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Chapter 1

Introduction

The ature of Tight has always tronbled philosophers and physicist<. In the XIN contury the
theory developed by Maxwell provided a heantitul explanation of the phenomenan of light in
tevis of clectromagnetic waves, However, very shortly the experiments discovered phenom-
eni like the platoclectric effeet and the atomic spectral lines that conld not be deseribed Dy
this theory. These effects were finally nnderstoo] as absarption and emission of photons
the light quanta. The initial ideas about interactions of photons with charged matter finallv
lead to the formulation of the complete theary, the Quantem Electrodynamics (QED). It
allowed to calenlate with spectacular precision many effects involving photonie reactions.
espeeially in atomie physics. lowever, onee the enerey of experimentally available photons
reached the GeVorange it was ohserved that in most of the reactions with necleons the pho
tons manifest hadronic propertios. The so called photoproduction interactions showed many
featwres characteristic for hadron hadeon reactions in particnlar large total cross sections,
roughly independent of eneray [2. In addition. a cupions production of vertor mesons in
reactions closely resembling clastic scattering of two hadrons was observed. These features
found an explanation in the vector meson dominanee model (VDM) [2] picturing the pho-
ton ax a superposition of vector meson states which are responsible for the interaction of the
photon with hadrons. This imodel turned out to be very successful.

A new approach to measieing maltiparticle final states produced in high energy colli-
sions was proposed in 1969 by Fevnman [4]. e suggested to study the inclusive reactions
AB - X where only the properties of particle € ate measured and those of all other
patrticles. denoted by X, are summed over. The stuedies of inclusive processes ineiced by
photens and hadrons at the centre of mass (e.m.) encrgies up to 1) GeV provided further
confitmation of the VDM. However, as the beam energies increased the experiments studving
the inelnsive production of hadrons with high trausverse momentim (p1) showedl an excess
of those in photoproduction compared ta meson induced reactions {1, 5], The diference was
interpreted as a contribntion from the process where the photon couples directly to charged
constituents of the target hadrons.

Another type of an inclusive process studied extensively in the past was the hadronic
reaction 1B — AX where particle L exits intact and retains most of its initial momentum {6,
7). This reaction is of diffractive nature. Tt is similar to the elastic scattering. where one of
the particles emerges as a dissociated system X. The single dissociation process has been
also studied in photon nucleon collisions. The measurements of the reaction 4p -+ Xp al
the c.m. energy 1E.8 < W < 16.6 GeV (8] indicate that the diffractive photon dissociation is
very similar to the dissociation of hadrons in terms of the distribution of the square of the

5
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forr momentinm exchanged by the proton and the mass of the state X. Thas, these resedes
contirm the validity of the VDM also for the sinale diffractive reactions.

As deseribed i this short historieal introdnetion the experiments at can. enereies of
the order of 1 Gev' rought the discovery of the hadronie character of the photoproditetion
collisions. The nerease of the energy Iy one order of magnitude allowed to observe signs of
the direct phaton processes. What happros if the can. encrgy is increased by another ovder
of maanitude” Are the phutoproduction interactions just like what was observed at lower
energies or should some new phenomena become apparent? Is the VDM still adequate for the
description of majority of the inclusive photoproduction reactions? Does the contribution
from direct photon component becomes stronger?  [low docs the rate of high py particle
production in photoprodnetion compare to hadronic reactions? Docs the theory account
for the observed effects? low do the diffractive photoproduction reactions behave?  Are
they still very similar to hadronie diffraction as expected from the VDM? These and similar
questions are addressed in the following thesis presenting the study of the properties of

- photon proton reactions at HER.\ with the ZEUS detector.
Thix thesis describes the measurement of the inclnsive transverse momentum distribution

of charged particles produced in the laboratory pseudorapidity range —1.2 < 3 < 1.1 in
non diffractive photoproduction reactions at an average c.m. energy of {117 = 180 GeV',
In the 5p svstem boosted in the laboratory frame by 2 - 2.2 rapidity units this 3 interval
approximately corresponds to 3.3 < g, << 7. where negative g, values indicate
the photon fragmentation region.  The obtained p; spectrum is compared to the resalts
from photopracluction experiments at lower c.m. energies and to hadron hadron collisions
at similar enerey. In the region of high transverse momenta the data is confronted with
the prediction of the Quantum Chromodynamics {QC DY the currently established theory
of hadronic interactions. The theoretical caleulations have been performed in the next to

leading order approximation and they include the contribution from the peint like photon

processes,

A laree part of this thesis is dedicated 1o the studies of diffractive photoproduction
processes. [t presents the measurement of the invariant mass distribution of the diffractively
dixsociated photons in the interval 8 < My < 21 GeV, The analysis was performed for the

reaction 5p - » Xp. YN were N odenotes i nucleonic svstem with mass My < 2 GeV,at an

average oo, energy (W) - 200GeV. The results are compared to similar measurement s
in pp collisions. The comparison with other photoproduction results is performed in the
framework of the Regge model allowing to relate the My behaviour to the 117 dependence
of the total and the clastic cross sections.

The last analysis presented in this thesis concerns the subject that has not yet heen
svatematically studied. namely the properties of hadronic final state in diffractive photon
dissaciation. The inclusive py spectra of charged particies emitted in the photon fragmen-
tation region were measured in the diffractive reactions 1p — Xp, VN were N denotes a
nucleonic system with My < 1GeV. The measurement was performed at (V) = 180 GeVin
two intervals of the dissociated photon mass with mean values {My) = 5 GeV and 10 GeV.
The results are used for the comparison of the diffractive dissociation of photons with that
of hadrons.

The measurements of the inclusive p; spectra in diffractive and non diffractive photopro-
duction reactions were performed with the same experimental setup and very similar analvsis

LPseudorapidity i is calculated from the relation p = —fn(tan(0/2)), where € is a polar angle calcudated
with rrespect to the proton beain ditection,

tecluignes ustng Che slia collected by ZEUS fn 1993, Therefore, these measnrenents will
b presented together in this thesis,

The anadvsis of U\ (h‘-1l“|[>ll|inll n l[ilf[.n 1ve Ib]]\)'l||I[’l|(lll¢'[i|||] Was llUllt‘ ll\illl." the data
cullected in 1 after the commissioning of the ZEUS profon remnant tagger that plaved a
concial role tn fhe measnrement.

The thesis is organized as follows. Chapter 2 contatns @ short introduction o the physies
of photon indieed reactions and the models nsed to deseribe them. In chapter 3 the basis of
the presented measuretments are introduced. Chapter 1 deseribes the experimental appava-
tus: the HER\ collider and the ZEUS defector. The online trigger and the offline filtering
used to select the events for the analyvsis are presented in chapter 5. The next chapter con-
tains a description of the Mante Carlo <imnlation programs used in this study, Chapter 7
presents the experimental techniques used to identify the diffractive reactions at ZEUS and
to determine the mass of the dissociated photon syddem. Chapters 8 and 9 are dedicated
to the measurements of the inclusive pp spectenm and the My distribntion respectively,
They contain a detaited description of the final data sclection, the acceptanee corpection,
systematic uncertainties and the results. In chapter W) the resalts are disenssed. The final
comelnsions are given in chapter 11,



Chapter 2

Photon—proton interactions

2.1 Vector meson dominance model

The fixed target experiments revealed a number of similaritics between photon hadron and
hadron hadron interactions [1]. The total cross section for both types of reactions shows
resonance structures at beam energics helow 3 Gel and is approximately constant. above.
Although the photoproduction cross sections are lower than hadronic ones by two orders
of magnitude, they ate much higher than expected for & purely electromagnetic particle.
The photon cross sections on neutrons and protons were measured to be almost the same,
indicating that the intcractions do not depend primarily on the chacge of the target. A
number of other interesting features were observed including shadowing in photoproduction
on nuclei and a copious production of neutral vector mesons in the process similar to clastic
hadron hadron scattering.

The observed effects suggested that the physical photon |4} can be considered a superpo-
sition of 1wo states: a bare photon |45} and a small hadronic component |£) which undergoes
conventional hadronic interactions:

,__
[v) = V Zsl5w) + Valh). (2.1)

where o = 1/137 is the clectromagnetic coupling constant and Z3 is introrduced to assure
prapet normalization. Although the probahility of finding the photon in the hadronic state
is small. it dominates in the interactions with hadrons due to very large hadron hadron cross
sections. The hadronic component |k} should have the same symmetry quantwn numbers
as the photon and the copious photoproduction of the vector mesons p°.w and & suggest
that thev provide very important contribution to [h). The assertion that these three vector
mesons are responsible for hadronic interactions of high encrgy photons is the hypothesis of
a veetor meson dominance model (VDM) [2]. The inclusion of other hadrenic states to [h)
is referred to as generalized vector meson dominance (GVDM) [, According to the VDM:

Viz, . i
hy= 3 IV {2.2)

¥ =p%un f‘

The factors fi indicating the coupling strength of the photon to the vector meson ¥ were
measured in a number of photoproduction experiments. However, the most precise values
come from ¢*¢~ annihilation experiments: f% /1% = 2.20 £ 0.06, f2/4x = 13.1£ 1.8 and
fH1m = 13.2£0.6 [1).

R

Soft igteractions e I Y

Thie VDAL may be intuitively snderstood in the followine sway, The photon propacating
in free space fhctinates into a virtnal veaor meson state. According to the Tleiseaberg
principle the time allowed for s Hnctuation is of the ovder

L2k
EVARESTR

where k is the photon encrgy in the target cest frame and my is the mass of the vector meson.
If the distance that this virtual veclor meson state can travel, ry, is much larger than the
nucleon size, ry = Lim, the resulting interaction may look like a hadronic collision. Already
at k= 10 GeV the fluctuation time is such that r; = 7fm and at HER.\ energies it is of the
order #; =~ 10! fm. Intuitively, the relative probabilities of the photon fluctuation inte the

different vector mesons shonld depend on {he offective charge of the valence quarks squared.
This naive consideration indicates the relative ratios of w and 610 p° contribution of 1/% and
2/ respectively, compared to the mean measired values of 0.12 £ 0.01 and 0.16 £ 0.01 [1].
The VDM approximation allows to connect the cross sections involving hieh energy
photons and nucleons. c.g. protons, 4p - \. to analogous reactions of vector mesons.
Vp— X
aip) = Z g”“-l’)- 2.1
Vot jl -
The veetor mesons are short lived particles and the Vp interactions can not be directly
studied in the experiments. Fortunatelr. the additive guark model [10] states, that the prop-
ertics of interactions hetween hadrons are determined by their valence quark constituents.
Therefore. the hehaviour of Vp processes mav be determined using the #p and Kp data. c.g.

1
alp’p) = ;[f.rlﬁ‘le) + o7 pl). (2.5)

alop) = (ml K py 4+ a(K™py  alztp)). (2.6)

The validity of the VDM for the description of the soft photoproduction has heen con-
firmed in a large number of experiments, Therefore in the following description of soft +p
interactions the phenomenological models developed for the hadron hadron interactions will
he often used.

2.2 Soft interactions

Once the encrgy available in hadron hadron and photoproduction experiments was high
enough to produce multihadronic final states, it was observed that the momenta of the pro-
duced particles were strongly suppressed in the plane transverse to the collision axis {6, 11].
This type of interactions is traditionally referred to as soft processes or limited py physies.
Although in later experiments {1, 5] the hard processes associated with the production of
particles at high transverse momenta were observed, the bulk of hadronie interactions js still
attributed to soft type of processes.

The soft hadron hadron interactions may be subdivided into non diffractive and diffrac-
tive type of processes.
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2.2.1 Non-diffractive processes

[ladronic final states procuced in soft non diffractive hadron hadron collisions. AB -+ X,
have the following general propertios:

o The average number of charged particles depends approximately logarithmically on the
collision energy. The shape of the multiplicity distribution is almost independent of the
cnergy (the KNO [12] scaling) and slightly depends on the type of colliding particles.
The models used to describe the shape of multiplicity distributions are usually based
only on very general assumptions about the mechanism of particle production, e.g. the
lognormal [13] distribution was derived from the statistical analysis of a multi step,
scale invariant branching process.

The transverse momenta of final state hadrons are limited. The py distribution has an
approximately exponential shape:

dofdpy ~ crpl=b-\/p} + m?), (2.7)

where m indicates the particle mass and the slope b depends only weakly on the
c.m. encrgy [LE]. The average transverse momenta of particles produced in hadronic
interactions at IIERA encrgies are (py) = 100 McV,

¢ In the longitudinal direction the hadronic final states are distributed approximately
uniformly in phase space. This is manifested in the rapidity ! distribution of final state
particles displaving a platean in the contral collision region {6]. yeum. = 0.

The above propertics have not vet found an appropriate explanation in terms of QCD cal-
culations. The following picture may help to understand them intuitively. A hadron may be
imagined as a complex cloud of virtual ehjects, cach carrving only a very small fraction of
the hadron’s momentum. If two hadrons collide, the corresponding clouds meet and some of
the constituents interact. The collision energy allows some of the constituents to escape and
forn the final state hadrons. The number of particles that are created is random, but on
average depends on the collision energyv. Unless a high momentum transfer occurs between
two constituents carrving substantial fractions of the Ladrons’ momenta no particles with
high transverse momentum will be emitted. The py of the produced hadrons is to a large
extent duce to thermal motions within the gas of hadronic constituents. In analogy with the
black body radiation onc may expect an exponentially falling speetrum of the energy in the

transversal plane, [y = V’pf t m2, with the slope related to the effective temperature of
the hadronic gas [1]. In longitudinal dircction, randomization leads to equal probabilitics
of occupving all the available quantnm states,

2.2.2 Diffractive processes

Diffraction [7, 6] is the type of periferal scattering of two particles where they exchange only a
verv small four momentum and no quantim numbers. If the diffractive process is elastic the
two colliding particles emerge intact after the reaction. In non elastic diffraction either one

{The c.u. rapidity g, = %hn%“l‘,—‘;, where £ and pz denote the energy and longitudinal motentum, is

defined in the photon proton .. systein where the positive pz correspond to the direction of Right of the
protons.

22 Solt jwteraction- o , e 1}

b)

d)

Figure 2.1: Diffractive photoproduction subprocesses: @) clastic vector meson production,
b) photon dissociation. ¢} proten dissociation and d} double dissociation.

of the colliding particles or both of them appear as more massive dissociated states. Sinee
only a very small energy and momentinmis exchanged. the two particles or the corresponding,
dissociated states continue to move with the momenta close to those ol the initial particles.
Therefore in the rapidity distribution the final state particles are eronped in two regions
separated by a gap. The presence of a rapidity gap is often used to experimentally identify
the diffractive processes.

Elastic scattering

The clastic scattering, AD -+ 1B, is a process where the colliding particles exit intact. The
distribution of the squared four momentum exchange, ¢, has a sharp exponential peak in the
forward direction:
41(7”
di

t=t)

AN | 2.8)

where the nuclear slope parameter, b, depends logarithmically on the collision energy. At
HERA energies it has the value by = 10 GeV'™2 [15. 16].

The truly clastic photon proton scattering, the Compton process 4p -+ 5p, corresponds
to a significant fraction of the total cross section only at energics below the threshold for
meson production. Above this. where the properties of the photon are determined by its
hadronic component described in the VDM, the quasi clastic vector meson production,
sp — Vp, takes over the role of the elastic scattering. It is sketched in Fig. 2.1a with a
dashed line denoting the four momentum exchange. To simplify the notation this process
will be hercafter called elastic.
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Single diffractive dissociation

The single difftactive dissociation, AB — AX, is a process where one of the particles is
excited 10 a more massive state, X, and the other stays intact. 1t is characterized by an
exponential £ suppression similar to that in the elastic scattering with a smaller slope. roughty
by % b,y/2. The spectrum of the dissociated mass. Ay, is dominated by resonant structures
At fow masses and is smoothly falling at higher values approximately as

(iﬂ' sd l

" — 2.9
dM¢? My? 29

The My is closely related to the fraction of the initial morentunt, pi. that the undissociated
particle .} retains after the interaction:

P | My? - My?

r=—=x

- = (2.10)
(ali)

where pis the linal momentum of particle A and My denotes the mass of particle 3. The
process is clearly identified with diffraction only up Lo an approximate limit of Myl=00s
snggested by the coherenee condition (7).

The two types of the single diffractive processes in- photoproduction are sketehed in
Fie. 2.1 and 2.1c. They correspond to the single dissociation of the photon. 1p — Np.oand
the dissociation of the proton, yp — VN,

The experimental knowledge of the diflractive reactions with the photon dissociation ix
verv poor. Previous measurement of 1his process was performed in the 1612 fixed target
cxperiment at the e energy of 113 <310 <0 16.6 GeV [¥]. The resulis indicate that the

wross [entnres of the diflractive dissociation of the photon resemble diffraction of hadrons

terms of the distributions of 7 and My,

Diffractive double dissociation

It e donble dissociation process both colliding particles are couverted to more massive
aates. rescinbling a combination of two single diffractive excitations. as showrean Fig. 2.0
The data on this subjeet is verv limited die to experimental difliendties wit h discriminating

Letween donble dissociation process aned the non diffractive interactions.

1adronic final state in diffractive collisions

The studies of particle production properties in diflractive reactions showed that they pri-
marile depend on the mass of the dissociated systen. My and not on the overall collixion
enerey {7). 11 the diflfractive collisions are studied for one vahwe of My, the hadronie final
“Lirtex Trom the deeay of the dissociated system X reveal inany similarities to the tinal states
in non ileactive collisions. The momenta of produced particles ave strongly suppressed in
the plane transverse 10 the collision axis. The rapidity distribution features a central platean
indicating approximately miform oceupation ol the Jongitadinal phase space [17. 18}, The
distribmtion of eharged particle nmltiplicity is similar to that in nou diflractive inferactions.
oulv at Tower energy {18019, 7] This is lastrated with Fig. 2.2 quoted from {138}, The plot
Shoses The mean charged pacticle mmltiphicity @ra) inonon difltactive pp and gy collisions
v the cane energy /s [20). This is compared to the average mrmber of charped parti
el produeed in the Tragimentation of (e system X in the diffractive veaction pp — Vp at

L2 Solt juterictions 13
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Figure 2.2: Mear churgrd pertocle uaitiplecidy o nov diffvactive ppoand pp collisions ex.
the e encegy {207 compurd Lo the wrerags wamber of chargad particles produccd e the

fragm nlation of he susfcm N o the diffractioe reaction pp - Np oal \,_: =516 Gel ‘_/I.‘:,?,

G G GV N The dilfanive dita points are plotted at & My and they elosely
follorwe the belivione of the non ditfaetive dita,
Al the properties of diffractive final states deseribed above snagest, that it is convenient
1o think of dillvaction as ol an exchanee of i ()i)j('l'l that. in collision with dissociating
Badron, Teads to a similar finasl <state as that inaonon ditfractive collision ol two hadrons,
These propertics of the final states in dilfeactive processes have been observed in hadvon
hadrom l':x';)t‘l'illl('nlh. e particle production o diffractive photoprodnetion has not heen

svstematicallv studied o far

2.2.3 Regge phenomenology

I e theoretical ideas of Reaoe 217 Tead to the development ol a phenomennlogical model
of inseractions hetween hadrons at ligh energy. also relerred 1o as the Regae theory {1
Ihis theory explioins in relatively simple terms the helivionr ol cross sections meastered
the experiments. Althongh very snecesstul in deseribing the data, it does ot provide the
explanation of the hadronie prosesses on such an clementary Jevel as QUL However, sinee

the QCD cateulations can wot he performed for the majority of soft processes. one hax to

relv on the phenomenological models ke the Regge theory in the analysis of the data,

Uhe Regge formalisni exploits the crossing svmmetry between the two reactions sketehed
W Fie. 230 For the two bodv scattering process, Af3 =+ O£ the square of the can. energy
s~ = (g + pedd while the square of the fonr momentnns exchange = (py - pe i defines
(he scattering angle. Inthe crossed channel, AC = BD. the voles of the two varialles inter-
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Figure 2.3: Proccsses related by crossing symmectry. The s-channel process AB — (D {a}
and t-channcl process A" — BD 1b).

change. i.e. ¢ is the c.m. energy squared, while s defines the scattering angle. The hypothesis
of crossing symmetry states. that sinee the quantum numberss of the object exchanged in the
first process and the intermediate state formed in the second process are the same, the two
reactions share a common scattering amplitude.

