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Abstract

Measurements of inclusive prompt photon and prompt photons, together with
an accompanying jet, in photoproduction at HERA have been made with the
ZEUS detector, using an integrated luminosity of 38.4 pb~!. We have performed
two analyses in the study of prompt photon production.

First inclusive cross section measurements for prompt photon production have
been presented as a function of the pseudorapidity and the transverse energy
(n”, Ef) of the photon, for Ef > 5 GeV in the yp centre-of-mass energy range
134-285 GeV. Comparisons are made with predictions from Monte Carlo models
having leading-logarithm parton showers, and with next-to-leading order QCD
calculations, using currently available parameterisations of the photon structure.
For positive 7 (proton direction) there is good agreement, but for negative n?
all predictions fall below the data. None of the available variations of the model
parameters was found to be capable of removing the discrepancy with the data.
The results indicated a need to review the present theoretical modelling of the
parton structure of the photon at high z., regions.

A study of the intrinsic parton transverse momentum, kr , of the quarks
in the proton, as modelled within the framework of the PYTHIA Monte Carlo,
has been performed using the kinematical properties of events with a measured
jet as well as a prompt photon. A fit to the data gives a value of <kr>=
1.39 £+ 0.36 7012 GeV. This result is compared with earlier high—energy proton-
scattering measurements. A rising trend of <kr> with interaction energy is
confirmed.
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Outline

Two analyses of prompt photon photoproduction at HERA using 1996 and
1997 ZEUS data are presented in this thesis. Chapter 1 gives a brief resumé of the
current understanding of QCD leading on to more detail about photoproduction
processes. Chapter 2 then describes theoretical aspects and earlier experimental
results in prompt photon production. Chapter 3 briefly describes the HERA ma-
chine and ZEUS detector with more detail given to specific components relevant
to these analyses. Chapter 4 concerns work done by author on the ZEUS Bar-
rel presampler detector. In Chapter 5 the Monte Carlo programs and samples
used are discussed and in Chapter 6 we present the details of reconstruction and
event selection procedure for the analyses presented in this thesis. Chapter 7
describes the separation procedure of photon signal from background to obtain
a clean sample of prompt photon events. In Chapter 8, a first analysis, namely
cross section measurements of inclusive prompt photons is discussed. A second
analysis, a study of parton intrinsic transverse momentum in the proton using
prompt photon photoproduction, is discussed in Chapter 9. Chapters 8 and 9 also
discusses the physics implications of the results. The conclusions drawn from the
two analyses are summarised in Chapter 10.

Earlier study of inclusive prompt photon procuction and the final results have
been presented by author on behalf of the ZEUS collaboration at the “Pho-
ton99” and at the “DIS 2000” conference, respectively. My contribution to the
proceedings constitutes appendix A and B. The main results of the inclusive
prompt photon study have been published by ZEUS collaboration in Phys. Let-
ters B (Phys.Lett.B472). The contribution to the ZEUS publication is included
as appendix C.
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Chapter 1

Introduction

1.1 Preamble

Quantum ChromoDynamics (QCD) is a highly successful field theory in describ-
ing the interactions between the fundamental constituent of hadrons-quark and
gluons. It is in good agreement with previous and current experimental data
collected both at fixed target and collider experiments. The analysis of such
large amounts of data has led us to a deeper understanding of the properties of
the fundamental interactions, and also reveals the substructure of the hadrons.
In particular, the electron—proton collider at HERA offers an excellent testing—
ground for many aspects of QCD. However the use of perturbative QCD (pQCD),
and its description of the hadronic structure with the parton model, still need
further investigation. The role played by gluons, propagators of the strong force,
was originally inferred indirectly via higher-order processes [1].

In this chapter Deep Inelastic Scattering in electron—proton collisions is used
to define the relevant kinematics and the concept of a structure function. A
discussion of photoproduction at HERA is also introduced.

1.2 Deep Inelastic Scattering

The scattering of high energy leptons off protons generally results in an inelastic
reaction, ie. the proton disintegrates, and a large number of particles with a high
total invariant mass can be produced in the final state. This process is called
“deep—inelastic scattering” (DIS). Measuring the final state of the deep—inelastic
ep scattering events allows us to determine the structure of proton. Within the
picture of the Quark Parton model, the proton consists of quarks and gluons.
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e’ (k) e* (k) e’ (k) v(K)

L Z (Q
o) Y, Z (Q)

—O== X(p)

(a) Neutral Current DIS  (b) Charged Current DIS

Figure 1.1: Lowest-order Feyman diagrams of (a) neutral current and (b) charged
current deep—inelastic scattering reactions.

