6.2 together with the results of fits according to Bq. (6.4). The con-
tribution from events with photon dissociation (term f in Eq. (6.4) and in Eq. (6.7)) in the mass
range 0.55 < M, < 1.2 GeV increases systematically from about 2 4+ 2% at low — to abonut 11 £+ 11
% at large —t. Within the statistical errors this background contribution is the same for elastic and
proton-dissociative 7+x~ praduction. Fig. (6.2) shows also the ratio B/4 and n as a function of —t.
Both quantities decrease with —1 , since the skewing decreases as the momentum transler increases.

Soding
—1(GeV?) | process | A%(ub) [ M, (MeV) [ To(MeV) | B/A(GeV™177) [ A;(Gev-)) [ X*/NDF
0.30 —0.45 | yp—pp [050£005] 773+12 | 143 L13 | 051+0.15 | 0.05L0.04 11
0.45 - 0.80 | yp—pp | 024£0.03 | 775410 | 143415 | 0.50+0.17 | 0.160.06 0.5
0.80 — 140 | yp—pp | 0.04+0.01 | 744425 | 154430 | 0.00£052 | 0.00+0.33 1.1
0.30 —0.45 | yp—pN | 0.80£0.08 | 767L 11 | 132+£15 | 040L0.14 | 0.0L+0.05 1.6
045 —0.80 | yp—pN | 0.7240.00 | 777411 | 172425 | 047+0.17 | 0.03+0.06 0.7
0.80 — L40 | yp—pN | 0424007 | 777414 | 1404£17 | 04040.19 | 0.1540.11 1.2
1.40 — 3.00 | yp—pN [ 0204 0.02 | 781426 | 184 +40 0.15 4 0.17 0.00+ 0.41 1.4

Table 6.1: Results of the fits with Siding paramelerization (see Bq. (6.4)) for elastic and proton-dissociative

wta™ photoproduction. The fits were performed in the mass range 0.55 < Myr < 1.2 GeV. Only the statistical
errors arve presenied.

Ross Stodolsky
M, (MeV) | [y(MeV) | n [ Af(Gev Y [ X*/NDF
1424+13 | 3.8+ 0.9 [ 0.04 1 0.03 14
140+19 | 414+1.2 ] 0.1540.06 0.6
152430 | 0.0£4.0 | 0.00 4 0.33 1.1
131+ 14 | 3.440.5 | 0.0040.25 1.6
174 4+25 | 344 1.1 | 0.034+0.05 0.8
140419 [ 3.1+ 1.3 0.144+0.10 1.2
196 +40 | 1.1+ 1.2 | 0.004-0.50 14

—l((%e\fi)—l process | A(pb)
0.30 =045 | yp—pp | 0524005 | 77111
0.45—0.80 | yp—pp | 0224003 | 775+10
0.80 = 1.40 | yp—pp | 0.044+0.01 | 745420
0.30 - 0.45 | yp—pN | 0.81£0.08 | 765+ 10
0.45—0.80 [ yp—pN [0.76 L0.08 | 778+ 11
0.80 - 1.40 | yp—pN [ 043 1L0.06 | 7774+ 13
140 = 3.00 | yp—pN | 0.214£0.03 | 782 26

Table 6.2: Resulls of the fils according to the Ross-Stodolsky parameterizalion (see Eq. (6.7)) for elastic and
praton-dissociative ¥ 7~ photeproduction, The fits were performed in Lhe mass range 0.556 < Myy < 1.2GeV.
Only the statistical errors are presenied.

Within the errors both B/A and n are the same for elastic and prolon-dissociative 7+x~ production.
These indicate that the data are consistent with the hypothesis of factorization.

The systemaltic uncertainty on B/A is dominated by the sensitivity of the results to the vertex
selection cuts (£0.03 GeVﬁU?), tracking cuts (40.02 GeViUZ) and variation of the parameters I,
and Ko (£0.02 (}OV'I/Z). The effect of these checks on 7 measurement is relatively the same like
on /4. No changes of the systematic errors with ¢ was found. The effect of the systemalic checks
wilhin the error is the same for elastic and proton-dissacialive samples.
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03<|t]<045GeV? 045<11|<0.8GeV? 0.8<|l|<14GeV®  1d<|l]<20GeV?

.
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% 02
G
L o7
Séding M, = 768 MeV ,Tg = 151 MeV =
—#(GeV?) | process A(ub) | BJA(GeV ) | A (GeV-T) | 2/NDF ?
0.30 - 045 | yp—pp | 0.5240.04 | 045+0.07 | 0.03+0.03 0.9 -0.1
0.45—0.80 | yp—pp | 0.24 4 0.02 0,394 0.08 0.09 4- 0.05 0.8
0.80 — 1.40 | yp—pp | 0.034+0.01 | 0214+0.15 | 0.11+0.12 1.3 g4
0.30 — 045 | yp—pN | 0.80 £ 0.06 0.45+ 0.07 0.00 £ 0.02 1.8 )
0.45—0.80 | yp—pN | 0.73+0.05 0.37 4+ 0.08 0.04 +0.04 n.8 §lz 03 =
0.80 — 1.40 | yp—pN | 0.4540.04 0.284- 0.08 0.08 4+ 0.07 1.0 T 02 £
1.40 — 3.00 | yp—pN | 0174003 | 0.06+0.10 | 0.12+40.12 1.2 E 3 myp w'n N
S e ®yp— n'np
Ross Stodolsky M, = 768 MeV ,T'y = 151 MeV o BE&ee- e
—1(GeV?) | process A(pb) n Ap(GeV ) [y?/NDF P A LT
0.30—-045 | yp—pp | 0.54£0.04 | 3.4+0.5 | 0.02+0.03 0.9 i 0.75 1 0.75 1 0.75 i
0.45—0.80 | yp—pp | 0.254-0.02 | 3.0 0.6 | 0.0940.05 0.8 M
_0.80—1.40 | yp—pp | 0.0340.01 [1.74£1.2 ] 0.1240.12 L3 r & =
0.30 — 045 | yp—pN [ 0.82+0.06 | 3.440.5 | 0.0040.02 1.8 N 4
0.45—-0.80 | yp—pN [ 0.75£0.05 | 2.9+ 0.6 | 0.044-0.04 0.8 1 - {
0.80 — 1.40 | yp—pN | 0.524£0.04 | 224 0.6 | 0.00 +0.07 L0 e | 3 :
1.40 = 3.00 | yp—pN | 0.1740.03 | 0.5+ 0.8 | 0.1310.12 1.3 5 0z | ] 2 1
8o, { ,,,,,,
Table 6.3: Resulis of the fits for the 1wo parameterizations (Séding Fq. (6.4) and Ross-Stodolsky Eq. (6.7)) - J N e
for the elastic and proion-dissociative p® photoproduction. The fits were performed in the mass range 0.55 < oz Dol e b pen v b b by gy
Mzz < 1.2 GeV. The values of M, and ['g were fived {o that of PDG. o 0.5 1 15 2 2.5 o 05 ] 1.5 2 25
-t(GeV?) -t (GeV?)
Figure G.2: The normalized differential cross section 1o -dofdM.y for proton-dissocialive(squares) and elas-
tic(eireles) ww photoproduction in different t bins. The dashed curve represents the fitted resonant conlribulion,
the dotted eurve the non-resonant contribution and the dot-dashed curve lhe contribulion from the interference
term. The eontinuous curve is the sum. Only the statistical errors are presented. The ratio B/A and the
paraneler noas a funclion of —t for the elastic (circles) and proton-dissocialive (squares) processes. The inner