The hadronic spectroscopy experiments studying the reactions of the type AC S BD
ohserved numerous resonances characterized by different values of spin. J. and mass. m, of
the intermediate state. Surprisingly. the resonances corresponding to a particular choice of
the colliding particles lay on a straight line on the plot of a = .J vs. { = m?. the so called
Regac trajectory: alt) = a(0) + a’ - 1. The presence of these resonances is equivalent to the
series of poles in the scattering amplitnde tor the process AC = BD at integer values of
the spin. This scattering amplitude evaluated for negative valnes of # aml s — 2c gives the
asymptotic behaviour of the crossed channel process AR+ "Ik

Al )= Ay s, (2.11)
and the differential cross section
o 1 . !
‘J{ ~ §|.l(s.t1|3 ~ Bty A=, (2.12)

where 3(¢) depends on the tvpe of the colliding particles. Figure 2.1 presents experimental
data contirming this hehavionr of the scaltering amplitude. The points in the ¢ < 1} region
correspond to alt) extracted from the charge exchange reaction #7p — #>n. They align
with the resonances helonging to the p trajectory  the intermediale states of the crossed
channel process #77° -+ .

If applicd to the case of clastic scattering where A = (" and B = D the formalism predicts
the following behaviour of the cross section at small [t [11, 7]

AH
o™ a0 2 s (2.13)

dt

The imaginary part of the forward clastic scattering amplitude may be related to the total
cross section using the optical theorem {22]:

AH al0)—1 y
Tpor ~ 8 {2.11)
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Figure 2.4: The p frgretory (221 The pomntsin t < O region come from the analysis af the

reaction ©7p - 70,

In principle, the full caleulation of & cross section shonld involve summing over all Regae tra

jectories that can e exchanged in the consislered reaction. In practice. two trajectories are
sufficient to describe the energy dependence of hadronie and photoproduction cross sections
above the resonant region. The reggeon trajectory having the intercept ag(thy - 0.55 23] and
the slope ay’ = 1 GeV 2 deseribes the initial fall of the cross sections as the c.m. energy in-
creases. It corresponds to the exchanges of mesons. The pomeron trajectory was introdiced
to deserihe the leveling and slight growth of the cross sections at high energy. It was named
after Pomeranchuk who predicted the asvmptotic hehaviour of the cross sections in 1958 [21].
A fit to the hadronic data indicates a pomeron intercept of ap(0) = LOS [28]. .\ similar value
was obtained including the pp total cross section at the c.m, energy /s = 18 Te\ measnred
Ly E710 {25] experiment. CDF {26] has recently repeated the pp cross section measueements
at s — LRTeV and fonnd a significantly higher value than E7100 which would imply &
pomeron intereopt of ap(t) = 111 The discrepancy between the two measurements has
not vet heen resolved. The pomeron trajectory corresponds 1o the exchange of the vacun
quantum numbers and is therefore helieved Lo be responsible for all the diffractive reactions,
The pomeron slope is approximately aj. 2 1125 GeV™2. In the crossed channel the pomeron
trajectory should correspond to a scries of hadronic resonances called glueballs. A candidate
for such a state with spin J = 2 has been observed at mass m = 1900 Mce\™ [27).

The same values of the pomeron and the reggeon intercepts suecessfully describe also
the total cross scctions in photoproduction, as illustrated in Fig. 2.5. The plot incluees
also the results of the measnrements at TIERA {28, 20]. The ALLM paramwtrization [31]
uses a slightly lower value of ap(0) = Li15. Figure 2.6 demonstrates that also the cross
sections for the clastic p° photoproduction are consistent with the expectations from the
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Figure 2.5: The total photoproduction cross scclion [25. 29, 30] as a function of the e.m.
energy W. The lincs arc the results of a Regge type of parametrization with ap(0) = 1.0308
(solid) [23] and apl0) = L.015 (dotted) [31].
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Figure 2.6: Elastic p° photoproduction cross scetion [34, 28, 13, 16] as a function of the
e.m. cnergy W. The prediction of @ model [32] based on a Regge type of paramctrization is
also shown.

Regge phenomenology. The line shows the parametrization [32] of the form similar to the
equation (2.13) using ap(0) = 1.08. The results from HERA [28, 15, 16] are also included.
The Regge theory allows to predict also some features of the inclusive reactions of the type
AB — (' X. Thanks to Miller’s extension of the optical theorem, the high energy asymptotic
behaviour of the corresponding cross sections may be derived from the forward amplitude
for an clastic three body process ABC — ABC'. The calculations show that if particle ¢

2 Hand processes —_ —— L
9
Y q 1
a) - b) N\ 9
q
p p remnant p p remnant
Figure 2.7: The diagrams of the divect photon interactions: the boson glwon fusion (a) and
the QUD Complon process (b).

is produced in the central region of the collision (g, = 0), the double Regge limit applies,
predicting a platean in the rapidity distribution observed in non diffractive events. However,
if particle " careies the same quantum number and a large fraction of the momentum of
-1, the reaction describes the diffractive single dissociation process. The behavionr of the
inclusive cross section may be then calenlated in the triple pomeron asvmplotic it of
ML - oc and s/ME - o {T]:

d*o

ot (2.15)

TERTREA a2eelOh —‘% P epth, + 2 —1
A large number of hadron hadron experiments have confirmed that the above formula cor-
rectly describes the diffractively dissociation above the region of low mass resonances. Even
at very large c.m. energies of /s = 1.8 TeV the value of the pomeron intercept extracted
from the My spectrum shape [33] is consistent with that obtained [rom the clastic and the
total cross sections,

2.3 Hard processes

Hard processes which occur in high energy photoproduction interactions [35, 36] are charac-
terized by large momentum transfers or by the production of large invariant masses. These
processes may be calculated in QUD due to the presence of a hard scale allowing for per-
turbative expansion. Experimentally, hard interactions can be identified by the emission
of high transverse momentum particles, bigh transverse cnergy jets ? or the production of
heavy Havour hadrons. The hard photoproduction processes are generally subdivided into
direet and resolved photon interactions.

2.3.1 Direct photon interactions

The photon can participate in the hard subproccss by coupling directly to a charged parton
inside of the proton. In leading order perturbation theory two channels contribute: the

A jet is a group of collimated particles emitted [rom a high energy interaction. At HERA the jets are
usuatly defined as groups of particles carrying high total transverse energy within a cone in pseudorapidity
and azimuthal angle /5?2 4+ ¢? < H. The tolul transverse energy is a scalar sumn of the transverse component
of the particles™ energies.
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S The
(quarks and ghions emitted from the hard <ubprocess shown in Fig. 2.7 convert into final
state particles in the process of hadronization described later. The cross section for the direct
process depends primarily on the probability for the hard partonic interaction to oceur. In
the lowest order (LO) of the perturbative series it may be written as the convolution of
the probability of finding parton a inside the proton. f,,, and the cross section for the
photon parton process, 7.,:

boxan eluon fusion {BGF) and the QCD Compton process diagrammed in Fig.

of = fupplry) Boaatey). (2.16)

where x, denotes the fraction of the proton momentum carried by the struck parton. For
simplicity the dependence on the factorization scale connected with the parton density f,/,
and the QCD renormalization scale is not indicated.

2.3.2 Resolved photon interactions

A large fraction of hard photoproduction interactions are due to the resolved processes
where the photon does not participate directly in the hard subprocess but through a parton
associated with its structure. If hadronization effects are neglected the cross section for
the resolved photon interactions mayv be approximately written as the convolution of the
probability of finding parton a inside the photon. f,/.. the probability of finding parton b
tnside the proton. fi,. and the cross section for the parton parton process, o

018 = gt} Domlee xp) b farplg), (2.17)
where v denotes the fraction of the photon momentum carried by the parton ¢ and v,
denotes the fraction of the proton momentum carried by the parton b. The scale dependence
is not indicated.

The partonic structure of the photon was studied in the past in interactions of highly
virtual and almest real photons in ¢¥¢™ colliders [36]. where the virtual photon was acting
as a point like probe used to test the structure of the almost real photon.

Recalling the close analogies between photon hadron and hadron hadron interactions
described in the soft eegime by the VDM one conld expect that the structure of the photon
«oen in hard interactions is also similar to that of the vector meson. However, in addition to
the hadronic component. a contribution from an anomalous photon process was ohserved.
The anomalous part is duc to the hard, perturbatively calculable splitting of a point like
photon into a quark antiquark pair that participates in the interaction with the proton
before forming a hadronic state.  The anomalous part of the photon structure function
is fully calculabie, while the hadronic component has to be inferred from the experiment.
In the interactions involving partons carrving small fraction of the photon momentum the
hadronic component dominates. Iowever at high ». values or very hard interaction scales
the anomalous photon component is expected to be of primary importance. The two tvpes
of resolved photon interactions arc schematically shown in Fig. 2.8,

2.3.3 Hadronization

Hard processes are modelled in perturbative QCD in terms of interactions of quarks and
gluons carrving colour charge. Ilowever, as the result of such interactions colour neutral
hadrons are emitted. The transition from partons to hadrons is a very complicated process
generally referred to as hadronization. Although the hadronization is not vet understood

o Hand procecees I

¥ remnant

a)

b )

p remnant p remnant

Figure 2.8: The diagrams of the resolved photon interactions: the hadrenic component (a)
and the anomalous part (b).

in terms of clementary QCD caleulations, a munber of general facts is known [22, [1]. The
primary reason for the hadronization is the QUD confinement forbidding coloured objects
to be emitted as free particles. The hadronization occurs on a longer time seale than the
hard subprocess and therefore does not strongly influence the cross sections caleslited on the
partonic level. Due to the local parton hadron duality [37]) the dynamics of the hadronic final
stite is closely related to the partonic level. This important property justifies for example the
usage of jots to study partonic processes. The propertics of the hadronization are helieved
to be universal resardless of the details of the hard subprocess, the overall encrey and the
type of colliding particles. This justifies the use of hadronization models developed for ¢te”
physics also in case of hadron hadron and - p interactions.

2.3.4 Experiments on hard photoproduction

The inclusive single particle eross sections in photoproduction were previously measnred by
NALL 1] and WAGY [5) fixed target expetiments at e, energies 9.7 < 17 < 168 GeV and
1.5 < 11" < 179 GeV respectively. The photoproduction data were compared to the resalts
obtained in the same experimental setnp using pion and kaon beams. Both experiments
observed a clear excess of high p; particles produced in photon induced reactions relative
to what was expected for the hadronic component of the photon estimated from the meson
data. This difference was attribited to the contrilmtion of the direct photon interactions and
could be successfully described by the QCD calenfations. Figure 2.9 presents an example of
such comparison from [5]. The plot shows the inclusive pp specteunt of charged particles in
photopraduction reactions compared to the shape measured using the hadron beam.

A number of unique measurements of hard photoproduction reactions has heen recently
performed at HER.N. The studies of events with hard jets in photoproduction have clearly
demonstrated the presence of the direct photon component in addition to the resolved
one [38). This is illustrated in Fig. 2.10 with carly results from ZEUS. The measarement
was performed for 4p c.m. energies ranging from 130 to 250 GeV. The events with two jets
with transverse energies £3°° > 5 GeV were used to study the distribution of the variable

ref  —pitt
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where 77 denotes the pseudorapidity of the jet, E. denotes the clectron encrgy and y is the
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Figure 2.9: The inclusive pr spectrum of charged particles measured in photoproduction af
c.m. cnergy of L1 < W < 179 GeV from WAGY coprriment [3] (full points). It is compared
to the shape oblained using the hadron beam fopen cirelrs).

fraction of the clectron momentum carried by the interacting photon. The x. estimates the
fraction of the photon momentum involved in the hard scatter. For the direct photon process
it is expected to be close to one. while for the resolved photon interactions it should be much
lower. s shown in Fig. 2.10 the observed r. distribution has clearly two components. The
M simulation of the resolved photon inferactions explains the region of low x. but can not
account for the peak at high r. which is therefore attributed to direct photon collisions. I
is confirmed by the M simulation including the direct photon component.
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Figure 2.10: Thr uncorrccted x. distribution of dijet photoproduction crents from
ZEUS (3] The dashed hine indicates the MO simulation of the resolved photon contri-
bution. the dashed dotted line correspands to the diveel photan component and the solid line
is the sum of the tiwo.



Chapter 3
Photoproduction at HERA

In this chapter the variables used at IIER.A to deseribe the Kinematics of clectron proton
interactions are introducerdt and the principles allowing to study photoproduction physics
using ¢p collisions are explained. The last section of this chapter contains the discussion of
the basis of the measurements presented in this thesis.

3.1 Kinematics of ep collisions at HERA

The majority of (p collisions at HER.A [39] are due to the exchange of the virtual photon.
v @ process sketched in Fig. 3.1, The definitions of the variables nsed to deseribe the
Kinematics of such process at [IERN are sumunarized in Table 3.1.

3.2 Relating ¢p and 7p cross sections

The cross section for photon mediated ep scattering i< typically written in a demble differential
form [10]:

Po?  Aza’ ami\ o L=y . 3 .
W = [{’I [y (l T)T).lﬂln.(} )‘l‘ T'[)(y.()) . ‘-‘l)

where Fiiy. (%) and Fy(y. %) are the proton structure functions. The structuee functions
may be expressed in terms of the cross sections for scattering of transversely and longitudi-

Figure 3.1: Basic diagram of cp interaciion.
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Table 3.1: Definitions of varables wsed to dvseribe the kinematies of ¢p mferactions af
HERA.

nally polarized virtual photons on the proton, w3 Q) amd a7 Pl Q) respectively:

L ., ‘ Q. 3
rly = lr"u?nl . [N SR 1(_'—2“7_)‘”1_ . (3.2}
This allows to express the op cross section in the {orni:
2 _ep rn ) . R
o _ o l" it w2l w O, o Q%)
dyd()? 2% () i u Q?
21 p

2 u y)_aL,,ng}l. (3.3)

The above equation is often referred tu as the equivalent photon expression (EI'E) for
p scattering since it reduces the op collison to the 5%p interaction. As ° » 0 the
cross section for transversely polarized virtnal photons approaches that for real photons,
.ﬂ']"‘ly.(}") — oW, = /us). while the cross section for lengitudinally polarized photons
o QY ~ QF 0. Tor very low (7 << mZ the deviations from real phaton cross
sections become negligible allowing to express the p eross section in {ers of real photopra
duction cross section. After integration between some (2, and xome QF L it viekls

do°F - -y QF 21 Q: o
a _ % I 4 ‘l .U) n 2,"3, _ { .'f) . (l . Jllllll)] e i[,fl)- ”1)

dy ¥ quiu ¥ (2|2n-!\

If only the logarithmic term is kept the above relation is cquivalent to the Weizsacker-
Williams approximation [11].
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Thus. the photoproduction processes may he Suedied in ¢ p interactions where the clee-
tron is ~cattered under very small angles implicating fow 7. 1t is convenient to scleet
events where g is limited to a narrow interval snch that the photoproduction cross section
may be approximated with a constant, o Fly) = ¢7#. The ¢p cross section may be then
decomposed into a factor defining the flux of the photens in the electron beam. f- /.. and
the photuproduction cross section:

o= fogera? (3.5)

3.3 Inclusive measurements of photoproduction

In the following thesis two measurements of photoproduction reactions at IIER.\ are pre-
sented: the inclusive py spectrum of charged particies in diffractive and non diffractive in-
teractions and the distribution of diffractively dissociated photon mass. Both measurements
were performed using the events where the scattered clectron was detected in the electron
calorimeter of the ZEUS laminosity monitor (LUMIE). This calorimeter accepts electrons
scattered at angles from zero up to about Smrad. This limits the virtuality of the exchanged
photon to the interval between the kinematical limit Q2 = Q% .0 = 1 1078 GeVZ and
2., = U.02 GeV? with a median {Q*) = 6:107' GeVZ The events with an electron detected
in LUMIE are also referred to as tagged events.

By cutting on the energy of the scattered clectron, E.r, measured in LUMIE & fimited
interval of y &~ E.JE. = (E, - Ee)/E. were sclected. In the first of the presented analyses
the LUMIE cnergy was required to satisfy 5.2 < Fo < I8.2GeV limiting the 4p ¢.m.
cnergy to the interval 167 < W < 191 GeV with a mean value of (I17) = 1830 GeV. In the
second study, duc to a different beam orbit and LUMIE acceptance in 1991, the interval
was changed to 12 < E, < 18 GeV', which correspunds to 176 < 7 < 225 GeVoand a mean
value of {I17) =200 GeV.