The highly—energetic incoming electron then probes the structure of the proton
by coupling through the electroweak current to one of the partons inside the
proton.

1.2.1 HERA Kinematics

There are two fundamental classes of DIS events and figure 1.1 shows a schematic
diagrams of the reactions.

eftpsef+X and efp—or.+X

where X represents the spray of particles produced by the break—up of the pro-
ton (the hadronic final state). In the first process; (a) the charge of the lepton
is conserved and the intermediate vector boson is neutral; v, Z°. This process
is referred to as neutral current (NC) DIS. In the second process; (b) the lepton
converts to an anti-neutrino via the exchange of a charged vector boson; W<,
Therefore this process is called charged current (CC) DIS.

At a given centre of mass energy /s the kinematics of electron-proton scat-
tering are completely described by two of the following three Lorentz—invariant
variables. The first, Q?, is defined by the negative square of momentum transfer
and specifies the virtuality of exchanged boson.

Q== (k- K) (LD

where k and k' denote the 4-momentum of the incoming and scattered lepton,
respectively. The quantity ¢ = (k — ') denotes the 4—-momentum transfer from

2



Chapter 1 1.2 Deep Inelastic Scattering

the electron. The two dimensionless variables, z and y, are defined as:

—q
z = 1.2
g (1.2)
_9p
y—k'p (1'3)

where p is the 4—-momentum of the proton. In the parton model, x can be inter-
preted as the proton momentum fraction carried by struck quark and is referred
to as the Bjorken scaling variable. In the proton rest frame, y corresponds to the

fraction of the energy transferred from the lepton to the proton: E;,—E' = %‘L

These three variables are related to each other and the square of the centre
of mass energy, s = (p+ k) = m2 +2p - k, by

Q*=s5-z-y (1.4)

hence only two of these variables are independent.

The square of the invariant mass W? of the hadronic final state X is related
to z and Q? by the momentum conservation at the hadronic vertex;

W2=(p)?=(p+q=m2-Q* +2p-q~ys—Q° (1.5)

The proton mass m,, is neglected in the approximation of the equations 1.4 and 1.5.
Throughout the rest of this thesis, the natural system of units is used, where
h=c=1.

1.2.2 The DIS cross section and structure function

The deep-inelastic ep scattering cross section can be factorised into a leptonic
tensor, L,,, and a hadronic tensor, W,

do®P ~ L, W™ (1.6)

At low Q* (Q* < Mo <), the contribution of weak neutral bosons to the cross
section is small, since the @*-dependence of the photon cross section is 1/Q?*,
while that of the weak boson is 1/(M3%o 1+ + @%)?. Therefore the contribution
of the weak boson is negligible in the low @? region and it is possible to regard
the electron—proton scattering via photon exchange. In this case, the general
expression of the W#” can be parametrized by two functions W; and W,. It
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depends on two independent Lorentz-invariant scalar variables, » and Q?, and
have been renamed;

Fi(z, Q%) = m,Wi (v, Q%)
Fy(z, Q%) = vWa(v, Q%)

where the Fy and F} are called proton structure functions, and v = p-g/m,, is the
photon energy in the proton rest frame. The deep—inelastic ep — eX scattering
cross section can then be written as;

d?0? _ 4mo? ['y2
2

= Y ? - y) Bz, Q? 1.7
drdQ? zQ* 2zFy(z,Q°) + (1 — y) Fa(z,Q )] (1.7)
or with the definition of F;, = Fy — 2z F}

2 e 2
d(igé? - 2;;; [(1+ -y )R+20 -y F (1.8)

where F| = 4—,?2%% and is referred to as the Longitudinal structure function.

1.3 The Quark Parton Model

The naive quark parton model (QPM) relates the cross section formula to the
quark distribution inside the proton, considering that the charged partons are the
quarks [2]. It is assumed that each quark carries only the longitudinal momen-
tum fraction £ of the proton and does not carry the transverse momentum. In
the QPM, the electron—proton scattering is regarded as a scattering between an
electron and a quark. No interaction among partons inside the proton is assumed
to occur during the electron—quark scattering. In this case the Bjorken scaling
variable z is the same as the momentum fraction &.

In 1968 Bjorken predicted that the structure functions would depend only on
one dimensionless scaling variable, z, in the limit @?> — oo and v — oo, and it
was confirmed by SLAC experiment [3]. In the QPM, the structure function F;
corresponds to the sum of the partons momentum distribution zf;(z) weighted
with the square of their electric charge e;.