ervor bars indicate the statistical uncertainty and the ouler ones the statislical and systemalical uncertainiies
summed i quadralure.




6.3.2 Differential cross section do /dt

The differential cross section do/dt for elastic and proton-dissociative p® photoproduction was calcu-
lated according to Eq. (6.1) and EQ. (6.2). The proton-dissociative contribution, C'p, was determined
as described in Sec. (6.2).

Since do /dt was studied in tighter ¢ bins than used in the p° mass analysis, the resonant contribution,
C'res was calculated analytically in each ¢ bin

Eradl) = a(1p—=p°X)/ fy2s do(yp—77 X)dMyy (6.8)
ST BW2(Myr)dMyr | fa | BW (Minr) + B/AP + Ap(1 + 1.5Mps)|dMpr  (6.9)

where the parameters B/A and A; were calculated according to the parameterizations used in the
reweighting procedure (see Eq. (5.8) and Eq. (5.9)).

Fig. (6.3) shows Cie, used to correct do/dt as calculated from Eq. (6.9).
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Figure 6.3: The C.., used to obtain the differential cross section da/dt for elastic and proton-dissociative p°
photoproduction. The shaded band corresponds to the total uncertainty of the Ches.

Fig. (6.4a) shows the differential cross section do/dt for elastic and proton-dissociative (for M3 <
0.1W?) p° photoproduction. Both samples exhibit an exponential drop with increasing —#, with
the cross section for the elastic process falling off more steeply than that for the proton-dissociative
process. The results of fits with the single exponential function, do/dt = A - exp(bt), in the ¢ range
0.4 < —t < 1.2 GeV? are shown in Tab. (6.4).

The ratio of the elastic to the proton-dissociative cross sections is also interesting quantity. Because
in each t bin the errors (also statistical) on do/dt (see Eq. (6.1) and Eq. (6.2)) are strongly correlated,
same errors on both distributions cancels in the ratio. Therefore the ratio was recalculated with a
correct treatment of the statistical correlations. In Fig. (6.4b) the ratio of the elastic to the proton
dissociative cross section is shown as a function of —¢. Since the average ¢ in each ¢ bin is diflerent for
elastic (o) and proton-dissociative (1,4) events both cross section were corrected so as to be given at
the same ¢ value of #’ = (te; + tpa)/2 according to the following formula

doeg do,y  do, do,
g = g (4= tt) -exp(b(t — ter))/[=3E (¢ = tya) - exp(by(t — tpa))] (6.10)

where the subscripts on b refer to the elastic (el) and proton-dissociative (pd) samples and t-slopes were
obtained from the fits with function ~ exp(bt) separately for elastic and proton-dissociative samples.
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This ratio falls off rapidly with —¢ from about 7107 at —t =~ 0.4 GeV? to = 10~2 for.—t > 1 GeVZ.
Tab. (6.4) shows also the results of the fit with the single exponential function, 4 -exp(bt), to the ratio
of cross sections in the ¢ range 0.4 < —t < 1.2 GeV2. Due to the correlated errors the values of A and
b found from the fit to the ratio are not simply the ratio Ag /A,,d and difference be; — bpq found from
the fits to the cross sections.
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Figure 6.4: The differential cross sections do/dt (a) for the processes yp—pp (circles) and yp—pN (squares)
in the kinematic range 2My < Myr < M, + 5T , 85 < W < 105 GeV and M} < 0.1- W2. The con-
tinuous lines represent the resulls of the ezponential fit of the form A . €. The ratio of the cross sections
do /dt(yp—pp)/do/dt(yp—pN) (b) as a function of —t. The inner error bars on both plots indicate the statis-
tical uncertainty and the outer ones the statistical and systematical uncertainties summed in quadrature. The
shaded region corresponds to the uncertainty in modeling proton dissociation.

The systematic uncertainty is dominated by the uncertainty in the parameterization of the My
evolution with ¢ in the proton-dissociative MC, using FCAL instead of the PRT1 for tagging proton
dissociation and sensitivity of the results to the position of the collimator in front of the FCAL.
The overall normalization error for cross sections measurement is also significant. The effect of these
systematic checks on the cross sections and on the ratio of cross sections are listed in Tab. (6.5) for
different ¢ values. The systematic errors due to the checks: 1,2,3,4,8,11,12 and 15 are of the order
3-5 % , other systematic error are below 3 % . The variation of the t-slope at low —¢ for elastic
process from 11 GeV~=2 by 4+ 1 GeV~? changes the elastic cross section by + 5 % only in the first ¢
bin. The variation of the background contribution within its uncertainty (check 18) changes the cross
sections at large —t by +£5 % .

60



process A- b GeV—2

Yp—pp 5147+ 11410 (ubGeV~=2) [ 6.0+03+0.3+0.4

yp—pN 14414341 (ubGeV~?) | 24402402403
Yp—pp/ yp—pN 31+£05+£05+£07 34+£03+0.34+02

Table 6.4: The results of the exponential fit of the form A - e to the differential cross section do/dt for the
processes yp—pp and yp—pN and to the ratio of cross sections. The first error is the statistical one the second
error is the systematical one and the last error is the error in modeling proton dissociation.

systematic %{i d—;;L d—:{‘ / d—;‘:ﬂ
check
—-t=0.5| —t~1.0| -t=20|-t=~05]|—tx1.0|-t=05|—-t~1.0
10 10 % 30 % 70 % 4% 10 % 6 % 20 %
9 -10 % 5% 10 % 10 % 20 % 20 % 25 %
38 15 % 15 % 15 % 5% 5% 10 % 10 %
39 16 % 16 % 16 % 16 % 16 % 0% 0%

Table 6.5: Main systematic uncertainties on the p® cross sections and the ratio of cross section al different
value of t.
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6.3.3 Decay angular distribution

The differential cross section do/d cos8) and do/dgy, for elastic and proton-dissociative p® photopro-
duction was calculated according to Eq. (6.1) and Eq. (6.2). The proton-dissociative contribution, Cp
was determined as described in Sec. (6.2) as a function of relevant angles. It was assumed that the
resonant contribution Ches does not depend on cos @), and ¢y.