The hadronic final state of the 4p interactions was studied in the main ZEUS detector.
In the first analvsis the central tracking chambers were used to measure the transverse
momenium distribution of charged particles produced in the laboratory pscudorapidity range
—1.2 < 5 < 14, In the 4p system boosted in the faboratory frame by 2 — 2.2 rapidity units
this range approximately corresponds to -3.3 < no,.. < - -1L7, where negative 1, values
define the pheton fragmentation region. The py distributions of charged particles were
studicd for non diffractive and diffractive reactions separately. The diffractive interactions
2P — \p. XN were My < 1GeV were identificd by a rapidity gap between the dissociated
photon state X and the outgoing proton or a nucleonic system N, Experimentally it was
required that the central ZEUS calorimeter (("AL) registers no enecrgy deposits exceeding
100 MoV in the pseudorapidity range of 2 < » < L3, In the further text the events fulfilling
the rapidity gap cut will be also called diffractive like events and the events that fail this
cut will be called non diffractive like or non rapidity gap events. The topology of the
studied collisions is show in Fig. 3.2a and 3.2b. The rapidity distributions of the final
state particles in diffractive and non diffractive photoproduction at 1" = 200 GeV were
simulated using the EPSOFT Monte Carlo program {sec section 6.4). The distribution of
hadrons in non diffractive cvents is svmmetric around the hadronic c.m. at rapidity y = 2.1.
The diffractive distribution is shown for the process yp -+ XN, where My = 10 GeV and
My = 3GeV. The approximate position of the rapidity gap required in the sclection of
diffractive like events is also indicated. In this analvsis the pr spectra in diffractive-like
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Figure 3.2: Rapidity distribution of final statc particles in non diffractive () and diffrac-
teve b and ¢} pholopraduction collistons at W - 200 GeN' simulated wsing the EPSOFT
MO program. The diffractive distribution is shown 1b) for the process <p -» XN, whri
My = 10GeV and My = 3GeV, and () for the process 4p > Xp, where My~ 20 GeV.
The approrimatc position of the rapidity qap requived in the scleetion of diffractive hke ¢ rents
wsing ("L (b) and PRTL ie) is indicated with arvows.

events were measured in two intervals of the dissociated photor mass with mean valnes
{My) = 5GeV and 10 GeV. The invariant mass of the dissoctated photon system was
reconstrneted using (CAL. The limited acceptance and the resolution of the delector was
corrected for by using the M(* simnlation. It also included the correction for imited efficiency
of the rapidity gap cut to distinguish between diffractive and non diffractive processes, ie.
hased on the results of the MC simulation the remaining non diffractive contamination in
the rapidity gap sample and the diffractive contamination in the non rapidity gap sample




2  Clapter 3. Photoproduction o HERA

were compensated. The final resnlts wilt be presented in terms of a double differential vate
of charged particle praduction in an average event of a given type, ie. in an average non
diffractive « p eollision at (1) = 180 GeVan average diffractive collision with (M) 5GeV
and a diffrictive colliion with (M) = 10 Gel:

1 &N i 1 AN

where AN denotes the number of charged particles produced in A, cvents within pseudo-
rapidity and transverse momentum intervals of Ay and Apr. Defining the result in terms of
characteristics of an average photoproduction cvent of a given type has a number of advan-
tages: there is no need to caleulate luminosities. cross sections and flux factors to convert the
ep cross sections to 4 p cross sections. Also the clectron tagging efficiency does not have to
be considered becanse it is the same for all types of photoproduction processes and therefore
docs not introduce biases to the data sample. These simplifications signiticantly reduce the
number of sources of potential systematic uncertainties and make the measurement more
reliable.

In the second study the distribution of the dissociated photon mass was measured in
diffractive reaction 5p — Xp. Y.V, where the mass of the nucleonic system is limited to
My < 2GeV. The experimental procedure was similar to that applicd in the fiest analysis.
In the events with rapidity gap the difftactive mass of the dissociated photon was measured
in the calorimeter. The limited acceptance and the resolution of the detector. as well as
the limited officiency of the rapidity gap cut to distinguich hetween diffractive and non
diffractive processes were corrected for with the M simulation. Ilowever. in comparison
with the first study this analysis profited from significant improvements of the detector
and the data correction method. The events with a rapidity gap were selected using the
commissioned in 1991 proton remnant tagger (PRTL) detecting particles emitted in the
laboratory pseudorapidity interval of 1.3 < 7 < 5.8, It allowed to select diffractive reactions
with photon dissociated masses as high as 21 GeV and to reduce the contribution of proton
dissociation. The topology of the selected rapidity gap events is illustrated in Fig. 3.2¢
showing the rapidity distribution of the final state particles from the diffractive process 9p —
Xp. where My = 20 GeV. In this analysis the data correction factors were drrived using
the EPSOFT Monte Carlo program to simulate the soft non diffractive photoproduction
collisions. This generator was tuned to the preliminary results from ZEUS. In comparison
with general purpose M(! simulation programs EPSOFT provided a better description of the
hadronic fina} state in soft non diffiractive photoproduction collisions at HHERA. It therefore
allowed for a more precise correction of the rapidity gap data sample for the non diffractive
contamination. The final result of this measurement will be presented in terms of single
differential cross section for the diffractive reaction 4p = Xp. XN, where My < 2GeV.
relative to the total photoproduction cross section:

L ) (!'U;'plj _ f',/r ) (IU;:” _ ﬁ‘»h‘(‘.mg . A;\",{,;[ _ l— . A"\'dt],!
ah dMy  oih foedAx Nt LAecy, SMy N Ay

The photon flux factor f- /., the integrated luminosity £ and the electron tagger acceptance
Aceya, cancel, Therefore the measurement may be performed by directly comparing the
numbers of tagged diffractive ¢p events ANyiy falling into the AMy bin with the total
number of tagged ¢p events Ny,. Like in the casc of the first study this significantly simplifics
the analvsis and reduces the svstematic uncertainty of the result.
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I the measuzements presented in this thesis no correction for the electroweak tadiation
is peeformed. In e considered 11 range. the QRED eadiation effects may lead np o 25
chanae i the mmber of tagged photoprodietion events and do not depend on the tepe of
the p provess [12. 28], Sinee all the measmrement results are quoted eelative to the nunber
uf observed events and et in terms of absolute cross seetjons, they are practically insensitive
to the electroweak radiation effects.



Chapter 4

The experimental apparatus

4.1 The HERA collider

The Hadron Electron Ring Accelerator IERA is the world’s first electron proton collider
installed in the DESY laboratory in Hlamburg, Germany. It consists of two storage rings
placed in a 6.3 km long tunnel 10 25 m underground. The energy of the proton beam may
be as high as 820 GeV. This is achieved due to the application of superconducting dipole
magnets providing the ficld of 1.6 T to keep the protons in the circular orbit. The electrons
may be accelerated at IIERA up to an energy of 30 GeV. This is mainly determined by the
power of the radio frequency (RF) acceleration system which compensates the energy lost by
the beam through synchrotron radiation. IIER.\ has been instrumented with superconduct-
ing RF cavitics supplied by a microwave klystron svstem of a total power of 13.2 MW, The
clectrons and the protons circulate at IIER.\ in opposite directions. The beams mecet at two
points in the experimental halls where the ZEUS and the H1 detectors are installed. The
HERA beams are bunched. Each of the rings is capable of storing 220 bunches of particles.
The collisions of electron and proton bunches, the so called beam crossings, occur every 96ns.
At nominal proton and electron beam currents of [, = 160 mA and I, = 60 mA IIERA will
provide a luminosity of L = 1.5 10% can~%7'. A\ more detailed description of the design
and the performance of IERA may be foud in {39, 13},

In 1993 the IIERA electron beam was operated at an energy of E. = 26.7 GeV. The rings
were filled with 81 colliding clectron and proton bunches. In addition there were 1) unpaired
clectron bunches and 6 unpaired proton bunches. These, the so called pilot bunches, served
for the estimation of the background from the interactions of the beam particles with the
residual gas in the hbeam pipe. The total average electron current was 7.4 mA and the total
average proton current was 10.9mA. The maximal instantancous luminosity reached in 1993
was 1.5+ 10% em=%71 [14].

In 1994 the clectron ring was filled with positrons and the beam cnergy was increased to
E. = 275 GeV. The HERA rings were filled with 153 colliding bunches, L5 positron and 17
proton pilot bunches. Due to higher beam currents reaching 30 mA in case of positrons and
50 mA for the protons, the highest observed luminosity was 5-10% em=%" [15]. To simplify
the notation the term clectron will be further used as a generic name for hoth electrons and
positrons.

The coordinate svstem used throughout this thesis is the so called ZEUS coordinate
system defined such that its origin is at the nominal clectron- proton interaction point (IP)
inside the ZEUS detector, The Z-axis points in the proton beam direction, called also the
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Figure 4.1: The Y Z cut of the ZEUS detector,

forward direction. The X-axis points towards the center of the IIER.A ring and the Y-axis
points npwards. The angular coordinates are defined accordingly: ¢ € [0, 7] denotes the
polar angle with respect to the positive Z direction and & € [0,27] is the azimuth angle
aronnd the Z axis relative to the positive X direction.

The actual position of electron proton interactions is randomly distributed in space, so
that one talks about an extended interaction point. In the transverse direction the size of
the IP is oy & L mm and oy = 0.1 mm as iz determined by the width of the colliding beams.
In the longitudinal direction the ¢p vertices are distributed with oz = 12 cm reflecting the
relatively large length of the proton bunches of about 25 em.

4.2 'The ZEUS detector

The ZEUS detector is installed in the south experimental hall of the NTERA ring. Tt is a hybrid
of a number of specialized subdetertors, as shown in the cut throngh picture in Fig. 1.1.
The ZEUS detector was designed in a way that allews for the most complete measurement
of particles produced in an ¢p interaction. The path of charged particles emitted from the
IP is measured in the inner tracking chambers comprising a vertex detector (VXD) [18],
a central tracking detector (CTD) [19], and planar drift chambers in the forward (FTD)
and rear (RTD) directions. The momentum is determined from the track curvature as the
inner iracking detectors operate in a 1.13 T magnetic field produced by a superconducting
solenoid.

Surrounding the central tracking detectors are the matn uraninm calorimeter (CAL) and
the backing calorimeter {BAC). They capture and measure the energy carried by the particles
coming from the ¢p interaction.
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The tracks of the amons that penetrate throngh CAL are measured by the inuer and
the onter mmon chambers. The path curvature of the mnons passing the magnetized iron
YOKE allows the determination of the momentum. In the forward direetion the muons are
measured in the forward muon spectrometer (FMUQ).

The protons and nentrons emitted under vers small angles in the forward direction are
measured in the leading proton spectrometer (LPS) and forward nentron calorimeter (FNC')
installed in the HER A tunnel at Z between 21 and 101 m. The region of slightly larger scat-
tering angles is covered by the proton remnant tagger (PRT1) installed behind the forward
part of CALat Z = 5hm.

The clectrons and photons emitted backwards under very small angles are detected in
two calorimeters of the luntinosity monitor (LUMI) installed in the beampipe tunncl on the
rear side of the ZEUS at Z = —35 and — 10T m.

In order to reduce the contamination of the data from interactions of the beam protons
with the rest gas in the beam pipe, the so called p-gas background. the ZEUS is equiped
with dedicated background detectors. in particular the €5 and the vet owall (VETQ} instatled
behind the rear part of CAL at Z = —3.1mand at Z - - 7.3 m respectively.

In the following section a more detailed deseription of the detector components used in
the presented analyses is given. A complete presentation of the ZEUS detector may be found
in [16, 17].

4.2.1 Inner tracking devices

The ZEUS vertex detector {18] is a cvlindrical drift chamber surrounding the beam pipe in
the region of the nominal IP. It extends up to a radins of + == 15.9 cm and has a length of
159 em. Each of its 120 radial cclls consists of 12 sense wires running parallel to the beam
axis. The VXD allows for a position measnrement in the XY plane with a resolution of
50 gum in the central region of the cell and 150 gm near the edges.

The central tracking detector [19] surronnds immeddiately the VXI). It extends from an
inner racius of 16.2 ¢ to an outer radius of 82.1 em and has a length of 210 em. The
inner structure of the CTD consists of 72 cyvlindrical drift chamber layers organized in %
superlayers. The superlayers alternate hetween those with wires parallel to the beam axis,
the so called axial lavers. and those with wires inclined at 5° angle to provide a stereo view.
The stereo lavers as well as the measurement of the time of the pulse arrival to both ends
of the sense wire (ZhyTiming readout) allow for the Z position measurement. A spatial
resolution of 260 gm in the XY plane and 2 mm along the Z direction has been achioved
so far. The understanding of this detector is not casy due to the very complicated clectron
drift in the regions of the inhomogencous magnetic field at the ends of the chamber. The
efficicney of the chamber for detecting single hits is greater than 95%.

4.2.2 Central calorimeter

The ZEUS detector is equipped with a sampling calorimeter built as a sandwich structure of
depleted uranium absorber plates and scintillator tiles [16, 504, The light from the scintillator
tiles is collected by wave length shifters and read out by photomultiplier (PM) tubes.
Mechanically, the ZEUS calorimeter is divided into three parts: forward (FCAL) cov-
ering the pseudorapidity region 1.3 > n > L1, barrel (BUAL) covering the central region
11> 7> ~0.75 and rear (RCAL) covering the hackward region —0.75 > 5 > —3.8 [50].
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Holes of 200 200 cm? in the centre of FCAL and RCNL are required 1o accommaodate the
HERA bewmn pipe. Each of the calotimeter parts is suludivided into towers of typically
- 20 et transverse dimensions, which in tuen are scemented longitudinally into electro
masnetic (FAC) and hadronie (HACT sections. To improve the spatial resolution, the clec-
tromagnetic sections are subdivided transversely info cells of tepically 5 - 20em? (105 20em?
for the RCALY. Lach cell is read out by two photomultiplicr tubes, providing redundancy
and a position measurement within the cell.

Under test beam conditions, an energy resotution of oy /I = l].lS/\/E[ GeV) for electrons

and op/FE = ll.ii-’),/\;"E_(—(ic\’) for hadrons was mcasured, The very good resolution for
hadronic showers is duc to the compensation property of the ZEUS calorimeter meaning,
oqual response of the detector to clectromagnetic and hadronic cascades. The compensation
was achieved by carcfully selecting the thickness of the scintillator and the nranium layers
in the sandwich structure.

In addition to the energy measurement, the cells of the ZEUS calorimeter allow for the
time measirement with a resolution below 1 ns for energy deposits greater than 1.5 Gel',
a property used in background rejection. The calorimeter noise, dominated by uranitum
radioactivity, i< in the range 15 - 19 MeV for EMC cells and 21 - 30 MeV for HAC cells.

4.2.3 Luminosity monitor

The ZEUS lnminosity monitor (LUME) {51, 52] detects photons and electrons from the
Bethe Heitler veaction cp ~+ py used to measure the luminosity. It consists of & photon
calorimeter (LUMIG) and an electron calorimeter (LUMIE). Both are sampling calorimeters
with transverse dimensions 25 » 2% em? made as a sandwich of lead absorher and scintilla-
tor tiles. The scintillating light is collected by wave leneth shifter plates and read ont by
PRARLLE

photemnltipliers. The energy resolution of both calorimetersis g fI7 - 0. lH/'\,"[f((ic\y] [52].

The photun calorimeter is positioned at Z -~ - 107m and measures the photons produced
at the nominal TP with angles below 0.5 mrad with respeet to the electron beam direction.

The clectron calorimeter is positioned at Z = - 35 m and accepts clectrons produces in
the nominal 1P with the energy between 7 and 20 GeV at angles up to abont 5 mrad with
respect to the electron beam direction.

4.2.4 Proton remnant tagger

The proton remmant tagger (PRT1) [53] is a set of <cintillator connters tinmediately e
rounding the beam pipe in the forward part of the ZEUS defector at Z - 5.0m. The tanger
consists of two lavers of scintillating material separated by a 2mm thick lead anel wrapped in
Jeael and ivon shielding foil. Each of the scintillator lavers is plit in two halves independently
read out by two photomultiplier tubes. The geometrical lavout of the PRTL scintillator conn-
ters and the readout channel assignment. is shown in Fig. 1.2, The geometrical acceptance
of the PRT1 extends over the laboratory pseudorapidity range of 1.3 < g < 5.8

4.2.5 Background detectors

The vetowall (VETO) [16, 51) located at the exit of the beam pipe tunvet b 7 = ~7.3m
protects the detector from the products of the interactions of heam protons with rest gas
in the vacuum pipe occuering in the IIERA tunnel. It consists of an 87 em thick iron wall
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Figure 4.2: Layout of the PRT 1 scintillator countirs and the readout channel essignment.

with overall dimensions of 5 x 6 m? acting as an absorber. The background that escaped
the absorption is detected by two lavers of scintillator counters installed on both sides of the
iron wall and the VETO tag is issued to the trigger.

The p-gas interactions occurring closer to the 1T are detected by the (5 detector [16]. It
consists of two pairs of small scintillator connters (ronghly 10 x Sem? of active area) installed
above and below the beam pipe behind the RCAL at Z = —3.1m.

The VETO and €5 detectors discriminate between the particles coming from a gennine
¢p collision at nominal I[P and the npstream p-gas background by precise evaduation of the
time of the hit relative to the bunch crossing time. The carly timing is a clear indication of
the p-gas background.

4.2.6 Trigger and data acquisition systemn

In order to cope with a very high rate of ep bunch crossings at IIER.A {10 MHz) the ZEUS
doteetor is cquipped with a very sophisticated data acquisition {DAQ) system with three
levels of triggering. The principles of the operation have been described in [55] and are
presented here verbally, for completeness: “The ZEUS detector comprises several indepen-
dently operating detector components, cach of which is equipped with their own so-called
componcnt subsystem. (‘omponent subsystems contain the front-cnd electronics required for
the component control and readout. They interface to two levels of global trigger processors
and the Eventbuilder. The lavout of the ZEUS trigger and data acquisition system and the
data throughput at its components are shown in Fig. 1.3,

Once a detector component has been read out, the data are stored in a 5 ps first level
trigger pipeline and analyzed by a local first level trigger processor. The resuits of the differ-
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Figure 4.3: Diagram of the ZEUS data acquisition system.

ent component subsystems referring to the same heam crossing are inpnt to the global first
level trigger (GFLT). which computes an overall first level trigger decision. The maximum
rate of GFLT accept decisions is designed to be Fkllz. Up to the GFLT hoth the trigger
and readout are deadtime free.

On GFLT aceept. data accepted for fnrther analvsis are copied (o a second lovel trigger
pipeline. A GFLT aceept rate of 1 kllz and o copy time of 30 gs resalt in 3% deadtime. This
is the onty source of deadtime provided no buffer full states oecur.

A second tevel trigger processar local to the component subsysiem compattes a trigger sub-
decision, which is forwarded to (he global second level trigger {GSLT) and used to compnte
an overall sccond level trigger decision. The GSLT is designed to accept approximatety 10%
of all GFLT accepted triggers.

In casc a component subsystem receives a positive GSLT decision, the corresponding data
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arvissigned a GSLT decision number and transferred to the Fventbiilder, The Eventbuilder
combines and formats all the component datac carrving the same GSLT decision mnbaer into
otie data set. This data sot s called an event.and its GSLT decision nnmber is alsa referred
to as the event number.

Once an event is complete, it is input o the third level trigger (TLT). The TLT is &
processor farm consisting of six branches of a total of 36 processor nodes, It performs the
elobal event reconstruction and a final filtering and is designed to accept up to 5 events/s. ™

4.2.7 Offline processing and analysis facilities

The ZEUS experiment is producing up to | MB of physics data during each second of
itc operation.  This data is stored on cassettes operated by an AMPEN tape robot with
a total storage capacity of 6 TB. The events are then processed offtine using the ZEUS
reconstruction program ZEPHYR executed on a SGI Challenge XL multiprocessor machine.
The reconstruction program analyses the signals registered by the data acquisition systems
of different detector components and converts them into quantities useful for the physics
anatvsis. The amount of data necessary to describe cach event in terms of physics quantitios
is ou average 26 kB. The data in this form is stored on a farm of 600 GB of fast harnd
disks connected to a SGI Challenge DM machine acting as an I/O server. Therofore the
data is casily accessible from the analysis programs running on two SGI Challenge NL
mnltiprocessor machines (31 proeessors total). All these compnters are connected by very
tast TIIPPT links. This svstem is a central computing facility of the ZEUS experiment. the
< called ZARAIL [36). In the physics analysis it acts as a batch facility executing jobs

submitted from the workstations used by the physicists for the interactive work.