Fy(z,Q%) = Fy(z) = Ze?xfi(a:) (1.9)
Fi(@,@") = R(x) = 5-F(a) (1.10)

4
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This equation 1.10 is a consequence of the partons having spin—-;- and implies that
the cross section for longitudinally polarised photons is zero [4]. The predicted
fractional charge of the quarks was confirmed using neutrino-nucleon scattering
experiment and the postulated number of 3 valence quarks in the proton (uud)
and neutron (ddu) was experimentally confirmed using the Gross—Llewellyn-
Smith sum rule [5].

1.3.1 The QCD Improved Parton Model

Although the QPM was a successful theory in explaining some of earlier ex-
perimental data, some problems of the model became apparent. If the proton
consisted only of charged quarks, their momentum would be expected to add up
to the proton momentum;

zi: /01 dzfi(z)r = 1.

However, experimentally, this value was found to be = 0.5 [6], implying that about
half of the proton’s momentum is carried by neutral partons. Direct evidence for
the existence of these partons, called gluons, was found in 1979 via the observation
of 3-jet events in ete™ annihilation at DESY [7].

This problem was solved by the formulation of a gauge theory of the strong in-
teraction, Quantum ChromoDynamics (QCD), which is based on a SU(3) colour
gauge symmetry group. The gluons are the gauge bosons of the strong force and
QCD is the theory describing the colour interaction between quarks and gluons.
Therefore the naive QPM was modified by QCD as quarks interact through glu-
ons, and can radiate gluons in a QCD Compton process. Radiated gluons can
split into quark pairs or gluons. The radiated gluons result in the quarks hav-
ing a component of transverse momentum. Coupling to longitudinally polarised
photons is then possible, thereby violating the equation 1.10. The value of the
longitudinal structure function, Fy, is therefore no longer zero, but lies in the
range 0 < Fp < F5.

Another consequence of the gluon radiation is scaling violations of the struc-
ture functions, which exhibit a logarithmic dependence on Q? at fixed z. The
exchanged photon at low Q? is then interpreted as resolving the valence quark
substructure. At high Q? a quark may have radiated a gluon and consequently
has a fraction of momentum, z, less than its original value, or alternatively, it may
have arisen from gluon splitting. At large x, where the valence quarks dominate,
the quark density and hence F; falls with Q% as a result of the gluon radiation,

)



Chapter 1 1.4 Hard Photoproduction

while at small z the number of “sea” quarks and gluons is larger, so F; increases
with Q2. These scaling violations with a strong dependence of F; at small z for
fixed @? have been found at HERA [8].

1.3.2 The Evolution of Parton Distributions

Although the parton densities in a hadron cannot be calculated perturbatively
when probed at low Q2 values, the evolution of the quark (g;(x)) and the gluon (g(z))
momentum distribution with Q? is quantitatively described in perturbative QCD
by the Dokshitzer-Gribov-Lipatov—Altarelli-Parisi (DGLAP) equations [9], if the
density at a certain initial Q? = Q3 value is given. The DGLAP evolution of the
quark and gluon densities is given by;

dﬁgi’g) - aséffz) /z 1dy~y [qi(y, Q%) Py (5) +9(y, Q%) Py (g)} (1.11)

df}(li’g;) = aséfz) /: éyg [;qi(y, Q%) Pyq (g) +9(y, Q%) Py (g)] (1.12)

where ¢;(z, Q%) = Y;lai(z, Q%) + g;(z, Q?)] is the singlet quark and anti—quark
density function summed over all quark flavours 7, and g(z,@?) is the gluon
density function. The splitting function Pj; represents the probability of finding
parton j splitting to the parton & with momentum fraction z of the parent parton.

1.4 Hard Photoproduction

The etp collisions provided by the HERA offer an excellent testing ground for
QCD. In particular, the large flux of quasi-real photons at the virtuality scale
Q? ~ 0 GeV?, i.e. almost on-shell state, emitted from the positron beam have
made HERA an outstanding laboratory in which to study photon physics via the
photon—proton yp interaction.