In Fig. (6.5) the acceptance corrected cos @y and ¢, distributions for elastic sample are shown
together with the results of the fits according to Eq. (2.19) and Eq. (2.20) in three ¢ ranges. Also the
spin density matrix elements 7§4 and r?%; obtained from these fits are shown as a function of —¢. The
same distributions for proton-dissociative sample are presented in Fig. (6.6) in four ¢ ranges.
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Figure 6.5: Differential distribution 1/ado/dcosty and 1/ado/d¢y for elastic p° pholoproduction in three t
bins. The continuous lines represent the resulls of the fits according to Eq. (2.19) and Eq. (2.20). The spin
density matriz elements as a function of —t obtained by fitting Eq. (2.19) and Eq. (2.20) to the data. The inner
error bars indicale the statistical error, the outer ones the statistical and systematical error added in quadrature.

62



1.4<|t]<3.0GeV?

0.3<|1]<045GeV? 045<|t]<08GeV® 0DB<|t|<1.4 GeV?

o 0.3
g E = I? + o
2 E
o2 -
goz | . i P
s = 7 1 u - +
o1 |
.,_Q - o "
= =
o = 1t 11 I 1111 1 1.1t ‘ | | 11 1 1 I i1
1 0 b3 # o H 0 1
casl
0.3 b
&, E i l i
1l PRV PR, SULE T
£ e e m BN
01 F [
L E £ i L
= =
o o | 1 1 1 ! 1 1 1 1 1 I 1 | 1 1 1 J 1 1 1 1 1 l 1
0 5 0 5 0 5 0 5
by
g =
02 |-
TEF
= .
o b 1 W i
02 [~
-0.4 l|'III‘IIlIIlIIIIF!lIIIIlIIiII1IIIII]IIIIIIIi!_I
0 025 05 075 1 125 15 175 2 225 25
-t(GeV?)
" o E -
o, 02 —
o |- —
02 |-
04 |
_'.L_I.L.Ll ,J__L.J_IJJ B T
0 025 05 075 1 1.25 1.5 175 2 225 25
-t (GeV?)
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The inner error bars indicate the statistical error, the outer ones the statistical and systematicel error added in
quadrature.
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In Fig. (6.7) the matrix elements obtained by fitting Eq. (2.18) to the two-dimensional distribution
are shown as a lunction of —{. The fils to the two and one dimensional distributions give consistent
results. Two dimensional fit allows determination also »{§ matrix element. The data do not indicate a
dependence on £ of all matrix elements except for 79, which decreases as —t increases. At the highest

—{ bins 1, was found to be different from zero.

The present accuracy does not allow to conclude about SCIHC violation at ¢ range covered at this
analysis. In addition, the non-zero value of r {*; could be due to the possible significant contribu-
tion (10 + 10 % ) of the photon-dissociative events in the sample as found from the fit to the M,
distributions integrated over helicity angles or strong variation of the interference and nonresonant
contributions with the helicity angles. Presenl statistics does not allow to perform the M, analysis
in bins of the helicity angles to extract directly the resonance contribution as a function of the helicity
angles.
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Figure 6.7: The spin densily malriz elemenis as a function of —L oblained by two dimensional filling of
the Ly (2.18) te the data. The inner ervor bars indicale the statistical ervor, the ouler ones lhe statistical
and systematical ervor added in quadrature. The circles corvespond fo he elastic p" production and squares
carrespond to the proton-dissacialive production.
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6.4 ¢ photoproduction

6.4.1 Mass distribution

Since the acceptance as a function of My is flat in the region of the ¢ resonance, the non-resonant

hackground under the ¢ signal was determined by fitting the observed mass spectra in data without :i: - =
mass dependent corrections. Due to the limited statistics of the sample the ¢ invariant mass analysis S 0 ;_ i 04 <1< 0.65 GoV? 10 [ 0.4 <-tc 0.65 GeV*®
was performed in four ¢ bins, A relativistic Breit-Wigner (BW) function smeared with a Gaussian S = s B
function for the finite tracking resolution is fitted to the data over a function describing the background '%;\ » B = E A‘}A
(BG). 2 #F 1+ 5 #
. . : S > A 25 [
The background is mainly due to diffractive p° production. The shape of this background as a s " ¥, i | 4 : |
function of My was deduced by studying the invariant mass distributions of the # MC events for LI = e 0 'J_ Rl SRRk s R
which the two pious are given the kaon mass a0 0.65<-t< 09 GaV® 1 - 0.65 <t 0.9 GeV?
0 - o A
BG = Agg (Myce — 2Mg)® (6.11) E Lol
2 =
where A is a parameter determined by the fit. 0 X, + L F 1 -
EA & = =Y - ik B b =
FFig. (6.8) shows the two kaon invariant mass spectra separately for all selected events and for evenls 23 ol B N e L
with an additional tag in the PRT. In each of the plots the fitted power like function describing the = 09<lc1.2Gel/? - 0.9 <4< 1.2 GolV®
background is shown as a dashed line. The results of the fits are summarized in Tab. (6.6). In the fits 15 |- 1w [ i
the width of the BW function was fixed at 4.4 MeV, s B -
E 5 =
5 —4- | B e
all selected events - . e L . S~
—1 (GeV?) [ My (MeV) | resolution (MeV) | backg. (%) A x!/NDF - i 15
g S A 8
0.40 —0.65| 10201 1241 o+2 22402 1.0 20—
0.65-0.90 | 1021+1 §+1 8§42 1.840.4 1.2 r 10
0.90 -1.20 | 102142 741 1548 0.9+05 0.8 o B
1.20-3.00 | 102343 §E1 241 25405 1.2 - o &
i i
PRT1 tagged events v o
— — e 1 1.05 1.1 1 1.05 1.1
—t (GeV?®) | My (MeV) | resolution (MeV) | backg. (%) A X /NDF
040065 | 1017+3 13£1 T3 [25%06] 09 My (GeV)
0.66-090| 101942 642 T2 1.84£0.2 0.5 PPigure 6.8: Two kaon invariant mass distributions for ¢ candidates in fourt bins. On the lefl the mass spectra
0.90—1.20 | 102142 T+1 106 154045 0.9 Jor all selected events are shown. On the vight the mass spectra for events with a lag in the PRT arc presented.
1.20-3.00| 102443 T4+2 142 2840.6 0.6 The continuous lime is the result of fit to the sum of the Breil- Wigner function convoluled with Gaussian function

and the power like background term of the form A - (M — 20M Y2, The fitted background 15 indicaled by the
dashed line.