4.2.8 Monte Carlo simulation of the detector

In this analysis the resolution and the aceeptance of the detector to the studied physics
processes was determined by the means of a Monte Carlo simulation. The response of the
ZEUS detector was simulated using the MOZART pregram based on the GEANT 3,13 MO
package [57]. It tracks all the particles emitted from the ¢p vertex through the detector
apparatus simulating the processes associatedd with the passage of particles through matter.
The detector response is expressed in the form very similar to that of the data coming
from the actual detector. The data is then subject 1o the ZGANA program simulating the
answer of the ZEUS friggering system. The M events are then reconstructed nsing the
ZEPIIYR program just like the data from the actual experiment. The detector simulation
in MOZART is vervy CPU consuming {stimnlation of one event may take up to 5 minutes on
a DEC 5000/200 workstation). To produce enough MC cvents for the numerous analyses
of the ZEUS data MOZART is executed in background on a large number of workstations
in the physics institntes participating in the experiment. The distributed processing of M
events is controlled by the FUNNEL [96] svstem centrally managed from DESY. The MC
events after the detector and trigger simulation are reconstiucted and stored on the tapes
in the STK silos directly accessible from the analysis programs running on ZARALL

Chapter 5

Event selection and background
elimination

Thiring normal operation the ZEUS detector coliects events corresponding to a wide spectrnm
of «p physics. The tagged photoproduction events are only a small fraction of the fotal data
<sample. These events are selected by a set of dedicated cuts implementedin the theee levels of
the ZEUS trigger svstem. These online selection cuts are deseribed in the liest of the folloswing
sections. The second section deseribes the offline processing. the method of calorimeter noise
suppression, the trigeer incliiciency correction and the statistical backaround sabtraction

K¢ wednre,

5.1 Photoproduction trigger

The data ased n this analyvsis was colleeted using the tagged photoproduction trigger re-
quiring the coincidence of signals in the main calorimeter and the LUMI eectron tagger.
The trigger configuration in FYE3 and 1991 was very similar, except that in 191 a presealing
was introduced to the photoproduction trigger and some of the selection cuts applied in
1993 in the oftline were moved 1o the online. The online prescaling of the photoprodnction
events turned out to be necessary sinee at large instantancous liminosities in 11191 the rate
ol photopruduction events was too hieh. In the following, the more complicated 1HH setip
of the trigaer is presented. The deseription of the 1993 configuration may he fonnd in [55].
A schematic diagram of the trisger logic implemented in 1991 i presented in e 5.1

5.1.1 First level trigger

All the tagged photaproditction data come from one FLT slot {slot ne 36) requiring the
coincidence of the LUMIE subtrigger with the REMC or RENCH subtriggers, The LITMIE
subtrigger was activated if the energy deposited in the LUMI electron calorimeter vxeeeded
5 GeV. The REMC subtrigger required that the encrgy deposited in anv of the towers of
the RCAL TMC section, excluding the towers immediately adjacent to the beam pipe. to be
more than 161 MeV. In the REMC'th subtrigger the encrgy from all the ROAL EMC towers
(including the heam pipe region) of at least 161 MeV was summed and compared to the
threshold of 1250 MeV. Additionally. to reduce the contamination from p gas background
already at the first triggering level, the events with a background hit in the ('5 connter were
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Figure 5.1: Schematic duagram of the taggrd photoproduction trigger implemented i [99].

rejected. To decrease the rate of tagged photoproduction subtrigger, only every second event
was accepted by the FLT (prescale 2).

In the analvsis of the 1993 data the cvents aceepted by the BEMC subtrigger in coinci-
dence with LUMIE were also included. The BEMC subtrigger required that the energy sum
in the EMC section of BCAL excceded 3100 MeV. The sum was caleulated using towers
with more than 164 MeV deposited enctgy,

5.1.2 Second level trigger

At the SLT the tagged photuprueduaction event stream was further cleaned from background
and some parts of the event sample were additionally prescaled. The following cleaning
filters were applied:

¢ RCAL timing the substantial part of the p gas background is identified by too early
timing of the energy deposition in the RCAL. 45 42. It was removed by rejecting events
with [fycaz] > 8ns, where the timing calibration is such that particles from ¢p collision
at nominal IP result in average {fpcae) = 0. If the encrgy allowed, also the FCAL
timing was examined and compared to tpeap:

e up-down timing the cvents where the difference in the timing of the hits in the
upper and the lower half of the BUAL exceeds 10 ns were rejected. Such events are
mostly due to cosmic muons:
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e spark the events triggered by ane eell i the ealarimeter were removed if only one of
the photonmmnitipliors curresponding 1o that cell was activated. Such ovents are tepicatly
due toa spark in the PM vl

o E - Pz the events where the difference hetween the total eneray, £ and the Jonei-
tudinal momentum calenlated front the catorimeter cells, 1% = 5 F cos, . was greater
than 75 GeV. This usually indicates the contamination from p gas background.

The events coming from the tagged photoproduction FLT slot were further processed by
physics filters and assigned to one of the streams shown in Fig. 5.1. The stream 2 accepted
all the tagged photoproduction but was prescaled by factor 8. Particularly interesting events
iLUMI electron energy outside the highly populated contral band of 10 < E. < 19 GeV,
overlays with hremsstrahlung and electron pilot events) were assigned to stream | and saver
with smaller prescale of 2. The diffractive candidates characterized by a small energy deposit
in the forward part of CAL were passed with no prescale in stream 6.

5.1.3 Third level trigger

fu the ZEUS third level trigger a <implitied version of the ZEPHYR reconstruction program
was executed. Therefore it allowed o further suppress the backsround contamination using
more refined cuts dike muon finder aleorithnis to ceject events dite o cosmic or beam gas
nwuons) and teapply more complicated filtering to sclect onty the disired tvpe of events.
The filters applied an the tagged photoproduction events assigned them to the fonr trigger
hits shown on the diagram in Fig. 5.1, The different preseale factors assigned to those bits
were adjusted to optimize the usage of the tape storage the events were sent 1o,

5.2 Offline processing

Alfof the tasged photoproduction events accepted by the TLT were recorded on tapes. Later,
they were reconstincted and stored on the disks in the miniDST format. These events will
he also referred to as the offiine sample. In the offline analvsis the effocts of presealing on
the three trigaering Jevels were cortected for by assigning appropriate weights to the events,

The 1993 offfine data sample corresponded (o a luminosity of 0.1 ph™! and consisted
of 23tk events. Aler compensating the prescaling effects it represented 385k events that
fulfilled the LUMIE and CAL coincidence condition before the FLT For the second analysis
only part of the data collected by ZEUS in 1991 was used. namely after the commissioning
of the PRTI The data sample consisted of 103k events corresponding to the luminosity of
0.7 ph='. They are equivalent to 691k events after the preseating correction. In the further
text the size of the event samples will adwavs be expressed in nember of events the sample
corresponds to after the prescaling coreeetion.

In the first step of the offfine analvsis all the tagaed photoprodiction events were subject
to a trigger correction and statistical subtraction of remaining background.

5.2.1 Calorimeter noise suppression and offline trigger correction

The offline data sample contained a small fraction of tagged photoproduction events that
did not actually fulfill the C'AL trigger condition. They were accidentaliv accepted by the
online trigger because a PM spark or some calorimeter noise contributed to the cnergy sum
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sufficientlv to exceed the trigeer threshold. This changes the efticieney of the trigaer for
rvents with eneray close to the threshold ina way that is only |mr|iin|]ﬁ' deseribed by the
MC simnlation. The detector MO reproduces the effects of nranivin activity noise in CALL
but the P sparks and the run o run dependent noisy readout channels are not <innudated.
Thus. in the offline anatysis cach of the events was subject to a two step trigger correction
procednre.

In the first step a special noise suppression algorithm was applied on the C'AL data.
All the EMCUIAC) cells with energy below 60 MeV(110 MeV) were removed. For isolated
cells the thresholds were increased to 80 MeV(110 MeV). Isolated cells were also removed if
they corresponded to one of the noisy readout channels or if the imbatance between the two
corresponeing PM tubes was too large, indicating a spark. This noise suppression algorithm
was verified nsing empty events collected with a random trigeer. The remaining calorimeter
activity was fully consistent with the uranium noise stmulated in the detector ML

In the second step the corrected CAL energies were used to reevalnate the trigger decision.
This was done with the help of the ZGANNA program used also for the trigger simulation
in the MO events. The photaprodnction events that failed the offline reconstructed trigger
were not tsed in the analvsis, For consisteney an identical procedure was also applied on all
the M(' events.

Another potential sonrce of the svstematic crror associated with the trigeer is an inac-
curate calibration of CAL FLT. which may lead to a reduced cofficiency for triggering events
with enerey close to the threshold. This was verified by increasing the trigger thresholds
applied in the offfine on the data and the MO events from 161 MeV 1250 MeV) for the
REMCIREMCth) subtrigzer to 660 MeVIRTH MeV). The shole analysis was repeated for
the increased trigaee thresholds and the results were compared to those obtained u<ing the
nominal thresholds. The difference in the result was used as an estimate of the systematic
uncertainty due to trigger inefficiency.

5.2.2 Statistical background subtraction

The tagged photopreduction data coming from the experiment was relatively clean from
background. It was due 1o the trigaer requirement of the coincidenee of the signals in (AL
and LUMIE which was difficult to fulfill by background interactions due to the large distance
separating, the two detectors. The remaining contamination of the offline sample was of two
types: the ¢ gas and the coincidence background. Each of them is described helow together
with the method used to subtract it statistically {238, 10, 58].

¢~gas background

The ¢ gas backaround is ereated when a beam electron undergoes a photoproduction reaction
on a rest gas atom in the vacuum pipe. Such cvents satisfv the tagged photoproduction
trigger if the scattered clectron hits the LUMI electron calorimeter and the products of the
photoproduction interaction deposit enough energy in the ("AL. The ¢ sas contamination is
in total helow 0.5% . Tlowever, such background events usually do not deposit any energy in
the FCAL due to a large backward boost of the ¢ gas c.m. svstem. Therefore these event
often imitate a rapidity gap signature making the ¢ gas background particulatly dangerous
in the studies of diffraciive photoproduction. In some regions of the reconstructed invariant
mass of a diffractively dissociated photon the concentration of the background may cven
reach 104 of the events.
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Figure 5.2: The Z position of vorler an the coonts with no encegy o the FOAL befor
ferrcles) and aftor statistical ¢ gas background subtraction ipont~). The solid line is the
cepeeted verter distribution from MO simulation of genwine op collisions,

Fortunately, all the remaining ¢ sas backeronnd can be statisticatly subtracted using,
events correspunding tu heam crossings where the proton buneh was empty. To compensate
for the effect of the ¢ eas collisions in other crossines the electron pilot hunch events are
counted with negative weights:

I

L. inl)
1

Wo e =

where Ly and 1y denote the total electron current in colliding and pilot bunches respectively.
Figure 3.2 demonstrates the effect of statistical subtraction of the ¢ gas background on the
distribution of the Z position of the event vertex (vertex reconstruction is described in
section 8.1). Majority of the ¢p collisions orcur around Z — b The peak at Z — T0em
is due to interactions with protons ariving one oscillation of the MMERA RT system carlier
than the actual proton buches. The beam gas backgronnd is produced imiformly in Z and
has a particularly high trigger aceeptance for forward shifted vertices, Z > 100 em, where
the gemune op collisions almest never occur. The igure shows the vertex distribution in a
particlarly contaminated subsamiple of events with no energy in the FCAL befare and after
statistical ¢ gas hackgronnd subtraction. The excess of data events with vertices Z > {em
vanishes after the background subtraction and the resulting, vertex distribution is consistent
with the one expected from the N simulation.

Coincidence background

Many tvpes of background processes, including p gas. cosmic muons and untagged p col
lisions can salisfv the CAL subtrigger but do not produce any activity in LUMI electron
calorimeter. These events can only he accepted by the tagged phatoproduction trigger if
thev coincide with a process producing activity in LUMIE. The most common of such pro

cesses is the electron bremsstrahlung on a beam proton or an atom of a rest gas. ¢ N = ¢4\
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Figure 5.3: The distributions of the verter Z position (a) and the RCAL timing (b} for the
crents with VETO tag befarc statistical background subtraction {eiveles) and affer background
subtraction (solid points). The vertex position distribution is alse compared to the shape
cxpeeted for the genwine cp events from the MO (solid histogram).

A large fraction of coincidence background events due to p gas and cosmic muons are re-
jected alrecady at the FLT due to the 5 veto or at the SLT due to incorrect CAL timing. The
rarc coincidence events due to untagged cp interaction are not removed by any of those cuts
because they have all the features of genuine tagged photoproduction collisions. Therefore,
a small fraction of the coincidence background survives all the selection cuts and appears in
the final data sample. The overall contamination is on the level of 1 — 2%.

In about a half of the coincidence background events the photon from the bremsstrablung
process reaches the LUMI photon calorimeter. Such cvents are casy to identify since the
energies measured in the LUMI clectron and the photon calorimeters approximately add

A2 Ol proe—sing S R |

np tethe clectron bean eneray, £ 1 £ ox oo Tn the statistical background snltraction

procediee such events are nsed to correet for the coincidence hackeromnd events that conld

et be identifiesh <inee the Lremsstral)ine |l|knfu]1 missed] the LTNT |v|wlu|1 valoriietoer,

This is nsnally the case for bremsstrahbme interactions ocenrring far {rom the nominal 11,

The identified hackground cveats are therefore counted with negative weights
Loitent

Wew = — =5 (n.
' l’l-!enr

ot
<

where Pigene denotes the probability that the hremsstrahlung photon is detected in LUMIG
and Pugens = | = Py These probabilities are calculated on run to run basis from the
bremsstrahlnne spectra coliected by the LUMI data acgnisition svstem independent of the
ZEUS triggers.

The quality of the coincidence hackground subtraction procedure was veritied using the
rvents tagged by the vetowall detecior which indicates the presence of the p gas inleraction
nan event. From 3218 VETO tagged events iu the 1] offline photoproduction sample
only 639 survived the hackground subtraction procedure. However, as shown in Iig. 5.3 the
remaining events have vertex and the RCAL tining distribtions characteristic {for gensine
¢p cotlisions. These events should not be subtracted becanse they actnally are sennine pho
toproduction interactions that happened to coincide with a random activity of the vetowall.
c.g. e to retmains of @ beam gas collision in the TTERA tinnel that were deteeted by the
VETO but never reached the main ZEUS detector. Al the VETO tageed events with the
timing and the Z vertex position indicative of @ p gas hackarcund are subtracted oat.



Chapter 6

Simulation of photoproduction
processes

In this analvsis the resolution and the aceeptance of the experimental apparatus were derivedd
by means of the Monte Carlo (M) simulation. The response of the ZEUS detector to high
cnergs particles cmitted from the ep collisions was simulated using the MOZART program
described in <ection 125, The trigger simulation was performed with the ZGANNA program.
However. the response of the apparatus strongly depends on the number, the type and the
momenta of the particles produced in the primary ¢p interaction. Therefore, the detector
simulation program was supplied with a scries of primary (p interactions resembling the
actual collisions as closely as possible. These primary vertices were caleulated using various
M( gencrator programs, Each of the photoproduction subprocesses was simulated separately
and the obtained event sample was compared to the data. Only the MC event samples
providing a sood description of the data were nsed in the tinal analysis. The simulation
programs used to produce those final MC samples are listed in tables 6.1 and 6.2, The
details of the M(! generation are deseribed below.

6.1 Diffractive processes

The diffractive photon dissociation process ¢5p = Xp) was simulated with the NZ MC pro-
gram based on the Nikolaev Zakharov QCD mordel [39]. Within the implemented algorithm
the photon dissociated svstem is constructed from a quark antiquark pair approximately
aligned with the collision axis. The subsequent QC'T) radiation and the hadrenization pro-
cosses are simulated according to the Lund scheme [60] using the JETSET [61] package.

subprocess | primary MC alternative M('

p > \p NZ. PYTHIA (low My) PYTHLA. POMPYT (high £7)
wp-tp PYTIILA

p s VY PYTIIIA

p— NN PYTHIA

soft. non diffractive || HERWIG (min. bias) PYTIIIA (soft)

hard. non diffractive || HERWIG (pr i = 2.5 GeV) | PYTHIA (pr s = 5 GeV)

Table 6.1: The M( simulation pregrams uscd in the analysis of the inclusive py speetrum.

12

0.2 SOt on ddiflnac e prosess 13

_snl;lmmm primary M - alternattve N ]
-y Ap NZ.EPSOFT (ow My LPSOFT

wp U EPSOET

S N SAY PSOFT

p P XN EPSOFT

soft. non diffractive || BPSOTFT PYTIIIN (mult. int.)
hard. non Jdiffractive || BERWIG ipg o0 - 3.3 GeV) [ PYTIIEN (malt. int.)

Table 6.2: The M( simulation programs used in the analysis of the diffractive My speetrum.

For the simulation of the region My < 1.7 GeV the PYTIHA {61] and the EPSOFT (see
section 6.1) programs were nsed in case of the pyoanalysis and in case of the My study
respectivelv. To cross check the sensitivity of the measurement results to the inudel nsed
for the simulation of the photon dissociation process. the analysis was repeated using an
alternative MC model, In the inclusive py study this alternative simulation was performed
using the soft diffractive option in PYTHLA. To correetly reproduce the tail of the transverse
encray distribution in the data, the sample of events from PYTHLA was enriched with the
harder component simulated using the POMPYT [62] program. POMPYT is & program
developed within the framework of PYTHEY modeling the diffractive dissociation as pat-
tonic collisions of a direct photon with a havd, slionie pomeron emitted from the proton. In
case of the My analysis the alternative siimulation of the diffractive photon dissociation was
performed using EPSOFT. Tu all the M <amples ased for the final analyses the distribition
of the mass of the dissocigtion photon, My . followed the triple pomeron relation expressed
in Eq. 215 with o = 105, The effective exponential sope of the 1 spertrant was between
5 and 6 GV

The other diffractive subprocesses, 5p > Vp U N YN were simalated using cither
PYTHLA (p; anadveis) or EPSOFT (My analysic). Both programs rely on parametriza-
tions of the experimental data. The veetor mesons, V= p7 w0, were produced with ratios
similar to what was measured in low energy photoprodiction experiments. The elastic slope
of the t spectrum was betseen {0 and 125 GeV72 L In case of the diffractive proton dissoci-
ation no precise simulation of the low mass resonances was performed and only the average
My behaviour was reproduced.