As we can now think of electron—proton scattering at low Q? as photon—proton
scattering due to the exchange of the quasi-real photon between the electron and
proton, the total cross section of ep scattering, o®*¢X  can be factorized into
contributions from the total yp cross section, oy%, and photon flux f,/(y). For
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@? > 0, photons may have both transverse and longitudinal polarisation so that
o = ot + oy, and

40X = [ dy [fr ()0 + o) doF]

In the limit of low Q% ~ 0, i.e. photoproduction region, the photons can only be
transversely polarised so op, can be ignored. The ep cross section of photopro-
duction processes of interest can then be written as;

d?o°P

dd0? Frre(y, @*)oih(y, Q) (1.13)

where o is the total cross section of the process at a given centre of mass energy
of the yp system and the photon flux, f,/(y, @?%), is given by;

1 |1 1—1y)? 1-— 2
T e (1.14)

where Q2,, = m2y?/(1 — y) is the kinematic lower bound. This is known as
the “equivalent photon approximation” (EPA). Neglecting the Q? dependence
of the p cross section, f,/.(y) can be calculated by the Weizsicker-Williams

approximation (WWA) [10].

1+ (1-9)?* @ (1—1/)( i
WWA( . a max _ min
e (y) = In 2 1 (1.15)
i 21 y Q%in y 2

max

where Q2% corresponds to the maximum scattering angle of the electron consid-

ered.

One of the primary tasks of photoproduction measurements at HERA is the
investigation of the hadronic behaviour of photon. In describing the hard inter-
action of photons of low virtuality with protons, two major classes of diagram
are important. In one of these the photon couples in a pointlike way to a qq pair,
while in the other the photon interacts via an intermediate hadronic state, which
provides quarks and gluons which then take part in the hard QCD subprocesses.

1.4.1 Direct Photoproduction

An example of the first class, direct photoproduction, is shown in figure 1.2.
Here the whole photon participates directly in the interaction, acting as a point—
like particle. As all the photon’s energy couples to the parton, the final state

7
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Pq ngq

(a) QCD Compton (b) Boson gluon fusion

Figure 1.2: Leading order direct processes; (a) QCD Compton and (b) Boson gluon
fusion.

of the process can be of higher transverse momentum than for hadronic type
interactions in which only part of the photon’s energy participates. At these low
photon virtualities, the hard scatter may also be sensitive to the structure of
photon.

The two leading-order (LO) direct photoproduction diagrams can be seen in
figure 1.2. The QCD Compton process (a) shows the photon coupling to a quark
within the proton which then radiates a gluon before hadronisation. In figure (b),
the photon couples to a quark coming from a “split” gluon in the proton which
produced a quark—antiquark pair. This is termed boson—gluon fusion. Both have
final states consisting of two high transverse energy jets where in the case of the
QCD Compton process one is a quark and the other a gluon jet and in boson—
gluon fusion both are quark jets.

1.4.2 Resolved Photoproduction

Instead of interacting directly with a parton from the proton the photon may be
first fluctuate into a hadronic state. One of the hadronic constituents, carrying
a fraction of the momentum of the photon, takes part in the hard scatter. This
is known as resolved photoproduction and two example diagrams at LO can be
seen in figure 1.3.

In figure (a), a gluon from the photon interacts with a gluon from the proton
in what is termed gluon-gluon fusion. However, in figure (b) it is a quark from
the photon which interacts with the gluon from the proton. Again these two

8
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(a) (b)

Figure 1.3: Examples of leading order resolved processes.

processes differ in that the final state consists of two quark jets in the case of
figure (a) and one quark and one gluon jet in the case of figure (b).

The final state in both direct and resolved processes contains the positron,
only very slightly scattered and not detected in the detector, two high transverse
energy jets from the hard scatter and proton remnant. In addition, a photon
remnant, analogous to the proton remnant, is present in resolved photoproduc-
tion. At higher—orders the distinction between these classes of events is no longer
uniquely defined due to radiative processes. Inclusive jet (one or more jets),
dijet (two or more jets) and prompt photons (we will discuss it in detail in chap-
ter.2) studied in hard photoproduction at HERA have been used to investigate
various aspects of QCD and the structure of the photon. Studies of events with
three or more jets provide a means to test QCD at higher—orders.

1.5 The Structure of Photon

The first experimental data on photon structure function, F), came from the
electron—positron colliders [11]. A photon from each lepton interacts, producing
photon—photon collisions. One photon is quasi-real, and the other is virtual, and
probes the quark content of the real photon. By detecting one of the scattered
leptons, these measurements ensure that a highly virtual photon probes an almost
real target photon. The Fy data from PETRA and PEP as well as from TRISTAN
and LEP experiments have been used to parametrise photon parton densities in
the resolved photon process.
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Analogous to the ep scattering, a cross section for the process ey — eX can
be defined in terms of F3, and is given by

BPOeymex  2ma
dedy — zQ*

{1+0-v] F(@) - vFi(z, @)} (1.16)

where = Q?/(2y-q), vy = Q?/(sz) with /s being the total centre of mass energy
and 1 is the 4-momentum of the incoming photon. The F3' and F} are the photon
structure functions which describe the internal structure of the photon.