Table 6.6: Summary of results for the fits to the Mg specira shown in Fig. (6.8). The background column

mdicates the filted fraction of the background events in the region 0.99 < Mg < 1.06 GeV. In each case the

fit vange 15 0.99 < My < 1.15 GeV.

The values obtained for the mass of ¢ are in agreement with the Particle Data Group and the
observed tracking resolution is also in good agreement with that obtained using the MC (10,8,6,6 MelV
for four chosen 1 bins respectively). The [raction of the background events was found within the
statistical error to be the same for all selected events and for those with the additional hit in the PRT.

This indicates that the non-resonant background is the same for elastic and for proton dissociative ¢
events. 66




6.4.2 Differential cross section do/dt

The differential cross section do/dt for elastic and proton-dissociative ¢ photoproduction was calcu-
lated according to Eq. (6.1) and Eq. (6.2). The proton-dissociative contribution, Cp, was determined
as described in Sec. (6.2).

The resonant contribution, C.s, in the ¢ signal region was parameterized as a function of ¢ according
to the Eq. (5.14)
Cres=1-— kbg * ebb" . (612)

Fig. (6.9a) shows the differential cross section do/dt for elastic and proton-dissociative (for M% <
0.1W?) ¢ photoproduction. As in the p° case, both differential cross sections decrease exponentially
with increasing —¢ The results of fits with the single exponential function, do/dt = A - exp(bt), in the
t range 0.4 < —t < 1.2 GeV? are shown in Tab. (6.7).
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Figure 6.9: The differential cross sections do/dt (a) for the processes yp—@p (circles) and yp—¢N (squares)
in the kinematic range 85 < W < 105 GeV and M% < 0.1-W?2. The continuous lines represent the resulls
of the exponential fit of the form A -e®. The ratio of the cross sections do/dt(yp—dp)/do/dt(yp—¢N) (b)
as a function of —t. The inner error bars on both plots indicate the statistical uncertainty and the outer ones
the statistical and systematical uncertainties summed in quadrature. The shaded region corresponds to the
uncertainly in modeling proton dissociation.

The main systematlc uncertainties on the ¢ cross sections and ratio of cross section are similar as
those discussed in p® production case.
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process A b GeV~—?

e 6.8L20L20+00 (ubGev-7) | 63+£0.7£0.7£03

Tp—dN 1.6+04+06+0.2 ([.l.bGeV—z) 21£05+£03+04
19—0p] 1PN 17£07£09£07 30L£08+08+04

Table 6.7: The resulls of the exponential fit of the form A - € to the differential cross section do /dt for the
processes yp—¢p and yp—¢N and to the ratio of cross sections. The first error is the slatistical one the second
ervor is the systematical one and the last error is the error in modeling proton dissociation.

6.4.3 Decay angular distribution

Present statistic does not allow to study helicity angle distributions after separation of the elastic and
proton-dissociative samples. The helicity analysis was performed using all diffractive ¢ candidates
asswming that the factorization holds and the decay angular distributions are the same for elastic and
proton-dissociative events.

Before acceptance correction the background contribution was subtracted from the data. It was
assumed that the helicity angle distributions of the background events in the ¢ signal region (0.99 <
My < 1.06 GeV) are the same as outside this region (1.06 < Mgx < 1.15 GeV).

In each t range considered in this study the normalized cos @), and ¢, distributions obtained for
events lying outside the ¢ signal region were subtracted from the distributions obtained for events
lying inside the ¢ signal region. The amount of subtracted events was choosen according to the results
of the My spectra analysis described in one of the previous sections.

In Fig. (6.10) the background subtracted and acceptance corrected cos 8 and ¢, distributions are
shown together with the fits according to Eq. (2.19) and Eq. (2.20) in four ¢ bins. On the plot also
the spin density matrix elements 733 and 794, obtained from these fits are shown as a function of —1.
Similarly as in the case of p°, at the highest —¢ bins » {1, was found to be different from zero. Present
statistics does not allow to perform the My analysis in bins of the helicity angles to directly extract

the ¢ contribution as a function of the helicity angles.
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Figure 6.10: Differential distribution 1/odo/dcosy and 1/ada/d¢n for diffractive ¢ photoproduction in four
t bins. The continuous lines represent the results of the fits according to Eq. (2.19) and Eq. (2.20). The spin
density matriz elements as a function of —t obtained by filting Fq. (2.19) and Eq. (2.20) to the data. Only
statistical errors are shown.
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6.5 J/1) photoproduction

6.5.1 Mass distribution

Similarly as in the case of ¢ the non-resonant background under the J/% signal was determined by
fitting the observed mass spectra in data without mass dependent corrections. Due to the limited
statistics of the sample the J/4 invariant mass analysis was performed in two ¢ bins for all selected
events and in one bin for PRT1 tagged events. A sum of the Gaussian (muon decay channel) and the
bremsstrahlung function convoluted with the Gaussian (electron decay channel) with equal weights is
fitted to the data over a linear background of the form

BG = Apg - (1 + AMEE). (613)
Fig. (6.11) shows the two electron invariant mass spectra separately for all selected events and for

events with the additional tag in the PRT1. In each of the plots the fitted non-resonant background
is shown as a dashed line. The results of the fits are summarized in Tab. (6.8).

all selected events
—t (GeV?) My (MeV) [ resolution (MeV) [ backg. (%) | x*/NDF

0.6-02 3083 £ 5 20+5 19+4 0.93
0.2-3.0 3092+ 4 15+£3 20£5 0.60
PRT tagged events

—t (GeV?) MJ/¢ (MeV) [ resolution (MeV) [ backg. (%) | x*/NDF
0.0 —-3.0 3095 + 6 1S 21+ 10 0.43

Table 6.8: Summary of results for the fits shown in Fig. (6.11). The background column indicates the fitted
[raction of the background events in the region 2.98 < Mc. < 3.13 GeV. In each case the fit range is 2.6 <
Mgg < 3.4 GeV.