6.2 Soft non—diffractive process

In the inclusive 1 analvsis the soft, non-diffractive 4p collisions weee simnlated with the
HERWIG [63] prograin using the hadron hadron minimnm bias option. This generation
mode was developed for pp and pp physies and relies on the parametrizations of hadrouie
data. The hadronization in HERWIG is simulated according to the cluster model. As aresalt
of the vp collision a number of elusters are created with momenta distributed approximately
uniformly in the longitudinal phase space. The clusters are intermediate hadronization
objects that undergo fragmentation untill their mass is reduced to the level where the clusters
can he converted into hadrons. The parameters of this generation mode in IHERWIG were
retuned ta improve the agreement of the mudel with preliminary photoproduction data from
ZEUS, e.g. the multiplicity of charged particles in the simulated events was reduced by
about 15%.
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In the My analysis the FPSOFT progrim was nsed to simulate the soft, non-diffractive
< p eollisions tsee section i The hadronie Bnal ~tate is simmlated in EPSOFT according to
a similar aleorithm to that in ERWIG, hat the step involving the ereation of intermediate
hadronization clusters was eliminated. The proeram was also tuned to the ZEUVS data and
provides & slightly better deseription of the observed distributions than HERWIG.

Jur the evaluation of the model dependence the alternative M simulation of the non
ditfrartive photoproduction collisions was performed using the PYTHIA program. In the p,
analysis the soft, hadronic option of the generator was used which simulates low p; hadron
hadron scattering similar to that described above. In the My study the simulation was
performed using the multiple interaction option [61. 61]. It involves an approximate QC'D
calculation of a process where many independent parton parton scatterings mav oceur in
one photon hadron collision. If none of the partonic interactions involves a high momentum
transfer no hard jets are produced and the resulting collisions have propertios characteristic
for soft interactions. However. if a large transver<e momentum is exchanged. the resulting
events display pronounced jet structures as expected for hard scattering, The advantage of
this approach is that it naturally combines the soft and the hard regimes. The hadronization
in PYTIHA is simutated according to the Lund scheme implemented in JETSET [61).

6.3 Hard processes

[ the analysis of the inclusive py spectrum the resolved and the direct photoprodietion
subprocesses were simulated using the HERWIG program with the lower cut-off on the
transverse momentum of the final state parfons, pyi., chosen to be 2.5 GeV. Tor the
parton densities of the colliding particles. the GIV' LO [65] (for the photon) and MRSD'_
[66] (for the proton) parametrizations were used  As a cross check the hard +p scattering
events were also generated using PYTIIA with py,,.,, = 5 GeV'.

In the My analysis the primary simulation was performed using HERWIG with pyo, =
3.5 Gel and the same parton distribution functions as above. No alternative simulation of
hard photoproduction was needed since the multiple interaction mode of PYTHIA nsed to
generate the soft non diffractive events deseribes also the hard regime.

6.4 EPSOFT

The EPSOFT program performs a Monte Carle simulation of ¢p scattering via photon ex-
change. The program was primarily written to model the photoproduction processes and
relics on the phenomenological models used to describe the interactions of real photons.
EPSOFT can simulate the soft diffractive and non diffractive collisions of the exchanged
photon with the proton. The photon is assumed to interact via its hadronic structure de-
scribed] by the V'DM. The cross sections are calculated form the parametrizations of the
hadronic and the photoproduction data and the hadronic final states are generated uni-
formly in the limited py phase space. The EPSOFT program may be also used to simulate
the Deep Inclastic Scattering characterized by high virtuality of the exchanged photon,
2% >> 1 GeV?. The dynamics of the simulated photon proton scattering is assumed not to
depend on the photon virtuality in any way.

The EPSOFT program was developed within the framework of HERWIG and was tuned
to reproduce the properties of the photoproduction collisions observed with the ZEVS de-

elolisort .

tector The program was ased extensivels in the analvsis of the difractive 1y spectrian
deseribed b this thesis. From the puint of view of this stndy EPSOFT has two major ad-
vantages over the general pucpmse M programs like TERWIG or PYTHIA. It provides o
better deseription of the TIERA data and the user has a ful] contral over all the steps of the
event generafion,

The next <ections desceribe in detail the aleorithin of generating an event in the EPSOFT
prosgam.

6.4.1 Electron vertex

The event generation starts from choosing the y and O variables determining the kinematics
of the clectron vertex in the cp collision. The following slightly simplified version of the cross
section formula from Fa. 3.3 is nsed:

o AN U G I T 21 — .
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The cross sections for scattering of transverse and longitudinal photons on protons, mi*,, |,
and @, " 0 are caleulated from the ALLA parametrization [31]. 1t relies on a Regge tepe
of relation stmilar to Eq. 2.1 with pomicron and regeeon intercepts that may depend on
2. 11 was fitted to a large number of photopraduction and DIS data points and provides a
smoath transition between the two kinematical regjons.

The actnal weights assiened to the senerated events corresponil to the tolal cross section
(Eq. 6.1) scaled down by the factor depending on the type of the subprocess, The soff
non diffractive process is assumied (o correspond to 50% of the total cross ~ection. In the
photoproduction regime adl the diffractive processes <simmlated by EPSOFT add np to abont
1040 of the total cross section. This leaves sone space also for the hard type of interactions
that have to be simulated with other M Programs.

Once the cross section is evalnated and the eloctron vertex is generated, the collision of
the emitted photon with the proton is simulated following one of the algorithimns described
below.

6.4.2 Soft non -diffractive collisions

The soft non diffractive collisions of hadronic photons witl the proton are generaled in
EPSOFT according to the following algorithm:

L. The number of charged particles in the final state is chosen. Due to charge conserva-
tion. it ix generated in terms of a number of pairs of charged particles, n. The negative
binomial distribution (NBD) is used:

T LR {{n)/ k)" -
f ( u )m(T)W (6.2)

where the width parameter, 1/k = 0.021, was adjusted so as to obtain the best de-
scription of the track multiplicity shapes observed in the photoproduction collisions at
ZEUS. The mean multiplicity of charged particle pairs is calenlated from the relation

(n) = 023 (In M)* 4 043 - In M + 0.56, (6.3)
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Valenee quark flavour conncetions between the colliding particles and the

hadrons produced in a 4p scaftering. as implemented in the EPSOFT M program.
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where M = 1" — my — my is the e encrgy reduced by the rest mass of the two
colliding particles. This relation was obtained from a fit to the pp and pp data and
was later scaled by a constant factor to describe the multiplicities observed at ZEUS.
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Figure 6.2: The distribution of the tofal cnvrgy in the calovimeter (a) and the wulbplicidy
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The bihaviour of the ZIUS data ipoints) is reprodueed by the MO simulation (solid linr)
wheree the deminant soft nen diffvactive component was simulated wsing EPSOFT idashed
linc).
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. The particle contents of the hadronic final state is chosen. In order to automatically

conserve charge, isospin and strangeness the flavors of the valence quarks of tinal state
hadrons are generated according to the scheme depicted in Fig. 6.1, In this algorithm,
adding a new hadron involves extending the quark flavour chain by one eiement. The
new element may be cither onc of light quarks or a diquark line. This is selected
randomly with probabilities adjusted such as to produce hadrons in ratios similar
to what was mcasured in hadron hadron interactions [67). When the valence quark
flavors do not uniquely deline the hadron. the one with the smallest mass is chosen.
The procedure is repeated till the charged multiplicity 2 - n is reached.

. The transverse momenta of the particles chosen in the previous step are generated

from the probability distribition

dr I

2 rpt—a - Jp? 2y 6.1
e )

where nr denotes the mass of the hadron. For strange hadrons the slope of ¢ = 3 is
nsed, and for all others it is @ = 5.1, as indicated by fits to hadronic data {68, 75). The
transverse momenta are defined with respect to the photon proton collision axis.

. The longitudinal momenta are generated from the flat rapidity distribution using a

technique similar to that of Jadach [70]. Care is taken to assign the highest and the
lowest rapidity to the hadrons that inherit the valence quark flavour of the incident

Table 6.3: The average multipheities and the mean transecrse momenta of different pavticles
in soft non diffractive photoproduction cvents simulated with the EPSOFT program. The

all charged || 19.0 110
=t 15.5 1L

- 19.3 22)

h=E ) 520

» .55 610

n 0.77 620

A% 0.0% 660

colliston corresponds to e.m. energy of 117 = 180 Gel'.

particles. This operation enforees i leading particle effect. The ofher particles are not
ordered in rapidity.

L steps 3 and | special care is taken 1o ensure energy and momentuni conservation in the
produced events. The hadronie linal states of the events generated with this algorithm have

all the properties characteristic for soft non diffractive hadron hadron interactions deseribed

in section 2.2.1. They also account for all the general features of the photoproduction events

observed with the ZEUS detector, as illustrated with two examples in Fig.6.2. The plots show

the distribution of the total energy in the calorimeter and the multiplicity of tracks detected

in the region of —1.5 < y < 1.5 in the tagged photoproduction events at {(1§7) = 200 GV,
1 I

The behaviour of the data (points) is reproduced by the M simulation (solid line) where



I~ ¢ '."r.:/t'- p6. Sinfation uf’phu,b?n]-rnuf!n flo JHOC S -

the dominant soft non difractive component was stimdated nsing EPSOFT i dashe] line),
Table 6.3 lists the average mmltiplicities and 1ransverse momenta of different particles in
non diffvactive photoproduction collisions at the c.m. eneray of 17 = 180 GeV simnlated
with the LPSOFT program.

6.4.3 Elastic vector meson production

When the EPSOFT program is used to simulate the clastic vector meson production, 4 p —
Up. the p°,w and 6 mesons are randomly chosen with the probabilitics of 30% , 10% and 10%
respectively. The mass of the p° vector meson is generated from a relativistic Breit-Wigner
shape, while the « and © masses are approximated by constants. The kinematics of the
4 p interaction is then uniquely defined by only one variable, namely the square of the four
momentum transfereed by the proton, 1. It is gencrated according to the following cross

section formula: )
do(4p - Vp)

dt
where the default vatue of the effective slope is by = 10 GeV™% and may be casily redefined
by the uwser of the EPSOFT program. The factor A, defining the weights assigned to the
generated MO events, is cither set to the value specified by the user or is caleulated from the
cross section formula in Eq. 6.6 as deseribed in section 6.1.1. The decays of the clastically
produced vector mesons:

= oy caplba - 1) (6.5)

o p° ot
o w o atr R R, wtaT
e 6 RtK~ R}Rypn.7¥e=°

are simulated assuming s-channel helicity conservation [1]. By default @ dominantly transver-
sal polarization of the exchanged photons is assumed which is & good approximation only
for Q% =~ 0. If EPSOFT is used in the DIS regime the relative contributions of the the
transverse and longitudinal polarization states has to be specified by the user. The part of
the EPSOTFT program responsible for simulating the decays of vector mesons relics on the
code developed by G.Levman [71].

6.4.4 Diffractive photon dissociation

At the heginning of the simulation of the diffractive interaction 4p -+ Xp in the EPSOFT
program the t and the My variables are chosen. Thev are generated from the following cross
section formula:

dotsp- Xp) . ., caplby - t) -
- = . . 6.6
TREYE) O Y Q2 - e 16:6)

where the constant term ¢ = 0.11 defining the ratio between the single diffractive cross sec-
tion and total onc was taken from a fit to the hadronic and the photoproduction data [7, 8).
The soft pomeron intercept has a default value of ap(0) = 1.1 and mav be casily mod-
ificd by the user of the EPSOFT program. The effective exponential slope is sct by de-
fault to b,y = 6GeV™? in accord with the results of the measurcments [7, 8] but may
also be redefined by the user. The dissociated photon mass is generated in the range

o desarp . e - . 1

tony 4 2eomze it ME < 0L TS swhere neas s pion mass and T denotes the c.m. encrgy

al the p system. The veetor me<on mass ngy s chosen with the same alzorithm as that
nsend for the simudation of the clastie process. This enstes the cortect transition between
the resonant and the non resonant region of the My spectenm, avoiding gaps and donble-
counting. In addition. EPSOIT may be ed ina mode where the cross seetion of the clastic
pracess defined by the factor 4 in Eq. 6.5 i chosen such that the finite mass sam rule [7. 8]
is fulfilled. This rule states that the extrapolation of the high Ay hehaviour of the single
diffiractive process (Eq. 6.6) into the Jow mass region defines the average behaviowr of the
resonances including the elastic scattering. This ensures @ correct transition from the elastic
to the non elastic My region also in terms of the cross sections assigned to the EPSOFT
events,

Once the f and My variables are chosen, the praton vertex in the reaction 5p + Xp
is calenlated. In the last step the hadionic tinal state X is simedated using the method
inspired by the experimental observations deseribed in seetion 2.2.2. The dita sugaests that
diffraction may be modelled as an exchange of an object that. in collision with the dissociating
particle. leads to a final state similar to that in non diffractive hadron hadron scattering.
This object will e later called & pomeron. althongh the relation with the pomeron trajectory
mtroduced to explain the growth of the fotal rross sections is not direct {see section 2.2.3).
Toltowing this ohservation the hadronization of the photon dissociated svstem is simulated
in EPSOFT using the algorithm deseribied in section 6.1.2 and alrcady implemented in the
program for the non diffractive channel. The oty differener is that instead of generating
the < p collision at a c.m. enerex 7. a collision of the photon with the pomeron at a c.m.
energy My is simmlated.

6.4.5 Diffractive proton dissociation

The EPSOFT program can also simlate processes invalving the dissociation of the pruton
ap = VN YN The corresponding cross section is ealentated in relation to the reactions
50— VpoXpowhere the proton emoerges intact:

('P(T(‘,p AAY] ) J:ry(‘“u » X' 05 JFﬂ[p,n AN n'_”"\‘
dtdAMLdME dtd M3 ” datpp » ppy/di

16.7)

The first term in this formula describes the cross section for the process with the proton in
the final state. The second term defines the ratio of probabilities that the proton dissoci-
ates into the nucleonic system N to that in which it einerges intact. It is derived from a
parameterization of the pp = pp and pp + pX cross seetions developed by G.Wolf [72] and
based on the data from {7]. The hadronic ctoss sections o(pp -+ pN.pp) were cvaluated at
the c.m. energy W. The factor 0.5 accounts for the fact that in pp - PN scattering there
are two protons which can dissociate. The mass of the nucleonie svstem is generated in the
range (1.25 GeV)? < ME <ol - 1172,

The hadronization of the nueleonic system .V is simulated with the same method as that
used in casc of the photon dissociation (scc section 6.1.1). The algorithm implemented in
EPSOFT for the non diffractive channel is used to calculate the collision of the pomeron with
the proton at the c.m. energy My In case of the double diffractive process the hadronization
of the dissociated photon and the dissociated proton are simulated independently.
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Figure 6.3: Thr transverse momentum distribution of the track with the largest p; in
cach cvent obscreed m the data {ponts) compared to the result of the MO simulation (sold
histogram). The soff and the hard M components arc shown as dashed and dotted histograms
respeetively.

6.5 Combining different MC subprocesses

In order to correctly describe the shapes of the photoproduction events observed at ZEUS
the MO samples corresponding to the different subprocesses had to be combined in the
ratios similar to that hetween the corresponding photoproduction cross sections. Since the
models used to simulate the subprocesses give only a rough cross section estimate the relative
normalization of the M(' samples was inferred from the data.

Tn the first step the MO samples corresponding to soft and hard non diffractive compo-
nents weee combined in a ratio that gave the best deseription of the transverse momentum
distribution of the track with the largest py in cach event observed in the data. In Fig. 6.3
the leading track p; spectrum is compared to such a combination of the MC samples. The
dashed and the dotted histograms show the contribution of the soft and the hard MC com-
ponents respectively. The obtained ratio hetween the hard and the soft MC components
depends on the way the hard processes were simulated. For the case of a hard MC comipo-
nent generated with py ., — 2.5 GeV, it corresponded to 1% of the non-diffractive sample,
while for pr i = 5 GeV it was only abont 3%,

In the next step the non diffractive M{ sample was combined with all the diffractive
subprocesses.  The relative contributions of the subprocesses were adjusted according to
the ratios of the corresponding photoproduction cross sections measured at HERA [28,
15]. The non diffractive cross section o4 = 91 £ 11 gb {28] combined with the total one
Ot = 113 £ 17 gb [28] measured at (117} = 130 GeV were used to fix the contribution of
non diffractive processes in the MC' simulation at 61 £ 8%. The photoproduction cross
section of the elastic p° production of al5p — p°p) = 117 4 0.4 [15] corrected for other
light vector mesons (1] and non clastic production mechanism was used to determine the
contribution of the processes 3p — Up. V.V to be 15 £ 3%. The remaining 21 £ 8% of the

o5 Comibining diftereat MO ahiproco s a1

pliotoprodaction interactions were assigned 1o the difftactive photon dissociatton processes
=p o Np YV The ratio hetween the pumber ol diffvactive inderactinns where the proton
emerges mtact to the intetactions wheee the protan is dissociation (o higher niass nueleonic
state was inferred fromn the weights assigned to the simolated events by the MO generator
programns.,



Chapter 7
Measuring diffraction at ZEUS

The following chapter presents the experimental techniques used in this study to identifv the
photoproduction events corresponding to diffractive processes and to reconstruct the mass
of the photon dissociated system.

7.1 Selection of diffractive events using CAL

The events corresponding to diffractive processes were selected by requiring a gap in the
rapidity distribution of the final state particles. In the first of the presented analvsis, the
pr spectrum measurement, the forward part of the contral calorimeter was used for that
purpose. All the events where the pscudorapidity of the most forward energy deposit with
encrgy above 0 MeV,| 9,,.. was below 2 were classified as diffractive like. The rapidity
gap in those cvents extended at least to the edge of the FCAL at a psendorapidity of 1.3,
Thus, in the 4p c.m. system the gap spans approximately over the pseudorapidity interval
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Figure 7.1: The acceplance of the trigger and the ., < 2 cut (dashed line) or the PRT!
cut (solid line) for the diffractive process ip — Xp simulated with the NZ M( program vs.
the mass of thr dissociated stafe X
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Figure 7.2: The acceptance of the trigger and the 3,0, < 2 cut (dashed linc) or the PRT
cut (solid line) for the process process 4p — XN simulated with the EPSOFT MC program
vs. the mass of the nuclconic system N

of —0L.1 <.y <220 The combined acceptance of the trigger and the 3,.., < 2 ent for the
diffractive process 5p -+ Xp simulated with the NZ MO program is presented in Fig. 7.1
as a function of the mass of the dissociated photen state. In the region of My < 3GeV,
where a significant fraction of the produced particles excape through the beam pipe hole in
RCAL, the acceptance is reduced due to the calorimeter trigger inefficiency. As My grows
the acceptance reaches 80— 99% . At My = 15 GeV the acceptance falls again sinee the
particles from the decay of the dissociated svstem start reaching the rapidity gap region.
In Fig. 7.2 the acceptance of the trigger and the 9, < 2 cut for the 5p — XN process
simulated with the EPSOFT M(! program is shown as a function of the nucleonic svstem
mass. The aceeptance is highest for very Jow masses. At My > 1 GeV il drastically falls
since the decay products of the V' svstem start reaching the FOAL and the events fail the
rapicdity gap cut.