In a similar way to proton structure function F5, the structure function of the
photon, F3 can also be written in terms of the quark densities in the photon,
¢! (z,@%), in LO diagram.

F(2,Q%) =22 _epq](z,Q) (1.17)

where the sum runs over all quark flavours, 4, of quark charge e,, and the factor of
two accounts for quarks and antiquarks. Therefore the deep inelastic e7y scattering
cross section at electron—positron collision is sensitive to the quark distribution
in a photon.

The = and (Q* dependence of the photon parton density is expressed by the
modified DGLAP evolution equations similar to that for the proton, as described
in section 1.3.2, and the DGLAP equations then has the following form;

2 - S22 (oo (s

dg(z, Q%) a,(Q?) /l_cgg
dlogQ? 21 Jo y

Poq (g) 2 Xf: ¢i(y, Q%) + Py (g) 9(y, QQ)} (1.19)

)

where,

a(z) = 36?% [:c2 +(1- :z:)2]

and it represents the initial v — ¢g splitting. The P} are the splitting functions
as mentioned in section 1.3.2. In particular, the photon has an additional term
due to the possibility of a photon splitting into a quark-antiquark pair. This
so—called box term introduces an inhomogeneity into the photon parton density

10
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functions which is not present in the case of proton. The solution of the inhomo-
geneous equation is identified with the so—called “anomalous” photon component
while the homogeneous equations are related to the hadron-like or Vector Me-
son Dominance (VDM) model [12] component which originates in the vacuum
polarization of the photon to quark—antiquark pair.

At large values of z, the production of quarks comes predominantly via the
v — qq splitting. As this coupling is electromagnetic, the number of u quarks
produced is four times that of the d quarks due to their relative electronic charge.
At low values of £ however, the quarks are produced from the gluon splitting
process and here there are an equal number of u and d quarks as the strong force
does not differentiate between charge.

1.5.1 Model of the photon structure

Many parton parametrizations for the real photon have been proposed so far and
were grouped into two classes; one is given for fixed number of massless flavours
and the other is for the number of flavours dependent on the scale Q2. Here two
photon parton density functions, GS and GRV, are briefly reviewed.

e Gordon and Storrow (GS)

Gordon and Storrow, were the first to produce NLO parameterisations for the
photon parton densities [13], producing fits including both the available F data
and jet data from TRISTAN [14, 15]. The input structure function at the scale

2 = 5.3 GeV? and Q2 = 3.0 GeV? is chosen in the LO analysis as a sum of a
hadronic part from the VMD model and of a pointlike part based on the Parton

Model,
4dra

q7,(z,Q}) = ﬂ—f;q(’,’,g(fv, QF) + 454 (, Q). (1.20)

p
Free parameters (e.g. k) and light quark masses are fitted to the data with Q2 >
Q2. The input gluon distribution in LO is assumed in two different forms (set
GS1 and GS2). The NLO distribution in the MS scheme is obtained by matching
the FY in the LO and the NLO approaches at the Q3 scale. Ny = 3, 4 and 5 are
used and the number of flavours equal to Ny = 3 for @2 < Q?* < 50 GeV? and

N; = 4 for 50 GeV? < Q? was used.

e Gliick, Reya and Vogt (GRV) [16]

11
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The LO and NLO parametrizations of the parton distributions generated dy-
namically with the boundary conditions at Q% given by a VMD input. The
physical photon is then assumed to be a coherent superposition of vector mesons,
whose parton distributions are further assumed to be similar to those of a pion.
Non-perturbative input is used at the starting scale taken to be of the form

G0l Q) = 02, )
p
where qz’g are the quark and gluon densities within particle ¢ respectively. The
low initial scale @3(LO) = 0.25, Q3(NLO) = 0.3 GeV? is universal for structure
functions of p, m, v etc. The one free parameter, k, which is the VMD input
normalization constant relative to 7, is fixed by the data.

12



Chapter 2

Prompt Photon Production

2.1 Introduction

One of the primary tasks of photoproduction measurements at high energy is the
investigation of the hadronic behaviour of photon. Here we are concerned with
interactions that involve a hard transverse energy Er. In describing the hard
interaction of photons of low virtuality with protons, two major classes of process
can be defined in lowest—order QCD, depending on how the photon interacts with
a parton in the proton: (1) those in which the photon couples in a pointlike way
to a high—-Fr q7 pair, and (2) those in which the photon provides quarks and
gluons which then take part in the hard QCD subprocesses. At leading—order
(LO) in QCD, these two types of diagram are distinct and are commonly referred
to as direct and resolved processes, respectively.