The values obtained for the mass of the J/i are in agreement with the Particle Data Group and
the observed tracking resolution is also in good agreement with that obtained using the MC. The
fraction of the background events was found within the statistical error to be the same for all selected
evenls and for those with a hit in the PRT, also no ¢ dependence was observed. This indicates that
the non-resonant background is on the same level for elastic and for proton dissociative J/4 events
independently of the chosen ¢ range.
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Figure 6.11: Two electron invariant mass distributions for J/vy candidates in two t bins for all selected data
(upper plots) and in one bin for events with a tag in the PRT (lower plot). The continuous line is the resull
of the fit to the sum of the Gaussian (muon decay channel) and the bremsstrahlung function convoluted with
the Gaussian (eleciron decay channel) with equal weights plus a linear background. The fitted background s
indicated by the dashed line.
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6.5.2 Differential cross section do/dt

The differential cross section do /dt for elastic and proton-dissociative J/v photoproduction was calcu-
lated according to Eq. (6.1) and Eq. (6.2). The proton-dissociative contribution, Cp, was determined
as described in Sec. (6.2).

According to the results of the previous section the resonant contribution, C,.s, in the J /4 signal
region is 80 £ 5%. The same resonant contributions were assumed for elastic and for the proton
dissociative.

Fig. (6.12a) shows the acceptance corrected ¢ distributions for elastic and proton dissociative J/v
events together with the results of an exponential fit of the form A - e in the range 0.4 < —t <
1.2 GeV?. In Fig. (6.12b) a ratio of the elastic to the proton dissociative cross section is shown as a
function of —t. The results of fits with the single exponential function, do/dt = A - exp(bt), in the ¢
range 0.4 < —t < 1.2 GeV? are shown in Tab. (6.9).
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Iigure 6.12: The differential cross sections da/dt (a) for the processes yp—J/yp (circles) and yp—J /PN
(squares) in the kinematic range 85 < W < 105 GeV and M} < 0.1 - W2. The continuous lines represent the
results of the exponential fit of the form A - e®. The ratio of the cross sections do/di(yp—¢p)/do /di(yp—¢N)
(b) as a function of —t. The inner error bars on both plots indicate the statistical uncertainty and the outer
ones the statistical and systematical uncerlainties summed in quadrature. The shaded region corresponds to lhe
uncertainty in modeling proton dissociation.
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process A b GeV—2
yp—J[dp 0.22 £ 0.03 £ 0.1+ 0.02 (ubGeV—2) 4.0+12+1.0+05
yp—J /YN 0.055 & 0.022 + 0.022 4 0.003 (ubGeV~2) | 0.74 0.4+ 0.2 + 0.4
yp—=J[Up/ yp—=J [N 24+0.7+08+0.2 21+1.2+£06+0.3

Table 6.9: The results of the exponential fit of the form A - e® to the differential cross section do/dt for the
processes yp—J [yhp and yp—J /YN and to the ratio of cross sections. The first error is the statistical one the
second error is the systematical one and the last error is the model dependent error.

6.5.3 Decay angular distribution

The helicity analysis was performed for all diffractive J/1 events in two ¢ bins. The procedure used
to subtract nonresonant contribution was the same as in the ¢ case. The events lying outside the J /v
signal region (2.40 < Mee < 2.98 GeV) or (3.13 < M., < 3.50 GeV) were used to subtract nonresonant
contribution.

In Fig. (6.13) the background subtracted and acceptance corrected cos ), and ¢, distributions are
shown together with the fits according to Eq. (2.22) and Eq. (2.23) in two ¢ bins. On the plot also
the spin density matrix elements 733 and r{*, obtained from these fits are shown as a function of —¢.
Similarly as in p®and ¢ case, r9*; was found to be different from zero. Present statistics does not
allow to perform the M., mass shape analysis in bins of the helicity angles to directly extract the J /4

contribution as a function of the helicity angles.
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Chapter 7

Discussion

In this chapter the results of this analysis are compared to the previous ZEUS measurements. Then
the predictions from the Regge and pQCD models are confronted with the data.

7.1 Comparison with the previous ZEUS measurements

Photoproduction of vector mesons at ZEUS was extensively studied in the low —t region [45, 50, 46, 31].
It is interesting to test how these results extrapolate to the high —t region covered by this analysis.
In the following sections the ¢ dependence of the cross sections as well as the mass shape and the spin
density matrix elements as a function of ¢ are discussed.

t dependence

In Fig. (7.1) the differential cross sections do/dt for the elastic p°, ¢ and J/4 photoproduction mea-
sured in this analysis and in the earlier ZEUS analyses are shown. The present data agree well with
the low —¢ results in the region of overlap, except for the p° case. The value of do/dt at —t ~ 0.3 GeV?
of the LPS tagged p° analysis[50] (empty crosses) agrees within the error with both this measurement
(full circles) and untagged photoproduction results[45] (empty circles). However this analysis differs
from the untagged results by more than three standard deviations.

The data for p© cannot be described by a single exponential function, e * |, over the whole ¢ range.
Also a quadratic function in exponent, e"“’“2, does not describe the data. The best quality of the
fit was obtained using single exponential function where the slope changes at t ~ —0.25 GeV 2 The
solid curve represents the result of the fit to the combined data. The t-slope was found to be b =
10.24+ 0.2 GeV~2 for — t < 0.25 GeV? and b = 6.0+ 0.2 GeV~2 for — t > 0.25 GeV2.

Similarly as for p° the data for ¢ also cannot be described by single exponential function over the
whole ¢ range. In this case it was found that the slope changes at t = —~0.35 GeV?. The solid curve
represents the result of the combined fit. The t-slope for ¢ wasfound to be b = 7.8-41.8 GeV~2 for—t <
0.35 GeV? and b=5.440.5 GeV~2 for— ¢ > 0.35 GeV>.

The data for J/¢ are well described by single exponential function where b = 4.5 + 0.5 GeV 2.
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p° mass spectra

The fact that the results for p° mass shape analysis presented in Fig. (6.2) are the same within the
errors for the elastic and proton-dissociative processes shows that factorization holds. This allows the
study of the p ° mass shape for the total diffractive sample with higher statistical accuracy. Fig. (7.2)
shows the ratio B/A (S6ding parameterization) and n (Ross-Stodolsky parameterization) as a function
of —t for diffractive p” events. The results of this analysis are compared with the low —¢ results [44].
The data agrees in the region of overlap. The solid curves are the results of combined fit with single
exponential function k- e’*t. For B/A, k = 0.80+0.05 GeV~1/2 and by, = 1.754 0.15 GeV~2 while for
n wehave k=6.14£0.4 and by = 1.76 + 0.15 GeV~—2.
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Figure 7.2: The ratio B/A and the parameter n as a function of —t for the total diffractive sample. The emply
circles correspond to ZEUS 1994 measurement [44].
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Test of SCHC

The study of the p® decay angular distributions presented in Sec. (6.3.3) shows that the factorization
hypothesis seems to hold. This allows to combine the elastic and proton-dissociative processes in
order to reduce the statistical errors. Fig. (7.3) shows the compilation of the helicity analysis results
obtained in this thesis and earlier ZEUS measurements. The results are presented in terms of the
matrix elements ria , 798 and 794, for p° , ¢ and J/4 production as a function of —t.