7.2  Selection of diffractive events using PRT1

In the second study. the My analysis. the diffractive events were selected by requiring no
charged particle hits in the proton remnant tagger. The PRT! covers the laboratory psen-
dorapidity interval of 1.3 < 7 < 5.8, which in the 7p c.m. system approximately corresponds
to 2.2 < g < 3.7, Therefore, the diffractive like events selected with the PRTI have a
rapidity gap shifted by over two pscudorapidity units into the proton fragmentation region,
compared to the events selected with the #,., < 2 cut. This allows to study diffractive
interactions with much higher values of My and to reduce the contribution of the proton
dissociation process.

The PRTI was operational for the first time in 1991. Therefore, a number of tests were
performed to ensure that the quality of the data provided by the detector was satisfactory
for this analyvsis. These tests are summarized below.
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Figure 7.3: The spectrum of the signal from channcl 2 of the PRTI in tagged photo-
production crents (solid histogram) and the shape of the spectrum in emply cvents (dotted
histogram). The distributions arc shown in lincar {a) and in logarithmic scales (b).

7.2.1 PRT1 performance

As discussed in section 1.2.1 the PRT1 consists of two pairs of scintillator counters read out
by PMs, installed in the {ront part of the ZEUS detector. The speetrum of the signal from
one of the PRT1 channels {e.g. ch2) in tagged photoproduction cvents is shown in Fig. 7.3.
The distribution has a peak at ch2 2 ) and a tail extending towards very high amplitudes of
the PM signal expressed in counts of the readout analog to digital converter. A very similar
behaviour of the spectrum at ch? & 0 was obscrved for empty events collected with a random
trigger indicating that the peak is due to pedestal Huctuations in events with no hits in the
PRTL comters. The corresponding spectrum is shown as a dashed histogram in Fig. 7.3.
[n order to better visualize the PRT1 response to charged particle hits the data sample
was limited to photoproduction events with the total energy in CAL £ > 50 GeV. These
events are dominantly due to non diffractive processes with low probability of a rapidity
gap tn the PRTI region. The resulting distribution is shown in Fig. 7.4. The remaining
contribution from events with no PRT1 hits was statistically subtracted using empty events
collected with random trigger to parametrize the shape of the pedestal peak. The resulting
spectrum, shown as a dashed histogram in Fig. 7.1. corresponds to the photoproduction
ovents with at least one charged particle hit in this PRT1 counter. The spectrum has a
maximnm at ch? = 70 counts corresponding to the deposit of one minimum jonizing particle
(MIP) smeared by the large detector noise. Due to this noise there are no additional maxima
from two and more MIP hits. A similar analvsis showed that the MIP peak in channels 3
and 1is located approximately at ¢h3 =~ 90 and chl =~ 30 counts. The first maximum in
the signal spectrum of channel | was at ¢kl = 30 counts. This is consistent with the known
fact that the high voltage {IIV) supplyving the corresponding PM was accidentally set at a
too low value resulting in the gain reduction. Figure 7.5 presents the correlation hetween
the signals from ch3 and ¢kt in photoproduction cvents with Ey, > 50 GeV. These readout
channels correspond to two scintillator counters covering the samc arca. Apart from the
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Figure 7.4: The spretrum of the signal from channel 2 of the PRTI in tagged photopro-
duction creats with the total energy in CAL Eyy > 50 GeV (solid histagram) and the shape
of the spectrum in emply events (dotted histogram). The diffrrenee between the fwo spectra
corresponds o the pholoproduction cvents with at lrast one charged particle hit in this part
of the PRTI tdashed hustogram).

large peak from events with no hits in this part of the PRT1 a second maximum at chl = H)
and ch1 = 80 counts e to a single charged particle crossing both lavers is observed.

In thic analysis the threshold of 50 connts is nsed to discriminate between the signal
and the pedestal Huetuations in cach of the PRTI counters. This threshold i« marked as a
solid line in Fig. 7.1 and 7.5. The poor separation between the pedestal peak and the signal
introduces effectively some accidental tags  the noise, and the tagging inefficienev. The
noisc was estimated using empty events collected with random trigger and corresponding to
the beam crossings wheee the electron and proton hunches were empty. There, the fraction
of events with the PRTI signal exceeding the 50 counts threshold was measured to he
0.6 £ 0.2% . This number is similar for all fonr channels. The same fraction calenlated using
events colleeted with random trigger but corresponding to crossings where both eleetron and
proton hunches were filled is 1.1 £0.3%. This number accounts for the detector noise as well
as the beam related backgronnd.

The ethcieney of each of the PRTL connters was caleulated as a fraction of the events with
charged particle hits where the signat from the counter exceeds the threshold of 50 counts.
The PRT1 spectrum for events with charged particle hits was obtained by statistically sub-
tracting the pedestal peak due to events with no hits from the measured distribation, a
procedure analogous to that illustrated in Fig. 7.1. However, the caleulation was performed
for exactly the type of events that are responsible for the non diffractive contamination in
the My spectrum measurement, namely those with invariant mass reconstructed from the
CAL My oo < 32GeV (see section 7.3). The tagging cfficiency obtained for the channels 2,
3 and 1is 97.8 £0.5%. The efficiency of channcl | suffering from too low setting of the 1TV
was 0.5 £ 1.5% . which is also satisfactory for this analvsis.

The above estimations of the PRT1 efficiency were verified nsing an alternative method
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Figure 7.5: Distribution of the signals from twe PRTI counters covering the same arca m
tagged photoproduction cvents with E, 0 > 50 Gel',

that involved studying the response of the counters from one laver in sample of cvents with
charged particle hits in PRT1 selected using the counters from the other layver. The results
were consistent with those of the method presented above.

In this analvsis the events were classified as non rapidity gap if at least one counter from
cach of the two PRTI layvers produced a signal of more than 50 counts. This tageing method
will be hereafter called the coincidence method since it requires the detection of the charged
particle in both PRT1 layers. The overall tagging efficiency derived from the single counter
cfficiencies is 92 £ 0.7% . The rate of accidental tags dite to the detector noise aned the heam
background was estimated using random trigger cvents to be 1.1 £ 0.2,

To cross check the sensitivity of the final results to the PRTI noisc and inefficiency,
the entire analysis was repeated using an alternative tagging method where nu cotncidence
between the two PRT1 layers was required. All events where the signal from any of the four
counters exceeded 50 counts were classified as non rapidity gap. This selection method is
characterized by an overall tagging cfficiency of 96 + 0.5%. The noise and the background
result in the PRT1 tag in 2.3 £ 0.2'% of events.

The difference in the final result obtained using the two tagsing methods was used as an
estimate of the systematic error duc to the inefficiency and the noise of the PRTI.

7.2.2 Simulation of PRT1 acceptance

PRTI is covering the region of very small polar angles in the forward direction. In the
non diffractive events this region is populated with particles having relatively large energy
due to the forward boost of the hadronic c.m. system. A full MC' simulation of the hadronic
and the clectromagnetic cascades in this region requires a lot of computing. To simplify
these calculations a special technique of shower termination is used in the ZEUS detector
simulation program. namely only more energetic particles in the cascade are traced and
the enecrgy deposited in the detector material by low energy particles is calculated from

T Diflractine nicess peconestric fHon o ¥

the parametrization of the test Leam data [73]. This signiticantly speeds up the computing,
bt may introdeee some inaceuracies into Hhe sinudation af the detectors sensitive to low
eneray pactictes like PRTL The <hower teomination may result in an underestimation of
the probability that PRT1 tags an event hecanse of the low eneray particles from a cascale
developing in the neighbourhood of the detector. This effect was studied using a set of
MC events simulated onee with and once without the shower termination. The comparison
showed that for events with My ... < 32 GeV' the shower termination reduces the number
of events with hits in PRT1 by about 9%. This artificial inefficiency in the M(' simulation
with the shower termination is of a similar size as the overall inefficiency of the detector
measured in the data. For this reason no additional apparatus related inefficiencies were
introduced into the MC simulation if the shower termination technique was used. To account
for the background and the deteetar noise 1% of randomly chosen M(* events with no charged
particle hits in PRT1 were treated as it there was a hit. To verify the precision of the detector
simulation the simulated fraction of the events tagged by PRT1 was compared to the data.
To eliminate the sensitivity to the model assnmptions about the diffractive processes the
comparison was performed for the events with £, > 50 GeV' dominated b non diffractive
collisions. The following fractions were obtained:

e W5.6 £01%  MC simulation with non diffractive 4 p interactions generate
using LPSOFT isoft) and HERWIG (hard).

o 9L £ 0.1% MO simulation with non diffractive o interactions generadoed

using PYTHI A,
o MO 0LY  data.

o 7.0 £0.1%  data, if the alternative tagging method reguiring no coineildence
between the twa PRTI lavers is used.
The discrepancy between the data and the two M simmlations is much smaller than the
difference hetween the two mcthods of tasging the data used for the estimation of the
svstematic uncertainty of the final result.  This comparison demonstrates that although
only a very simplified MC' simmlation of the PRT1 was performed the achieved precision is
sufficient for this analysis.

7.2.3 PRT1 acceptance for diffractive events

The acceptance of the rapidity sap cut based on the PRTL for the diffractive process
gp — Xp simulated with the NZ M is presented in Fig. 7.1 as a function of the mass
of the dissociated state X. Above the region of low My affected by the trigger incfficiencies
the acceptance is close to 90% and it is approximately Hlat in My. At My =~ 30GeV the
acceptance starts to fall due to particles from the decay of the dissociated system X that
reach the PRTL. The acceptance of the PRT1 cut for the 9p - XN process simulated with
the EPSOFT M program is shown in Fig. 7.2, The cut removes most of the events with
Ma > 2GeV.

7.3 Diffractive mass reconstruction

In tagged photoproduction at IIERA the diffractively dissociated photon state is nsually
produced with only a small laboratory momentum, due to the large Lorenz hoost of the wp
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Figure 7.6: The relation between the generated and the reconstructed mass of the dissociated
photon state in cvents simulated with the NZ M(" program.

c.m. system in the proton direction. At 117 2 200 GeV the system X is produced at rest if
My =~ 20 GeV'. Therefore, the mass of the diffractively dissociated system may be estimated
from the invariant mass of the hadronic system observed in the central ZEUS calorimeter
without large loses duc to beam pipe holes. The following relation was used to estimate the
My:

My = VET-Pix \\E = P;)-(E + Pz) = \2E. - (E + Pz) (7.1)

The total momentum of the dissociated photon svstemy, I, is approximated with the longi-
tudinal one, Pz, since in tagged photoproduction the transverse momentum of the system
X is usually very small (roughly {P;) 2 200 MeV'). The mass of the dissociated photon was
reconstructed from the following expression:

-1
(8

My e = A- \[éu:, CE)AY E+ Y. Ecost) + B. (7

cond cand

The energy of the scattered electron, E,.. was measured in the LUMI clectron calorimeter.
The £, and 0; denote the cncrgy and the polar angle of CAL condensates defined as groups
of adjacent cells with the total energy of at least 100 MeV, if all the cells belong to the EMC,
or 200Mc\ otherwise. The condensate finding algorithm was run after the noise suppression
procedure deseribed in section 5.2.1. [n the py spectrum analysis the My .. was calculated
by summing over all the condensates of at least 160MeV. In the My study the threshold was
increased to 20 MeV to reduce the sensitivity to low energy particles which suffer from large
energy losses in the inactive material before entering the (CAL. Both analyses were tepeated
without these additional cnergy thresholds and the difference in the obtained results was
used for the estimation of the systematic accuracy.

The correction factors A and B compensate the effects of energy loss in the inactive
matcrial, beam pipe holes, and calorimeter cells that failed the energy threshold cuts. Their
values were selected such as to give the best estimation of the true invariant mass in diffractive
photon dissociation events obtained from the M(! simulation. If My was reconstructed using
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Figure 7.7: (a) The mean difforenee between the reconstrueted and the gracrated mass
of the dissociated photon in the cveats simulated with the NZ MC program. The My e
culeulated from condensates with cncrgy abore 200 MeV (solid line) is compared lo that
obtaincd with all the condensatcs idashed line). The dotted linc carresponds to the crents
simulated with the EPSOFT MC program. (b) The resolution of the mass reconstruction.
The lines have the same meaning as in (a).

the condensates above the energy of 1611\ eV the correction factors had the values of A4 = 1.20
and B = 1.0 GeV. For the method with the additional threshold of 200 MeV the factors
were A = 117 and B = 1.1 GeV, If no additional encrgy threshold was applied the factors
were A = 113 and B = 1.3 Gel'.

Figures 7.6 and 7.7 show the quality of the diffractive mass reconstruction. In the events
corresponding to the process 4p — Xp simulated using the NZ and the EPSOFT MC pro-
grams the reconstructed My ... is compared to the generated value of the dissociated photon
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Mas. My pen. I the region of My .0 < 1GeV the diffractive mass is recansteueted with
the resolution close to 1 GeV.o Unfortunately, due to @ large fraction of particles escaping the
detection through The beany pipe hote in RCALL the reconstrnetion of low diffractive masses
wuffers from migrations towards hisher My .. values. In the range | < My, < 28 GeV
the resolution of the mass reconstenetion is close to 2 GeV and the lincarity is hetter than
1.5 GeV, Al of the measurements presented in this thesis ave limited to this resion of My,

Chapter 8

Transverse momentum spectrum of
charged particles

In this chapter the details of the measurement of the inclusive py spectenm of charged par-
ticles in diffractive and non diffractive photoproduction are deseribed. The trigeer used to
callect the events and the general offline seleetion criteria have alveady been disenssed in
chapter 5. The further analysis relies on the information about charged particle tracks re-
constructed from the tracking chamber data using the algorithm described in the following
section. The actual measurement was performed with the data passing the final selection
culs described in sections 8.2 and 8.3, The aceeptance correction procedure and the pos-
sible systematic offects are discussed in sections 2.1 and 85, The results are presented in
section 8.6.

8.1 Track reconstruction

At the beginning of the track reconstruction algorithm the pulses measured in (he sense wires
of the CTD and VXD are analyzed and the precise position of all the hits is calculated from
the drift time information. The hits are combined into full tracks in the pattern recognition
algorithm starting with the hits in the ontermost axial superlayvers of the CTD. As the
trajectory is followed inwards towards the heam axis. more hits from the axial wires of the
CTD and the VXD are incorporated. The resudting path in the XY projeetion is used for
the pattern recognition in the ZbeTiming and the sterco superlavers, The track candidates
are then fitted to a 5 parameter helix model. To account for the possible nudtiple Coulomb
scattering in the inactive material between the VXIY and the CTD the tracks are allowed
to have a kink in this region. In the caleulation of the covariance matrix the possibility of
maltiple scattering in the heam pipe walls and any dead material traversed by the track is
taken into account. For (he full length tracks with p; > 1 GeV the resolution in transverse
momentum is a,,./p; = 0.005 - p; 0016 (py in GeV).

The reconstructed tracks are used to determine the primary event vertex bv means of the
perigee fitting technique [71]. The trajectories of the tracks assigned to the primary vertex
are then reevaluated with an additional constraint from the vertex position. In events with
charged particle tracks, the position resolution of the reconstructed primary vertex is 0.6 em
in the Z direction and 0.1 em in the XY plane.

In 1993 the ZEUS CTD and VXI) were fully operational for the first time and not all of
the detector effects were fully understood. Also the MU simulation of the tracking detectors

61
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was not vet tinal and some of the sibitle effect were not reproduced. e.g. complicated electron
drift in the regions of inhomogencons maenetie ficld at the ends of the chambers. The M
sindation is nseed in this study tacorreet the slata for the limited detector acerptance and
if not all of the effects are appropriately simulated the accuracy of the correction might
be reduced. To verity the size of this potential inaccaracy. the analysis was repeated with
an allernative sample of MO events where the performance of the tracking system was
artificially degraded. This sample was obtained nsing a tracking reconstruction code where
two modifications were introduced. Since in the data only about 38% of the tracks were
reconstructed including the information from the VXI) compared to over 90% in the M(
simulation, in the alternative reconstruction code the VXD was not used at all. In addition
10% of the hits in the CTD were randomly removed to reduce the average number of hits
used to reconstruct a charged track in the MC simulation to the level observed in the data.
The superlaver elosest to the heam pipe was excluded from this procedure.

8.2 Offline event selection

This analvsis is hased on the offline data sample described in chapter 5. The offfine trig-
ger correction and the statistical background subtraction were performed as discussed in

calorimeter in the range 152 < E. < 8.2 Ge\ were used. limiting the 4p c.m. cnergy
to the interval of 167 < 17 < 1 GeV. The longitudinal vertex position determined from
tracks was required to be in the range 35 cm < Zyertey < 25 em. The vertex cut limited the
data sample to the regivn of uniform detector acceptance. The cosmic ray background was
suppressed by requiring the transverse momentum imbalance of the deposits in the main
calorimeter, Puyeon;. telative to the square root of the total transverse energy, VEr. tu be

small: Poysiny /VET < 2V GeV,

The data sample was divided into a diffractive and a non diffractive subsamples using
the rapidity gap cut of 3., < 2 deseribed in section 7.1, The final non rapidity gap data
sample consisted of 119k events.

The diffractive like data sample was analvzed as a function of the dissociated photon mass
reconstructed in the main calorimeter nsing the method described in section 7.3, The diffrac-
tive data were selected in two infervals of the reconstructed mass, namely 1 < My .. < 7 GeV
and ¥ < My,.. < [3GeV. As alrcady mentioned in section 7.3, the reconstruction of low
diffractive masses suftered from large migrations towards higher A ... To reduce the mi-
grations from the region corresponding to vector meson production. both of the diffractive
data samples were subject to an additional cut 9., > —2. Aecording to the MC simula-
tion the events passing all the diffractive cuts and falling into the lower interval of My ..
arc dominantly due to the photon dissociation process with a mean value of the diffractive
mass and a spread of (My) = 5GeV and rms. = LR GeV. The diffractive events falling
into the higher My .. interval correspond to {Mx) = 10 GeV with r.m.s. = 2.3 GeV. The
contamination from the non diffractive processes was approximately 12% in the lower My
interval and 25% in the higher onc. The final diffractive data sample consisted of 5k and 3k
events in the two My intervals respectively.
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Figure 8.1: The cfficiency of the charged track rcconstruction vonvoluted with the aceeptance
of the sclvetion cuts listed in section S.f. The acecptaner as the function of p; is shown
only for particles with 12 < n < V.| and the aceeptanec vs. n s hnuted to particles of
p1 > 03 GV, The aceeptance was caleulated by means of the MO simulation,

8.3 Track sclection

The charged tracks used for this analysis were selected with the following criteria:

e only tracks accopted by an event vertes fit were considered. This eliminated most of
the tracks that came from secondary interactions and decay< of short lived partieles;

o tracks must have hits in cacl of the first 5 superlavers of the ¢TI, This requirement.
cnsures that only long. well reconstruetedd tracks are nsixd for the analy-is:

o —1.2<p< l.land p;y > 1.3 GeV.