These subprocesses most commonly give two outgoing quarks or gluons, which
at high E7 can give rise to two observed jets. However final states containing a
high Er jet together with a high Er photon are also possible, as seen in figure 2.1.
Such photons are known as “prompt photons” to distinguish them from those
produced via particle decays [18]. In the kinematic region accessible with ZEUS,
the direct channel in prompt photon processes is expected to be dominated by
the so—called “direct Compton” process yq — <yg, i.e. by the elastic scattering of
a photon by a quark in the proton, while the main contribution to the resolved
channel are the processes qg — ¢y and qG — g [17].

A further source of prompt photons is dijet events in which an outgoing quark
radiates a high-FE7 photon. In measuring prompt photon processes, these ra-
diative contributions are largely suppressed by restricting the measurement to

13
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prompt photons that are isolated from other particles in the event. Such a con-
dition is also needed in order to reduce experimental backgrounds from neutral
mesons in jets.

More recently, photoproduced final states containing an isolated high trans-
verse energy photon have been measured by ZEUS at HERA [18], providing a
further means to study the photoproduction mechanism. This could be hoped to
yield information about the quark and gluon content of the photon, together with
the gluon structure of the proton [19]. The particular virtue of prompt photon
processes is that the observed final-state photon emerges directly from a QCD
diagram without the subsequent hadronisation which complicates the study of
high Er quarks and gluons. The cross section of the direct Compton process
depends only on the quark charge, together with the quark density in the proton.
The above considerations, together with the availability of next-to-leading order
(NLO) calculations [19, 20, 21}, make prompt photon processes an attractive and
relatively clean means for studying QCD, despite the low cross sections.

In this chapter the theoretical aspect of prompt photon production at HERA
will be briefly discussed. The previous experimental results and the current issues
in prompt photon production will then be reviewed.

2.2 Prompt Photon Production at HERA

As with all photoproduction processes at HERA, two major classes of process
can be defined in lowest order QCD, direct and resolved processes. In the case of
prompt photon production there are two further subclasses in each process; the
non—fragmentation and the fragmentation processes. In the non—fragmentation
process a prompt photon is produced directly in the hard scattering, while in the
fragmentation process it is produced via fragmentation of the final state parton.

2.2.1 Prompt photon processes

e Direct/Resolved non—fragmentation processes

In the kinematic region available at HERA, the direct non—fragmentation
process in prompt photon production is dominated by the LO “QCD Comp-
ton” process (Figure 2.1 (a)) ;

Y¢* — vq

14
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P Y P q

(a) Direct Prompty  (b) Resolved Prompt vy

+ Y

(¢) Direct Radiative y (d) Resolved Radiative vy

Figure 2.1: Main LO diagrams for (a) direct non—fragmentation, (b) resolved non-
fragmentation, (c) direct fragmentation (radiative) and (d) resolved fragmentation (ra-
diative) processes in hard photoproduction producing an outgoing prompt photon. Two
of the corresponding dijet diagrams may be obtained by replacing the final-state photon
here by a gluon in (a) and (b). Broad arrows represent photon or proton remnants.
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where ¢P denotes the quark contents of a proton. An incoming photon
interacts with a quark in a proton. There are a high Pr photon and a high
Pr jet in the observed final state. This process contributes to the cross
section with the order of O(a?2,,), where ., is an electromagnetic coupling
constant.

In the resolved non—fragmentation process, there are three processes (Fig-
ure 2.1 (b)) ;

q'9" = g

"¢ =g

9'¢" =g

In principle the resolved prompt photon processes have an ability to ex-
tract not only quark but also gluon distributions in a photon. However
the kinematic coverage available in this analysis has less sensitivity to the
gluon distributions from the photon. The magnitude of the hard scattering
is the order of O(aema;), where a; is a strong coupling constant. However,
after taking into account a factor of O(aem/cs) for the photon structure,
the cross section is the order of O(ca?2,,), the same as that of the direct.