The matrix elements are generally consistent with SCHC hypothesis except for the highest —t range
accessible in this analysis were r{*; was found to be slightly different from zero for all the vector mesons
and the parameter rJ3, which was found to be also different from zero. However present accuracy does
not allow to conclude about SCHC violation at ¢ range covered at this analysis.

The reweighting procedure described in Sec. (5.2) requires the spin density matrix elements to be
parameterized as a function of —t. It was assumed that r{3 and r{4 does not depend on ¢ while 794,
can be parameterize as r4; = rot. Tab. (7.1) summarizes the values of r 3, {4 and ro resulting from

the fits to the present data.
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Figure 7.3: The spin density matriz elements as a function of —t measured in this analysis (full symbols) and
in the low —t ZEUS measurements (empty symbols) for p °(circles), ¢(squares) and J /3 (triangles) mesons.

parameter | o° | ) | g/
e 0.06 £ 0.03 | 0.00 £ 0.05 | 0.08 4 0.22
Rerls | 0.06 + 0.02
To 0.07+0.02 | 0.14+0.07 | 0.154 0.10

Table 7.1: The parameters obiained from the fits to the p[resent data.
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7.2 Comparison with pQCD based models and Regge based models

In the following sections the results of this analysis are compared to the pQCD and Regge based
model. )

7.2.1 Comparison with pQCD based models

In Fig. (7.4) the measured proton-dissociative cross sections calculated for M% < 0.01 - W? are
compared with the pQCD predictions for light [12] and heavy [9] mesons at —t > 1 GeVZ The
requirement of relatively small mass My was imposed to ensure coupling of the exchanged gluons to
the same quark [10] in the proton, as was assumed in the calculations.
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Figure 7.4: The comparison of the measured differential cross sections for the proton-dissociative production
with the pQCD based models. For the description of curves see the text.
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The calculations for the production of the p° and ¢ mesons were done at the lowest order in ag.
The non-perturbative effects were simulated by introducing effective masses of quarks and anti-quarks,
mg. In I'ig. (7.4) the solid (dotted) lines represent results for m, =300 (200) MeV. The contribution
of the purely perturbative production is still small for the considered ¢ range and is represented by
dashed lines. The comparison of the curves in Fig. (7.4) at much higher -t range (not shown on the
plot) indicates that the purely perturbative production (dashed lines) of the p° and ¢ mesons may
dominate approximately only above —t of 10 and 6 GeV?, respectively (intersection points of dashed
and solid curves).

The nominal perturbative QCD prediction for the J/1 production compares well with the data
(solid line in Fig. (7.4)). The extrapolation of this prediction below —¢ =1 GeV? (dashed line) gives
also a good description of the data. The uncertainties due to the choice of ag (£10% — dotted lines)
and the log (W?2/W2) scale (0.2 < W < 5 GeV? - dashed-dotted lines) are significant, however a
good agreement of the shape of the differential cross sections is preserved. The nominal values of
ag = 0.2 and Wy = 1 GeV are favored by the data.

7.2.2 Ratios of cross sections for vector meson photoproduction

Flavour independence (U(4) symmetry) predicts that the ratio of the production cross sections of ¢ :
p° should be 2 : 9 and that of J/4 : p° should be 8 : 9. These predictions are in large disagreement
with the elastic cross sections measured at low Q2. At W=70 GeV the ratios ¢ : p° = 0.065 +
0.013 [30] and J/% : p° = 0.00294 £ 0.00074 [31] were measured. In the DIS kinematic region, as
Q? increases to about 12 GeV?, ¢ : p® = 0.18 + 0.05 [30] and 0.19 £0.04 [28] at W = 100 GeV were
obtained. The ratio J/4 : p°is 0.64 + 0.35 for @ = 10 GeV? and 1.3 + 0.5 for Q% = 20 GeV? [29] at
W ~ 100 GeV. These results point to the fact that the U(4) symmetry seems to be restored at large
@?. It is thus interesting to see how the vector meson cross section ratios change with t.

The ratio of the differential cross section of ¢ : p° is plotted in Fig. (7.5) as function of ¢ for the
elastic and the proton-dissociative reactions. The value at ¢ = 0, 0.0484 0.015 was obtained by using
the ratio of the total cross sections taken from [30], multiplied by the ratio of the respective slopes
of the differential cross sections, using the relation do/dt(t = 0) = bo. There are no data at t = 0 for
the proton-dissociative process. The result obtained indicates that —t =3 GeV ? is not a sufficiently
large scale for the restoration of the U(4) symmetry.

The ratio of the differential cross-sections of J/1 : p° is displayed in Fig. (7.5) in a similar manner
to that of the ¢ : p° ratio. Here too the value at t = 0, 0.00138::0.00044 was obtained by using the
ratio of the total elastic cross section values [31] and rescaling them by the ratios of the respective
slopes of the differential cross sections. The ratio of the differential cross sections is seen (o be growing,
it reaches a value which is still more than one order of magnitude smaller than the expected 8 : 9 even
at —t = 3 GeV2.
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7.2.3 Comparison with Regge pole based models
Test of the factorization hypothesis

The ratio of the elastic to the proton-dissociative reaction is expected (see Eq. (2.35)) to be independent
of the type of the vector meson.

To test this hypothesis the ratios %(71) = Vp)/'fl—‘:(yp — VN) for the three vector mesons V =

0", é, J /¢ were re-plotted in Fig. (7.6). As can be seen, the ratio is the same within errors for each of
the three vector mesons, confirming the factorization hypothesis.
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Figure 7.6: The ratio of elastic to proton-dissociative differential cross section as function of —t for p (circles),
¢ (squares) and J /% (iriangles). The error bars correspond to the total error.

Determination of the Pomeron trajectory

[ the Regge theory the elastic cross section do/dt is given by (see Eq. (2.26))
do/dt = f(t) - (W?)ert)-2 (7.1)
where f(t) is a function of ¢ only and a(t) is the Pomeron trajectory.

By studying the W dependence of do/dt at fixed t, o), (t) can be determined directly. If in addition
the trajectory is assumed to be linear :

ap(t) = ap(0)+a't . (7.2)
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The intercept and slope of the trajectory can be obtained by fitting Eq. (7.2) to the measured a(t)
values.