These selection cuts were tested on events from the MC* simulation. The efficiency of the
charged track reconstruction convoluted with the acceptance of the selection cnt is plotted
as a function of p; and 5 in Fig. 8.1, The last of the cuts listed above seleets the region
where the effective acceptance for charged particles is close to 0% and i< uniform in p; and
in . The contamination of the final sample from secondary interaction tracks, products
of decavs of short lived particles, and from spurtons tracks fartifacts of the reconstrietion
eorithm) ranges from 5% at p; = 0.3 GeV to 3% for pp > 1GeV. The ineflicieney
and remaining contamination of the final track sample is accounted for by the aceeptance
correction described in the following section,

The pseudorapidity distributions of tracks with p; > 0.3 GeV pascing the guality cuts
in the non diffractive like events and the two diffractive like data samples are presented in
Fig. 8.2. The distribution of tracks in non diffractive like events is compared to resnlt of
the MC simulation of the 7 spectrum of charged particles with pp > 0.3 GeV oin the non
diffractive processes shown as dashed histogram in Fig. 8.2. Similarly, the two distributions
of tracks in the diffractive like events are compared to the simulated n spectrum of charged
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Figure 8.2: The pscudorapidity distribution of tracks with py > 0.3 Ge\' passing the quality
cuts in the non diffractive like events (a). diffractive like cvents with ¥ < My, < 7GeV
th) and & < My, < 13GeV (e}). The data (points) 1s compared to the results of the
MC simulation of n spectrum of charged particles {dashed histogram) in the non diffractive
processes (a) and the diffractive photon dissociation with mass 1 < My ;0 < T GeV (5),
and 8 < My 00 < 13GeV (c). The solid histograms show the results of the M simulation
mcluding the contribution from other photoproduction processes, the detector cffects and
the quality cuts applicd on the reconstructed tracks. The vertical lines mark the region of
—1.2 <y < 1.1 uscd for the measurement.

particles in the diffractive photon dissociation with generated mass 4 < My 4oy < 7 GeV and
B < My gen < 13 GeV', respectively. In the region of good detector acceptance the distribu-
tions of tracks and charged particles are very similar. The solid histograms in Fig. 3.2 show
the resuits of the MC simulation including the contribution from other photoproduction
processes, the detector effects and the quality cuts applied on the reconstructed tracks. The

simalated distributions closely follow those in the data. Only the vegion of - 1.2 - 5 < 1.1

I~ used tor the measurement.

Fhe transverse momenta of the tracks measuret in the data and simulated in the MO
displaved no correlation with y over the considered interval ane were symmetric with respect
to the charge assigned to the track.

8.4 Acceptance correction

The acceptance corrected transverse momentum spectrum was derived from the recon-
structed spectrum of charged tracks, by means of a multiplicative correction factor, cal-
cnlated nsing Monte Carlo technigues:

1 AN, 1 AN,

(
/

Cipr) - i

. . v . )
Nowoor dpppn ™ Necoo dpyye.

Nyew denotes the number of primary charged particles generated with a transverse momen-
tn pyg e in the considered psendorapidity interval and N, ,, is the number of generated
events. Only the cvents corresponding to the appropriate type of process were included,
e for the lower invariant mass interval of the diffractive sample only the Monte Carlo
evenis corresponding to diffractive photon dissociation with the generated invariant mass
1< My, < 7GeV were used. No,. i~ the pumber of reconstructed tracks passing the ex-
perimental cuts with a reconstructed transverse momentum of py ... while N, denotes the
nnnber of events used. Only the events passing the trigger simnlation and the experimental
event selection criteria were included in the calendation. To aceonnt for the contribation of
all the subprocesses, the combination of the MC' samples deseribed in section 6.5 was used.
This method corrects for the following rffects in the data:

e the limited trigger acceptance:

e the inefficiencies of the event selection cuts, in particular the contamination of the
diffractive like spectra from non diffractive processes and the events with a dissoci-
ated mass that was incorrectly reconstructed. Also the non-diffractive like sample i<
corrected for the contamination from diffractive events with hig dissuciated mass;

limited track finding cfficiency and aceeptance of the track selection cuts, as well as
the limited resolution in momentum and angle:

loss of tracks due to sccondary interactions and contamination from secondary tracks:

decays of charged pions and kaons. photon conversions and decays of lambdas and
neatral kaons. Thus, in the final spectra the charged kaons appear, while the decay
products of neutral kaons and lambdas do not. For all the other strange and charmed
states, the decay products were included.

The py dependenee of the factors used to correct the non diffractive and the two diffrac-
tive spectra is shown in Fig. 8.3. The validity of the acceptance correction method relies on
the correct simulation of the described effects in the Monte Carlo program. The possible dis-
crepancies between reality and Monte (‘arlo simulation were analvzed and the estimation of
the cffect on the final distributions was included in the systematic uncertainty, as described
in the following section.
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8.5 Systematic effects

One of the potential sources of the systematic inaccuracy is the tracking system and its
Monte Carlo simulation used for the acceptance correction. This inaccuracy was estimated
by recalculating all the correction factors using the alteenative MC simulation code with
artificially degraded tracking performance. The difference in the obtained Cipr) factors
with respect to the original values is plotted in Fig. 8.1 as a function of pr. In casc of the
non diffractive spectrum the difference in (*{py) is estimated to be less than 10%. In case
of the low My interval of the diffractive spectrum the corresponding estimate is 13%. The
discrepancy is larger since most of the particles in those events are emitted backward at
pscudorapidities close to the tracking acceptance limit. The systematic error due to track
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Figure 8.4: The difference betwern the corvection factors calevlated assumng arvtificially
degraded tracking performance and thosc caleulated from the standard M(' simulaiion in
casc of the non diffractive spectrum (a). the diffractive speetrum with (My) = 5GeV (b)
and {My) = 10 GeV (¢}, The horizontal lines indicate the corresponding «rror lrmifs.

finding cfficiency in the diffractive spectrum at {My) = 1 Gel' was estimated to be 7%, An
incorrect deseription of the momentun resolution in the M( simulation at high p; could also
introduce a systematic error in the results. To verify this, the calenlation of the correction
factors was repeated assuming much worse tracking resolution. The effect was negligible
compared to the statistical precision of the data. It was also checked that the final spectra
would not change significantv if the tracking resolution at high p; had non gaussian tails
at the level of 10% or if the measurcd momentum was systematically shifted from the true
value by the size of the momentum resolution.

Another source of systematic uncertainty is the Monte Carlo simulation of the trigger
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response, It was veriied that even a very large (205 ) inacenracy of the BCAL energy thresh-
old wounld not produce a statistically significant effect. By varving the trigger thresholds it
was verified that the inefficiency of the ROAL trigeer would change the number of cvents
ohserved, hut would not affect the final p; spectrum since it is normalized to the number of
cvents. The correlation between the RUAL energy and the py of tracks is very small.

To evalnate the model dependence, the calculation of the correction factors was repeated
using an alternative set of MC programs [sce chapter 6) and compared to the original values.
The differences between the obtained factors varied between 5% for the high mass diffractive
sample and 11% for the non diffractive one. The sensitivity of the result to the assumed
relative cross sections of the physics processes was checked by varving the subprocess ratios
within the error limits given in [28]. The offect was at most 3% .

A the above effects were combined in quadrature. resulting in an overall svstematic
uncertainty of the charged particle rates as follows: 15% in the non-diffractive sample, [5%
in the (My) = 5 GeV diffractive sample and 9% in the {(My) — 10 GeV diffractive sample.
All these systematic crrors are independent of p; .

8.6 Results

The double differential rate of charged particle production in an event of a given type is
calculated as the number of charged particles AN produced within Ap and Ap; in .\,
cvents as a function of py:

[\ S S AV
N, diddy " N.. 2pr Ny Apy

(8.1)

The charged particle transverse momentum spectrum was derived from the transverse mo-
mentum distribution of observed tracks normalized to the number of data events by means
of the correction factor described in section 8.1. The resulting charged particle production
rates in diffractive and non-diffractive events are presented in Fig. 8.5 and listed in Tables
8.1, 8.2 and 8.3. In the figure the inner crror bars indicate the statistical error. Quadrat-
ically combined statistical and systematic uncertaintics are shown as the outer error bars.
The non diffractive spectrum extends to py = 8 GeV. while the diffractive spectra reach
pr = 175 GeVoand 2.5 GeV in case of (My) = 5 and 10 Ge’ respectively.
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Chapter 9

Diffractive mass spectrum

In this chapter the detaits of the measurement of the dissociated photon mass spectruny in
diffractive photoproduction are described. The extraction of the uncorrected My distribution
from the data is discussed in the following section. The acceptance cortection method and
the procedure of reweighting the MC' event samples used to correct the data are described
in sections 9.2 and 13, In the last two sections the results are presented and the systematic
nneertaintios are analyvzed,

9.1 Uncorrected My spectrum

This measurement is based on the offfine data sample described in chapter 5. The offline
trigger correction and the statistical background snbtraction were performed as discnssed
sections 5.2.1 and 5.2.2. Onlv the events with the clectron energy measured in the LUNMI
calorimeter in the range 12 < E.o < 18 GeV were nsed, miting the sp em. energy to the
interval of 176 < 117 < 225 GeV. This cut reduced the data sample to 180k events. The
diffractive like events were selected using the rapisdity sap cut based on PRTL and describedd
in section 7.2, The data sample after the PRT1 cut corresponded to 131k events. 1n these
events the invariant mass of the hadronic svstem measured in the central calorimeter was
reconstructed with the method described in section 7.3, The obtained distribntion of My ..
is presented in Fig. 9.1 in the form:
dN I AN(My )

t
e - — . ",
l\rn d-",\' rec ‘Vci AJ[A\' rec . o ]

where AN {3y .o} denotes the number of rapidity gap events in the given My .. bin and
N, i the number of the photoproduction events before requiring the rapidity gap, but after
the £ ent. The bin width AMy .. = 1 GeV s almost twice as large as the My .. resolution
for masses in the range | < My < 21 GeV'| so the bin-to-hin migrations remained on the
level of about 204 .

9.2 Acceptance correction

The My e spectrum obtained from the data was corrected for the non diffractive contam-
ination, the detector smearing and the acceptance effects by means of the multiplicative
correction factors derived from the MC simulation. The result is expressed in terms of
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the diffractive photon edissociation cross sevtion relative to the total photoprodnction eress
soction:
| de 1 dN ) 1 | .

mddTy T N airy I R e e )
The contamination factor. Contt My i, i~ definel as the ratio of the munber of events due to
non-diffractive reactions and the process <p « YN with Wy > 2 GeV to the totad number
of events passing the rapidity gap ont and observed in a bin of My .. The bin to bin
migration tactor, Mig( My ). detines a vafio between the number of diffractive events that
arc reconstracted and the events that are generated in a given bin of the invariant mass,
where only the cvents passing the selection ends are taken into account. The Aee( My)
denotes the acceplance of the selection ents for the process 5p > Xp, XN where My <
2GeV, as a function of the senerated niass. The lee,, is the giohal trigeer acceptance.
Figure 1.2 shows the behaviour of the contamination, migration and acceptance correction
factors as a function of My. For My > XGeV the correction for the aceeptance and
migration effects is almost negligible, as the correspoending factors are constant and close
to unity. Iowever, the very small non-diflractive contamination at low masses increases
with growing invariant mass reaching W7 at My, = 21 GeV, Therefore, the shape of
the diffractive My spectrum after the acceplance coreection will depend on the levet of
the non diffractive contamination estimated from the MC <imulation. This level is direetly
related to the ratio of the contributions from diffractive and non diffractive processes in
the MC simmlation. This ratio was originally determined from the partial photoproduction
cross sections measuredd at [IER.\A {see section 6.5). However, due to a limited precision,
such a method could not be used in this analysis. Instead. the relative contribution of the
diffractive and non diffractive channels in the M simulation was adjusted so as to reproduce
the ratio of the number of the rapidity gap events with ¥ < My ... < 20 GeV and the non
rapidity gap cvents with CAL encrgy £, > 60 GeVoin the data. The former data sample
is dominated by diffractive processes with the dissociated photon mass far from the region
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Figure 9.2: The contaminalion corrcction factor. migration factor and acceptance for the
photon dissociation process determined from the M simulation.

of low My resonances. while the latter sample is due to non diffractive interactions. The
ratio of the two channels in the MC' simulation derived in this way may slightly depend
on the characteristics of the simufated cvents. Therefore, this normalization procedure was
performed independently for all the combinations of the used MC models. In al! cases
the results were consistent with the corresponding ratio between the photoproduction cross
sections measured in [28).

The My spectrum after all the corrections is presented in Fig, 9.3. The statistical error
of the corrected data combines the statistical error of the data and that of the correction
factor. For comparison, the shape of the uncorrected distribution is also shown.
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Figure 9.3: The corrcefed spectrum of diffractircly dissociated photon mass (solid
points). For comparison. the uncorvccted spectrum scaled by the overall trigger acecplance,
LAY Aeey, is also included foprn peints).

N Ty,

9.3 MC reweighting

The acceptance corrected diffractive mass spectrnm was fitted in the interval 8 < My <
21 GeV with the triple Regge formuda from Fq. 2,15 integrated over f:

deo tmag t/.‘a. 1 | '
./ 2y T~ T i (9.4)
dAy -~ dtd M3 ho + 301‘_[”"?‘_ A
The higher integration limit £y, = - "'i[‘”,(’ /51 at HHERA encrgies is consistent with 0,

The dependenee of the effective ¢ slope on My may significantly distort the power like
hehavionr of the diffractive mass spectrnm at low My and was therefore incorporated into
the titted function. The parameter values of af, = 0.25 GeV'™? [7) and b, = 5 GeV 72 8] were
assnmed in accord with the results of the experiments at lower encrgy.

The fit to the corrected My spectrum resulted in the value of apih) = 115 £ 0.01
As a consistency check, the diffractive M event sample used for the acceptance correction
was reweighted according to Eq. 1.3 with the measured value of ap(0). The diffractive MC
event sample was combined with other subprocesses following the procedure deseribed in
section 9.2 and was used to repeat the correction of the My ... spectrim. The it of Eq. 9.3
to the abtained distribution gave (he same value of ap(0}). To verifv the sensitivity of the
result to the api)) assumed in the diffractive MO sample nused for the acceptance correction,
the difiractive M(! events were reweight assnming ap(0) = L0 and the measnrement was
repeated. The obtained value was consistent with the first result. Figure 9.1 shows the
comparison of the My ,.. spectrum in the data and in the M( simulation assuming either
ap() = 1.0 or the measured value of a;(0) = 1.15. In the second case the MO description
of the region My .. > 8 GeV is satisfactory, but helow that value a significant diserepancy
between the data and the MC simulation is observed. Although this region is not directly
used for the measurement, the observed discrepancy may affect the result duce to tails of the




T ('hulrru'l’ i Diftvartive mass spectigi

L -~ i
. i L
#0003 |- {002
= - 3
hd - R g
~ C ~
2 z
© - el L
Z’ 0.002 +— Z!
< L X i }
- i =~ 001
0.00t -~ L
=
- s
0 11 ..} l 1 ja | l L1 11 l 0 { .. a1 I | l | S | I
0 10 20 30 0 10 20 30
My are (GeV) My (GeV)
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My ;.. resolution funetion leading to some migration between distant mass bins. The effect
can be verified only with the M model where the low My region of the diffractive spectrum
is correctly described. Unfortunately. there exists neither a reliable theoretical prediction nor
a precise experimental measurement of the low 3fy region of the dissociated photon mass
spectrum. Therefore, the necessary adjustment of the low My shape in the diffractive M(!
simulation was performed by means of iterative fitting to the data. Threce factors, fi. fo. f5.
scaling the simulated mass spectrum in theintervals of 1.1 < My < 2GeV.2 < My < 1 GeV
and 1 < My < 6 GeV respectively were defines as parameters of the fit. The scaling was
done relative to the triple pomeron shape of Eq. 9.3, The goal of the fitting procedure was
the minimization of the y2 defined as:

(NgaralJ) — nase(J))?
=y St

- - - (9.1)
0L.00) 4 oty et))

1

where naa(7) and nage(f) indicate the number of cvents in bin j of the My .. distribution in
the data and the M(? respectively, while 0.4.0,(7) and @34¢(7) are the corresponding statistical
crrors. To compare only the shapes of the My ... spectra the M(* distribution was normalized
to the data before the v? calculation. To increase the sensitivity of the result to the fine
structure in the low mass region the width of the bins was reduced to AMy .. = | GeV.
The fitting procedure resulted in the following values of the scaling factors: f; = 1.6 + 0.7,
o= 17204, f5 = 1.0 £0.2. The errors reflect the spread of the results obtained with
different combinations of MC modcls and when the contribution from the vector meson
production process is varied within the limits described in section 6.5. These results were
obtained assuming the values of the ap{0)) derived separately for each combination of the MC
models from the My, .. > 8 GeV region of the spectrum in the data. Figure 9.5 compares
the fine binned My .. distribution in the data and M(® simulation after reweighting the low
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Figure 9.5: The siconstructed mass spretrum of diffvactree like crents in the data (pownts)
compared to the result of the MO simulation with apthy - |0 (dashed ine). apthy = 1.15
(dotted linc) and after additional reweighting of the low diffractive mass region (selid hne)

diffractive mass region. For comparison the spectrum fram the MC' simntation before fhe
rewelghting is also shown.

9.4 Results

The diffractive MC event samples reweighted according to the resulis of the fits disonssed in
the previeus section were combined with other subprocesses and were finally used to correct
the invariant mass distribution measured in the data. The corrected mass spectrum was
fitted in the interval 8 < My < 21 GeV with Eq. 9.3 converted to the form where the
apil) parameter defining the shape and the overall normalization factor A are practically
uncorrclated:

1 do 1. l{d[;‘[_\'.(lp[(,]) ot My =11 GeV,apth))

o dMy e dMy

{49.5)

The following values were obtained: ap(0) = £.11£0.01 anedd . = (11.5 + 0.3} 1071 GV,
The result of the fit is shown in Fig. 9.6.