o Direct/Resolved fragmentation processes

A prompt photon can also come from the fragmentation of a jet. Thus the
diagrams that contribute to the cross section are the same as with the dijet
process. The direct and resolved fragmentation processes;

v¢" — qg
q'g" — qg

are shown in figure 2.1 (c) and (d) respectively. A further factor for the frag-
mentation into a photon is given as O(aem/a;). After taking into account
the factor for the fragmentation and photon structure, the cross section
is O(a?,,) for both direct and resolved fragmentation processes. Since the
cross section from the fragmentation processes depends on the fragmen-
tation functions, its contribution reduces the measured sensitivity to the
photon parton density. If such a photon takes nearly all the energy of
the initial quark, the event may experimentally resemble one coming from
the non-fragmentation processes. Events of this kind will be referred to
as radiative prompt photon events in the thesis. An isolation requirement
reduces their contribution to the measured cross section. (See figure 2.2 (a))
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Chapter 2 2.2 Prompt Photon Production at HERA

2.2.2 Prompt photon cross section

The inclusive prompt photon cross section for yp — vX can be schematically
written with a convolution of the parton distributions in the incoming particles
and the cross section of the hard scattering between the partons. Assuming a
and b as a parton in a photon and proton and c and d as outgoing partons, the
LO cross section is written by the following general formula ;

d3o.'yp—)'yX dz
B gp— = L[5 [ don [ il MR, 00)

d3 aab—»cd

2
- D (z, MF)Ev—ﬁv—

(2.1)

where the f) and f! denote the parton distributions of a photon and that of
a proton, respectively. The quantity Df is the fragmentation function at scale
M2 for the fragmentation of parton ¢ into a photon. The parameters z., and z,
respectively denote the fraction of a photon and proton momentum carried by
the interacting parton. The parameter z denotes a fraction of parton momentum
carried by the final photon. For the direct process f is replaced by §(z, — 1)
and for the non-fragmentation process DY is replaced by §(z — 1). The M? and
M% are scales for the factorisation and fragmentation, respectively.

The yp cross section can be related to the ep cross section by the equivalent
photon approximation (EPA) ;

oPX = [ . (y)oP "X dy 2.2
¥/

The Weizsacker-Williams (WW) approximation is used to estimate the flux,
fy/e(y), of quasi-real photons radiated from the positron beam. Thus the electron
structure function, f.(z., @?), is given by a convolution of the photon structure
function, f7(z”, @?), and the WW function;

Fuely) = 22 [{1+(1_y)2}ln 202 (1= 9)

27 Y m2y?
2. 2 (1 - y) 1
- it (U - 22)
where m, is the electron mass, and
1 dy Ze
fe(zea Q2) = L ?f')'/e(y)f’y (?1 Q2> (24)
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Chapter 2 2.2 Prompt Photon Production at HERA

2.2.3 Theoretical prediction

Over the past few years many theoretical studies of prompt photon production
at HERA have been performed with continuous improvements in the theoretical
precision [19, 22]. More recently L. Gordon and W. Vogelsang have studied the
expectations for prompt photon production rates at HERA in a fully consistent
NLO QCD analysis, taking into account the effects of experimental isolation
requirements [19]. In particular they examined the sensitivity of the isolated
cross section to the photon’s gluon content using both GS and GRV photon
parton density functions.

Figure 2.2 shows the theoretical predictions from L. Gordon and W. Vogel-
sang’s NLO QCD calculation. Figure (a) represents the full inclusive prompt
photon cross section (solid line) containing both direct and resolved, fragmenta-
tion and non—fragmentation contributions as a function of photon pseudorapidity
in the lab frame at pJ. = 5 GeV. After an isolation cut in the NLO calculation,
there is approximately a 15 % reduction in the full cross section (dashed curve).
This also shows the strong effects of isolation on the fragmentation processes.
The dash—dotted and dotted lines show the result after and before the isolation
cut respectively.

Figure (c) shows the sensitivity of the cross section to the proton and photon
parton densities. There is a significant difference between the predictions given
by the GRV and GS photon parton densities at negative photon pseudorapidity.
This is understood as a result of the different modelling of the quark contents
in a photon. Simultaneously the sensitivity to the proton parton density is also
tested, in which GRV, MRS(A’) and CTEQ3M were used. It becomes clear that
the prompt photon cross section at HERA does not depend significantly on the
proton parton density. Figure (d) shows the decomposition into the contributions
of the subprocesses ;