The most precise determinations of the Pomeron trajectory using the above mentioned procedure
are from pp elastic scattering experiments and yield an intercept of a(0) = 1.08 and a slope of o’ =
0.25 GeV~2 (36, 37]. It is accepted that the Pomeron trajectory is universal and has a slope of 0.25
GeV—2.

The steep energy behaviour of the elastic J/1 photoproduction cross section at HERA cannot be
described in the Regge picture by the Pomeron trajectory with a constant intercept of 1.08 and requires
alarger intercept. In addition, a direct determination of the Pomeron trajectory in a way similar to
that described above showed that the slope o/ from elastic photoproduction of J/1 is smaller than
0.25 GeV~2 [40]. These observations point to the fact that the Pomeron trajectory does not seem to
be universal when a large scale is involved. It is thus of interest to see whether the universality notion
can be kept in soft interactions.

In the present analysis the accurate means of measuring t for the tagged events permit a mea-
surement of the trajectory over the region in momentum transfer where the energy dependence in the
elastic cross section changes from rising to falling.

¥p — p°p

Since the reaction yp — p°p is dominated by Pomeron exchange only at energies W ~ 10 GeV,
one cannot use lower W measurements of do/dt for this reaction. Therefore the only fixed target
experiment which can be used is the OMEGA experiment (WA4) (52] which measured elastic photo-
production at W = 6.7, 8.2 and 10.1 GeV. The OMEGA data are presented as dN/dt at the three W
values, and fitted to the form do/dt = aexp(bt + ct?) in the t range 0.06 < —t < 1 GeV?. From the
HERA data the measurement of the H1 collaboration [53] at W =55 GeV, the earlier measurements of
the ZEUS collaboration at W=71.2 GeV [45] and at W=73 GeV [50], and the present data at W=94
GeV are used. Up to —t values of 0.45 GeV? only data above W = 10 GeV are used, since there are
three or more points at each ¢ value. At higher —¢ also the point at W = 8.2 GeV is used so as to
have a minimum of 3 points for the W dependence fit.

The data of do/dt used in the determination of a(t) are presented in Fig. (7.7) in 12 ¢ bins in
the range 0 < —t < 0.95 GeV2. The errors are the statistical and systematical errors combined in
quadrature. The line in each ¢ bin is the result of a fit of the form W™, where n = 4a,(t) — 4. The
resulting values of a,(t) are plotted in Fig. (7.8) as function of ¢. A linear fit to the data yields

ap(t) = (1.08 £ 0.02) + (0.11 + 0.04)t (7.3)

and is plotted as a solid line in the figure. The dashed line is the Pomeron trajectory 1.0808 +4 0.25
t, as determined by Donnachie and Landshoff (DL) [5]. The resulting intercept ag is in excellent
agreement with that of DL, however the slope o is shallower in the present determination.
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TP — ¢p

The elastic photoproduction of ¢ is a good reaction to study the properties of the Pomeron since this
is the only trajectory that one can exchange, assuming the ¢ to be a pure s§ state. This allows the
use of low W data in the procedure described above.

The do/dt data used for the trajectory determination include the following: W=2.64-3.60 GeV [56],
W=2.8 [58], W=2.81-4.28 GeV [59], W=3.59-4.21 GeV [60], W=4.73-5.85 GeV [61], W=12.89
GeV [62], W=70 GeV [46] and the present measurement at W=94 GeV. These data points are
displayed in Fig. (7.9) for 11 ¢ values in the range 0 < —t < 1.4 GeV2. The lines are the results of fits
of the function W™ to the data. The resulting values of the trajectory e, (t) are shown in Fig. (7.10)

as a function of t. Assuming a linear trajectory and fitting a (%) to a straight line one gets
a,(t) = (1.08£0.01) 4 (0.15 + 0.04)1. (7.4)

This trajectory is shown as a solid line in the figure and compared with the DL trajectory, which is
plotted as a dashed line. As in the p case, the intercepts agree very well while the slope of the present
measurement is smaller than that of the DL trajectory.
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Chapter 8

Conclusions

So far the study of the vector meson production in the regime of transition between VMD and pQCD
was carried out through the investigation of the hard scale signatures as a function of the photon
virtuality or the mass of the vector meson. For the first time the hypothesis that the four-momentum
transfer squared between the photon and the vector meson may also serve as a hard scale was tested.

The elastic and proton-dissociative p° ¢, and J/v photoproduction was measured at a vp center
of mass energy of (W) = 94 GeV and —t < 3 GeV?. For this study the Photoproduction Tagger was
built and installed in ZEUS in 1995. The detection of the scattered positron in the PT allows —¢ to
be measured up to high values.

The elastic and proton-dissociative reactions were separated. The following features are common
o all three vector mesons:

The ratio of elastic to proton-dissociative cross section decreases from a value of about 1 at
—1 = 0.4 GeV? to a value below 0.1 for ~¢ > 1 GeV?.

The ¢ distributions for elastic and proton-dissociative reactions are well described by a single
exponential function in the region 0.4 < —t < 1.2 GeV?2 with by — byg = 3.5 GeV~2.

The decay angular distributions are generally consistent with SCHC hypothesis except for the
highest —t range accessible in this analysis were 7{1, was found to be different from zero.
However present accuracy does not allow to conclude about SCIHC violation at —t range covered

in this analysis.

A comparison of the properties of elastic and proton-dissociative photoproduction of the three vector
mesons shows that the factorization hypothesis holds.

In the case of p° (p°—at7~) production, the 7+7~ invariant mass spectrum is skewed. The
amount of skewing decreases with increasing —t and is similar for elastic and proton-dissociative
wtr~ production.

The proton-dissociative cross sections calculated for M% < 0.01-W? were compared with the pQCD
predictions for p° ¢ and J/1 mesons at —¢ > 1 GeV2. For p° and ¢ the contribution of the purely
perturbative production is still small for the considered ¢ range and may dominate approximately
only above —t of 10 and 6 GeV?, respectively. The nominal perturbative QCD prediction for the J /9
production compares well with the data.
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The ratios of ¢ to p° and J/9 to p° photoproduction cross sections were studied as a function of
t for both elastic and proton-dissociative processes. The ratios increase with —t but even at —t = 3
GeV? are still much lower than that expected from U(4) symmetry.

The Pomeron trajectory was determined from elastic production of ¢ and p° mesons by studying
the W dependence of do/dt at fixed ¢ values of the present measurements together with lower W data
from other experiments. The fit of the linear trajectory to the data for p° and ¢ mesons in the range
0.0 < —t < 0.9GeV?and 0.0 < —t < 1.4 GeV?, respectively yields &, (t) = (1.0840.02)+(0.1140.04)¢
for elastic p°® photoproduction and a,(t) = (1.08 4 0.01) + (0.15 £ 0.04 for elastic ¢ photoproduction.
The lower values of o’ determined in this analysis imply that the Pomeron trajectory is not universal
even in soft processes.