9.5 Systematic uncertainties

The analysis was repeated using various acceptance correction and fitting methods and the
difference between the obtained results was used to estimate the systematic uncertainty.
Table 9.1 summarizes the outcome of these checks. The largest uncertainty is related to the
poor understanding of the noisc and the officiency of the PRTI used to select the rapidity gap
cvents. It was cvaluated by repeating the measurement without requiring the coincidence
between the two counters lavers, as discussed in section 7.2. The result also depends on
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I source of the nncertainty aspsrlapt®)) | o ()10 GeV' ) }
PRTI noise and cfficiency 0.06 14
non diffractive contamination 0.05 3.1
My reconstruction 0.01 0.2
increased (AL FLT thresholds 0.0 1.2
diffractive M(: 0.03 1.5
fitting interval 0.01 .1
dependence on b, 0.01 0.1
slependence on o, 0.01 0.0

Table 9.1: Indiridual contributions fo the systematic crror on aplt)) and 1.

the way the non diffractive background i« modelled in the acceptance correction procedure.
This effect was estimated by using the PYTHIA to simulate the non diffractive interactions
instead of the EPSOFT program (sce chapler 6). In addition to these two dominant sources
of svstematic error a number of other effects was studied. The sensitivity to the precision
of the diffractive mass reconstruction was verified by using an alternative method of My
determination (see seetion 7.3). The influence of possible trigger inefficiencies was checkee
by reprating the whole anatvsis with higher trigger thresholds (see section 5.2.1). To verily
the dependence on the M simulation of the diffractive process used for the acceptance
correction, the EPSOFT program was used instead of the NZ (chapter 6). To check the
stability of the fitting procedure the fit was repeated using an extended interval of 3 <
My e < 32 GeV. To examine the dependence of the result on the assumed parameter values
the ¢ slope parameter was changed from by = 1 GeV=? 10 5 GeV™? and o), = 0.20 GeV' ™2
was used instead of the original value of 0.25 GeV™ To cstimate the overall systematic
uncertainty all the error contributions were added in quadratures.
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Chapter 10

Discussion

The following chapter contains a discussion of the resulis obtained in this apalvsis. The next
two sections are dedicated to the soft and hard non diffractive photoproduction reactions.
The results on the diffractive processes are examined in section 10.3. Seetion 10.4 contains
a discussion of the possible applications and more general implications of the EPSOFT M(
program developed for the presented analysis.

10.1 Soft non-diffractive photoproduction

In chapter 8 a measurement of the py spectrum of charged particles produced in non
diffractive photoproduction reactions at an average c.m. enecrgy of (1) = 180 GeV was
presented. The considered laboratory psendorapidity range —1.2 < 5 < 1.1, cquivalent to
=33 < fen. < ~0.7 in the 4p c.m. system, corresponds mainly to the region of photon
fragmentation. The low py part of the spectrum, attributed to soft hadronic interactions,
may be described with thermodynamical models. They predict a steep fall of the transverse
momentum spectrum that can be approximated with 1he exponential form [14):

\; dzd =crpla —b-\/p] + m?), (10.1)
where m is the pion mass. This relation provides a good description of the ZEUS data from
the lowest measured value of 0.3 GeV up to approximately 1.2 Ge\ as shown in Fig. 10.1.
The fit in this interval gives the value of the exponential slope & = 1.91 + 0.09(stat) +
0.19(syst) GeV™', The systematic crror was cstimated by varving the relative inclusive
cross sections within the systematic error limits (see section 8.5) and by varving the upper
boundary of the fitted interval from 1.0 GeV to 1.1GeV. A similar fit to the inclusive pr
spectrum of charged particles produced in pp collisions at a c.m. encrgy of /2 = 200 GeV [75]
gives an exponential slope b = 1.87 £ 0.13 GeV™' [75]. Interpreted in the frame of the ther-
modynamical models this result indicates that the temperature of the hadronic matter in
soft photoproduction and hadron hadron collisions at comparable energies is very similar.
This behaviour is fully consistent with the VDM,

10.2 Hard photoproduction

The non diffractive spectrum in Fig. 10.1 clearly departs from the exponential shape at
high py values. Such a behaviour is expected from the contribution of the hard scattering
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Figure 10.1: [nclusive transverse momentum distributions of charged particles in photo-
production crents at (W) = 180 Ge\' averaged orer the psiudorapidity interval of -1.2 <
n < 1.1 The inner crvor bavs indicaie the statistical errors and the outer oncs represeat the
quadratic sum of the statistical and systcmatic evrors. Solid lines indicate fits of Fq. 10.1
to the data in the region of pr < 1.2GeN. The dotted line shows a power law formulac
(Eq. 10.2) fitted to the non diffractive data for py > 1.2GeV. For the sake of clarity the
diffractive points arve shifted down by two orders of magmitude.

of partonic constituents of the colliding particles, a process that can be described in the
framework of perturbative QCD. It results in a high py behavionr of the inclusive speetrum
that can be approximated by a power law formula:

P,
T =A(0p —)" 10.2
No. dphdy Piv ( )
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Table 10.1: The covariance malrir corresponding to the fit of cquation (10.2) to the non
diffractive data for py > 1.2 GeV.

where A, pro and n are the parameters determined from the data. The fit to the data points
in the region of 1.2 < p; < 8Ge\ gives a good description of the data and results in the
parameter values py o = 0.51 GeV.on = 7.25 and A = 391 GeV-2, The statistical precision of
these numbers is described by the covariance matrix given in Table 10.1. The fitted function
is shown in Fig. 10.] as a dotted line.

In Fig. 10.2 the photoproduction py spectrum is presented together with the results of a
similar measurement from the 1 collaboration at (1V) = 200 GeV’ [76] and the data from
the WAGY photoproduction experiment at a c.m. energy of (W) = 18GeV {5]. For the
purpose of this comparison, the inclusive cross sections published by those experiments were
divided by the corresponding total photoproduction cross sections [29, 31]. The results of
this analysis arc in agreement with the 111 data. The comparison with the WA data shows
that the transverse momentum spectrum becomes harder as the encrgy of the 4p collision
increases. Figure 10.2 also shows the functional fits of the Eq. 10.2 to pp data from UTATL and
CDF at various ¢.m. cnergies [75. 77}. These fits correspond to the inclusive cross sections
divided by the cross section values used by these experiments for the ahsolute normalization
of their data. The inclusive py distribution in photoprodnetion at (117} = 180 GeV' is clearly
harder than the distribution for pj interactions at a similar c.m. energy and in fact is similar
to pp at /s = W0 GeV.

This comparison indicates that in spite of apparent similarity in the low py region between
photoproduction and proton antiproton collisions at a similar c.m. encrgy, the two reactions
are different in the hard regime. There are many possible reasons for this behaviour. Firstly,
both of the pf cxperiments used for the comparison measured the central rapidity region
49n.] < 2.5 for UAL and {5, | < | for CDF), while this data correspond to —3.3 < e, <
—0.7. Sccondly, according to VD), the bulk of the p collisions can he approximated as
an interaction of a vector meson 1 with the proton. The p; spectrnm of Vp collisions may
be harder than pp at a similar c.m. energy. since the parton momenta of quarks in mesons
are on average lasger than in barvons. Thirdly, in the picture where the photon consists of
a resolved part and a direct part. both the anomalous component of the resolved photon
and the direct photon become significant at high pr and make the observed spectrum harder
compared to that of Vp reactions.

Figure 10.3 shows the comparison of the results of this measurement with the theorctical
prediction obtained recently from NLO QUD caleulations [78]. The charged particle produc-
tion rates in a non diffractive event were converted to inclusive non-diffractive cross sections
by multiplying by the non diffractive photoproduction cross section of o,% = 91 % 11 ub
[28]. The theoretical calculations use the GRV parametrization of the parton densities in
the photon and the CTEQ2M parametrization for partons in the proten [79]. The NLO
fragmentation functions describing the relation between the hadronic final state and the
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Figure 10.2: (‘omparison of non diffractive fransverse momentum spretrum with the data
Jrom [ [76]. OMEGA 5], UAL [75] and ('DF [77]. The tnncr crvor bars mdicalr the stabis-
tical errors and the outer oncs represent the quadratic sum of the statistical and systemahie
errors.

partonic level were derived [80] from the ¢te™ data. The caleulation depends strongly on
the parton densities in the proton and in the photon. vielding a spread in the predictions
of up to 30% due to the former and 20% due to the latter. The factorization scales of the
incoming and outgoing parton lines, as well as the renormalization seale, were all set to py.
The uncertainty duc to the ambiguity of this choice was estimated by changing all three
scales up and down by a factor of 2. The estimates of the theoretical errors were added in
quadrature and indicated in Fig. 10.3 as a shaded band. The theotetical calenlation is in
good agreement with the experimental results.
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Figure 10.3: (‘omparison of the inclusive eross sections for non diffractre photoproduction
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10.3 Diffractive photoproduction

In chapter 9 a measurement of the invariant mass distribution of the diffractively disso-
ciated photon was presented. It was performed for the reactions 4p —» Xp, XN, were N
is the nucleonic system with My < 2GeV, at an average c.m. energy (W) = 200 GeV'.
The obtained spectrum of diffractive masses in the range 8 < My < 24 GeV can be de-
scribed by the triple pomeron Regge formula (Eq. 2.15) with the pomeron intercept of
ap(0) = LI £ 0.04{stat) £ 0.08(syst). The single diffractive dissociation was recently stud-
ied in pp collisions at c.m. encrgies of /5 = 516 GeV and 1.5 TeV' [33]. The results fitted

Aud Diftractive photoproduction ™
[ sple T THGNT Tl Trn@hi o [t [ eorta ]
non-ditltactive T T B TR T I TN CUN I 7 0 A VX T L RETX O
diff Q) 5 GV 5491 017 | oo {255 vae | oot

diff (M) o 10 GeV 5.8 0.10 1T R3] 006 A0.006

Table 10.2: The values of the parameters vesulling from the fits of Eq. 10.1 to ZEL'S data
i the inferval 0.3 < py < 1.2 GeN'. The 0g. and o indicate the statistical and systematic
errors (in GeV™b for b).

with similar triple pomeron relation indicate ap(0) = £.121 £ 0.011(stat) £ 0.011(syst) for
the lower e.m. energy and ap(0) = LA03 = 0.01Ttstat) £ 0.011{syst) for the higher one. The
ap(8) value obtained in this analysis is consistent with both measurements, indicating that
the diffractive dissociation of photons is very similar to that of a hadron, which is in full
accord with the VDM, The Regae theory allows to relate the My behaviour in diffractive
processes to the 17 dependence of the total and the clastic cross sections. The pomeron
intercept of ap(h) = LOK {23] used in the parametrization successfully describing all the
total and clastic photoproduction cross sections (see section 2.2.3) is also consistent with the
result of this measurement. Therefore, within the achieved experimental precision this result
confirms the applicability of the Regge phenomenclogy for the description of the diffractive
photoproduction.

However. the presented measurement leaves one question open. The coniparisons of the
reconstructed My spectrune in the data and i the MC simulation indicate a significant excess
of diffractive events with 1.1 < My < I GeV aver the level expected from the triple pomeron
relation. The poor resolution of this measurement in the low My region does not allow to
determine whether the effect is due to a single resonance, unexpectedly high non resonant
cross section or & very different behaviour of the 7w and & prodnetion with respect. to what
was simulated in the MC. Only a part of the effect may be ascribed to the resonant J/¥
production since the excess of events in the data over the model expectations corresponds to
the 7p cross section of the order of 1 prb, while the clastic JJ/¥ photoproduction cross section
is of the order of 0.1 ph [31]. Tt is also not clear if one should expect the triple pomeron
relation derived in the asymptotic limit M2 » x to work for such low masses.

Chapter 8 presented a measurement of the inclusive py spectra of charged particles
emitted in the photon fragmentation region in the diffractive reactions 4p - Xp, XN
were N denotes a nucleonic system with My < 1 GeV. The measurement was performed
at (1) = I30GeV in two intervals of the dissociated pholon mass with mean vatues
(My) = 5GeV and 10 GeV. In the interval of 0.3 < pr < 1.2GeV the two obtained
diffractive spectra can be described with the exponential form (Eq. 10.1). The resuit of the
fit is shown in Fig. 10.£. The obtained values of the exponential slope b and the parameter «
arc listed together with the non diffractive result in table 10.2, The systematic errors were
calculated like in case of the non diffractive data {sce section 100.1). In Fig. 10.1 the values
of the b parameter resulting from the fits of Fe. 10.1 to pp and pp data are presented as a
function of the e.m. encrgy. The slope measured in non-diffractive photoproduction is also
included. The diffractive slopes agree better with the hadronic data corresponding to lower
cm. energy. In Fig. 104 the ZEUS diffractive points are plotted at 5 GeV and 10 GeV',
the valucs of the invariant mass of the dissaciated photon. A similar behaviour has heen
observed for the diffractive dissociation of hadrons, i.e. the scale of the fragmentation of
the dissociated system is related to the value of its mass rather than to the total c.m. en-
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Figure 10.4: [nverse slope of the py spectrum from the fit of Lg. 101 vs. the c.m. cnergy
for different cxperiments. The fired farget datn were taken from [52. 54, &{]. ISR [K3],
AL [75]. The ZEUS non diffractive point is placed at the photon proton e.m. cnergy. The
diffractive points arc plotted at the encrgics corresponding to the mean value of the invariant
mass {Myx). The crror bars indicale the quadratic swn of the statistical and systematic
errors. The dashed line is a parabola in logls) and was fitted to all the hadron hadron points
to indicate the frend of the data.

eray [IR, 19, 7] (sce section 2.2.24. This measurement is another example of close similarities

between the diffractive dissociation of photons and that of hadrons, as expected from the
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10.4 EPSOFT

One of the important outcomes of this study is the M program EPSOFT. It simulates soft
diffractive and non diffractive collisions of hadronic photons with protons. It has been tuned
to the ZEUS photopraduction data. The EPSOFT generator turned out to be very useful
also in other analyses of photoproduction at ZEUS since it correctly describes the hadronic
final states observed in soft +p interactions at HERA. The program was written in such a way
that it can be also used to simulate the interactions of photons of higher virtualities. The
dynamics of the simulated process is assumed not to depend on the photon virtuality in any
way. The only depensdence on Q2 enters through the kinematical constraints. Surprisingly the
EPSOTT turned out ta be very useful also in some analvsis of the Deep Inclastic Scattering
(Q* >> 1 GeV?), In particular the studies of diffraction in DIS have profited from EPSOFT
since it works in the kinematical regions where the simulation programs based on Q(D
models usually fail, ¢.g. region of very low values of My where the full simulation of Q('D
radiation and the subsequent hadronization can not he performed due to lack of the phase
space. Even more surprising is the fact that EPSOFT correctly simulates many of the
features of the hadronic final states in non diffractive DIS. To illustrate this observation
a comparison of onc of the measurements of charged particle production in DIS with the
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Figure 10.5: Mean multiplicity of charged particles i the current reqion of the Breit frame
in DIS as a function of (). The ZEUS duata [87] (points) is compared to the results of the
EPSOFT simuation {shaded band).

prediction from EPSOFT is presented helow.

The charged particle production in DIS at HER\ was studied in the Breit frame {36]
defined such that the virtual photon exchanged between the electron and the proton is
completely space-like it has no enerey but only a momentum along the 7 direetion. Within
the quark parton model (QPM). viewing the DIS as the process where the virtinal photon
conples directly to a charged parton inside the proton. the Breit frame i< the most natural
reference svstem to study the particle production. [n this frame the Z-component of the
momentum of the incoming quark is (/2 before the interaction and changes to —Q/2 by
the absorption of the virtual photon. The particles produced in DIS can be assigned to
onc of two regions depending on the Z component of the momentum. The current region
corresponds to the direction of the outgoing struck guark.

The multiplicity and the momentum spectra of chareed particles produced in the current
region of the Breit frame in DIS were measured with the ZEUS detector. The obtained
dependence of the mean multiplicity on Q is compared to the resnlts of the simulation
with EPSOFT in Fig. 10.5. The MC <imulation correctly reproduces the observed relation.
Figure 10.6 shows the peak position of the In(t/r,) distribution vs. (). where the scaled
momentum is defined as &, = 2p/H7. Also in this case EPSOFT correetly deseribes the
measured dependence. This agreement is semewhat surprising, sinee the studied quantities
clearly depend on () and there is no explicit dependence of the particle production on the
photon virtuality in the EPSOFT generator. This suggest strong phase space offects in the
measurements of particle production in the current region of the Breit frame vs. (). A closer
examination confirms this, as the size of the kinematically available phase space attributed
to the current region of the Breit frame increases with growing (@ which determines the gross
features of the observed dependencies. This example shows that the simulation of particle
production according to longitudinal phasc space, as it is done in EPSOFT, is sufficient to
reproduce many properties of hadronic final states in DIS. It is therefore often casier and
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Figure 10.6: Peak position of the In(1/x,) distribution in the current vegion of the Breit
frame i DIS as a function of (). The ZEUS data [K7] (points) is compared to the results of
the EPSOFT simulation (shaded band).

more educative to use a simple M(' simlation progriun like EPSOFT than to work with a
complicated M(' simulation of QUD processes.

Chapter 11

Conclusions

The properties of photoproduction reactions at c.m. energies 2 200 GeV owere studied
using the ZEUS detector at the IIER A collider.

The inclusive transverse momentin spectrum of charged particles measured in non
diffractive reactions falls exponentially in the low py region in accord with thermodynam-
ical models of soft interactions. The exponential slope is consistent with that mcasureil
in hadron hadron reactions at similar c.m. encrgics. This behaviour of soft non diffractive
photoproduction is consistent with the VMD. In the region of high p; the non diffractive
spectrum clearly departs from the exponential shape. Compared to photoproduction «ata
at a lower e.n. energy, a hardening of the transverse momentum spectram is observed as the
collision energy increases. The shape of the py specteum is comparable (o that of pp interac-
tions at /s = 900 GeV'. The rewndts from a NLO QCD calenlation including the direct and
the resolved photon interactions agree with the measured cross sections for inclusive charged
particle production.

An extensive study of the diflractive dissociation of photons was presented. The dis-
tribution of the dissociated photon mass in the region 8 < My < 21GeV can be de-
scribed with the triple pomeron Regge formula with the pomeron intereept of apt0) -
1112008 stat) 00805y <1). This is consistent with the valne obtained in the measnreiment
of single diffraction in pp collisions and with the pomeron intercept that correetly describes
the total and elastic photaprodiction cross sections. Within the available experimental pre-
cision this results confirms the applicability of VMD and {he Regge phenomenology for the
deseription of diffractive photoproduction. A significant exvess of diffractive cvents with
1.1 < My < 1GeV over the level expected from the triple pomeron relation was observer
in the data. [owever, due to poor experimental resolution at low My it was not possible
to identify the nature of the cffect in this analvsis. The p; speetra of charged particles
produced in the diffractive dissociation of photons were measured in two intervals of the
dissociated photon mass with mean values (My) = 5Ge\ and 10 GeV'. The py spectra
fall exponentially in the luw p; region. with slopes consistent with hadronic data at a ¢.m.
cnergy equal to the invariant mass of the diffractive system. A similar behaviour has been
observed in the diffractions of hadrons. This analogy hetween dissociation of photons and
hadrons is another confirmation of VMD for diffractive photoproduction reactions.

The results presented in this thesis allow to draw the following three general conclusions:
o the V'MD correctly models the soft photoproduction reactions also at IIERA encrgics,

o the diffractive dissociation of photons is correctly described by the Regge phenomenology,
e the properties of photon proton collisions in the hard regime are consistent with QCD.
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Animportant resubt of this studv is the EPSOPF U MO program shmulating soft diffractive
and o aliffractive coltisions of the photon with the preton. The program was tuned 1o
(.‘Ullt'(‘ll_\' deseribe the hadronie final states oberved in p]lnluprwlilfli-lll at NERA. The
EPSOFT gencrator can also he nsed to simmdate (he interaction of virtual photons aned it
suecessfully reproduces many features of mutiparticle final states in DIS,
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