The measurements show that p® and ¢ production in the ¢ range covered by this analysis generally
exhibits the features of a soft diffractive process. On the other hand, in comparison with the low —t
data, there are possible indications of the transitional character of this data, such as non-zero values of
{1, and increase of the ratios of cross sections ¢ to p © and J/v to p© towards the expectations from
U(4) symmetry.

It was shown that several experimental techniques exist to analyze vector meson production at large
—t. The main limitations of this study were low numbers of vector meson candidates at sufficiently
large —t and FCAL energy limitation in the trigger. Since 1996 the data are collected with an
improved trigger which allows to constrain do/dM% behavior at large —¢. The much higher integrated
luminosity of this data allows also the extension of the vector meson measurements upto —t =
13 GeV2. Analyzing this new data we should finally be able to answer whether the four-momentum
transfer squared ¢ between the photon and the vector meson may also serve as a hard scale.
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Appendix A

In this appendix the Eq. (4.2, 4.3 and 4.4) are derived.
In the two-body scattering process 1+2 — 3+4 (y*+p— V + p(N)) assuming that P; are the
respective four-vectors (P; = (E;, p); |pi] = pi)

= (P] - }:'3)2
= (B — E3)? - (pi - p3)’
= (Ey— Es)® - p} — p}+ 2pipacostd (1)

where 0 is the angle between p; and p3 momenta.
Since cosd = 1 — 2sin*(6/2)

t (B — E3)* — p} — p3 + 2pips — dp1pasin®(0/2)
(Er — E3)? — (p1 — ps)* — dp1pasin®(8/2)

to — 4p1p3sin?(8/2) (2)

1]

where o is the maximum ¢(f = 0) value

to = (E1 — E3)* — (p1 — ps)*. (3)
In the 1-2 (photon-proton) center-of-mass system py = —p3 and p3 = —pj
s=(P+P)* = (Ps+ Pa)’ (4)
s = (B + Ep)? = (Es+ E4)? (5)
Vs=E\+Ey=FEs+ E4 (6)

On the other hand (since P? = m? = E? — p? and pips = —p} = —p?)

s = (P +P)
= mi+mi+2PP,
= m}+mj+2EE; - pips)
= mi+mj+ 2(ErEz + p})
= mi+m]+2Ei By + Ef - m])
= —m? 4+ mlt2E(Ey+Ey) (7)

From Eq. (6) and Eq. (7)

_s+m§—1n% s
Bz gt ®)

By the same way it is easy to proof that:

s+ m3 —m}

s+ m} ~ m?
e UL 10
E3 2\/5 ) ( )
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s+m§—m§

NS~ (11)
Inserting Eq. (8) and Eq. (10) to Eq. (3) leads to

Ey=

s+ m?2 —m2) — (s + m2 — m?)]?
to = [( i 2) 43( 3 4)] = (Pl _p3)2 ,
(m? — m3 — mi +m2)?

o = T —(p1—p3)* . (12)

In our case: m} = —Q% mj = MZ; m} = Mg; m3 = M%; p1 = py; p3=pv; s =W?s0 Eq. (3) and

Iq. (2) can be expressed as

M2 —IVIZ—QZ—Mz 2
e R (13)

M2 _A42_Q2_ M2)? i
p= Mo~ WY, g~ dpapyain(0/2). (14)
which is the Eq. (4.3).
Now I am going to approximate the formula for ¢o by putting p; = \/EZ — m? and p3 = \/E2 — m}
to Eq. (3)

2

to

(Ey - Ea)? - (\/Ef ~ i - \/B} - m3)

(E1 —-Ea)?___ (El\/l—mg/Elz—Eg\/l—Tl’l%/Eaz)z (15)

]

Since VI—z=m1-za/2forza <1

(Ey - Es)? — [Ea(1 — md/2ED) — Ex(1 — m3/2E3)]"

Q

lo
n (By - Ea) - (B —mi/2E - By + m3/2Bs)"
n (Ey= BaY’ - [(Bx ~ Ba) — (m3/2B: - m3/2B5)]"
N (By— Bs) ~ [(Br = Bs)? - 2By ~ Bs)(m3/2Ey — m3/2Es) + (m} /2y — m}/2Fy)?]

2By — Es)(m?/2E, — m3/2Es) — (m] /2B, — m}/2E3)?
~ (m3/2E, — m3/2E3)[2(Ey — E3) — m}/2E; + m3/2Es] (16)

Q2

Above approximation is valid for [m?| € E} and |m3| < E2. Inserting Eq. (8) and Eq. (10) to Eq. (16)
leads to

| 2
sm S o
. ) an

s+mi-mi  s+mi-ml

to 5 ( m? m2
o = =
s+ m}-md s+ mi—mi

Y(m3 —m3 —m3 + mi —

For m? — m? < s and m3 — m} < s above formula can be approximated further

90

mi —m ’

th = ——l—s——s(mf —m2 —mk+ m? — m? 4+ ml)
(m} — mf)(mi — m3)

; (18)
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In our case Eq. (18) can be written as

(@ + M) (Mfy — M)
i %

to W (19)
or for Q% <« M} as
to &~ — M (M7 — M2)[W* (20)
which is the right side of the Eq. (4.4).
Now I am going to approximate the rest of the Eq. (2) using
sin 0 = p3.r/p3 (21)

where p3 7 is the transverse momentum of the particle 3(vector meson). In the limit psr < ps,
sin @ ~ @ and sin(#/2) ~ 6/2. In the above limit one can write

. sin(0/2) ~ p3,r/(2p3) - (22)
Inserting Eq. (22) to Eq. (2) leads to

Q

t = to—4p1pa(psr/2p3)”

4!
o — p‘;l’g,fr

vV E2 —m? i
N to— ———tpip. (23)

3T
V E2 —m}

In the limits |m}| < E? and |m3| < E? above equation can be written as

Q

Ey
t~to— EP%,T . (24)

Inserting Eq. (8) and Eq. (10) to the last equation leads to

2 2
S+my—my 4
e Uil Al . 25
: s+m§—m2p3'T )

In the limits |m$ — m3| < s and |m3 — m3| < s the above equation can be approximated further
tato—pir . 2
Inserting last equation and Eq. (20) to Eq. (2) leads to
t~to —plgp N ~MU(MYy — MJ)/W* - pyp . (27)
which is the Eq. (4.4).
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