=X
pg" =X, pg’ =X
where %" stands for the direct photon process. The prompt photon cross section
at |n| < 1 is dominated by py®" — vX and pg” — vX processes. On the other
hand, the processes involving g7 dominate the cross section at large positive
photon pseudorapidity, which seems to give no chance of measuring the gluon
content of the photon at HERA via prompt photon production.
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Figure 2.2: The prompt photon cross section, do/dPrdn, calculated by L. Gordon
and W. Vogelsang [19]. (a) Comparison of fully inclusive and isolated results for the
full cross section and its fragmentation part. (b) Resolved and direct contributions
to the isolated cross section. The direct contribution is strongly peaked at negative
rapidities, corresponding to the probing of the proton at small z, by an energetic
photon. The resolved contribution remains sizeable and dominant also at positive 7.
(c) Full isolated cross section for various sets of parton distributions of the proton and
the photon. There is a significant difference between the predictions given by the GRV
and GS photon parton distributions at negative n, where the uncertainties coming from
the proton structure functions are rather small. (d) Full isolated cross section and its
decomposition into the contributions of subprocesses; direct and resolved processes, for
GRYV and GS photon parton distributions.
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2.2.4 Background processes

The main backgrounds that resemble the prompt photon events come from high

0

pr—neutral mesons, such as 7° and 1 mesons which decay into two photons,

produced through the fragmentation of a jet.

In order to suppress the fraction of such backgrounds in the data sample an
isolation cone was imposed around photon candidates within a cone of unit radius
in (n, ¢). Details of the energy isolation requirement is described in section 6.
Even after the isolation requirement, some fraction of the backgrounds still remain
as prompt photon candidates in the prompt photon candidate sample. Due to
the large cross section for jet production, the size of neutral meson background
is roughly the same as the prompt photon signal. These events are statistically
subtracted as described in section 7.

2.3 Previous Experimental Results

A strong motivation for the early prompt photon measurements was the extrac-
tion of the gluon density in nucleons. Due to large statistical and systematic
uncertainties in the experiments and large uncertainties in the theoretical pre-
dictions, the first generation of prompt photon experiments failed to distinguish
between hard gluon and soft gluon distributions, because changing an input gluon
structure function could be compensated for by a change in the Agcp parameter.
Later, new phenomenological modelling was introduced to interpret the experi-
mental results in this era. It included the definition of the scale of the interaction,
and unknown amounts of intrinsic transverse momentum of the initial state par-
tons, called the intrinsic kr effect, and a lack of a complete calculation of higher—
order contributions for prompt photon production. The new phenomenology will
be discussed in section 2.4.

In this section the previous prompt photon experiments are reviewed, along
with relevant parameters for the experiments and the results.

2.3.1 Prompt photons at HERA

The ZEUS experiment published the first observation at HERA of prompt pho-
tons, accompanied by balancing jets, at high transverse momentum in photopro-
duction reactions [18], based on an integrated luminosity of 6.4 pb~!.
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' (a) ZEUS 1995

Events / 0.025
o
T

Figure 2.3: Distribution in z, of prompt photon events after background subtraction.
Points = data; dotted histogram = MC radiative contribution; dash-dotted = radiative
+ resolved; dashed = radiative + resolved + direct. Plotted values represent numbers
of events per 0.025 interval of z.,. Errors are statistical only and no corrections have
been applied to the data.

The fraction of the incoming photon energy participating in the production
of the prompt photon and the jet, z., is in good agreement with LO QCD Monte
Carlo predictions as calculated using PYTHIA. In particular, a pronounced peak
at high z., is observed (See figure 2.3), indicating the presence of a direct process.

The ZEUS experiment has also measured the cross section for prompt photon
production in ep collisions satisfying the conditions of having (i) an isolated final-
state photon with 5 < E7 < 10 GeV, accompanied by a jet with EZ > 5 GeV,
(ii) the photon and jet lying within the respective laboratory pseudorapidity
ranges —0.7 < 77 < 0.8 and -1.5 < 7/* < 1.8, (iii) z9® > 0.8, (iv) 0.16 <
y'rue < 0.8, (v) @? < 1 GeV2. The value obtained was 15.34:3.84:1.8 pb, in good
agreement with a NLO calculation by Gordon [22] at the parton level; 14.05 pb
using the GS photon parton density and 17.93 pb using that of GRV at a QCD
scale u = 0.25(F7)%. It indicates the feasibility of distinguishing between different
models of the photon structure.

The H1 experiment has also observed a signal of prompt photons with high
transverse energy in photoproduction. The cross section for the prompt photon
photoproduction with EJ> 5 GeV and —1.2 < 77 < 1.6 was measured to be
104.845.9+15.7 pb, in agreement with QCD prediction; 84 pb [23].
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2.3.2 Prompt photons at fixed target experiments

Prompt photon production has been extensively studied in a number of fixed
target experiments at centre—of-mass energies of 20-40 GeV. Initially the E629
experiment at FNAL observed a clean signal for the inclusive prompt photon
production in the 200 GeV collisions of proton and 7 mesons on a carbon target
for pr > 2.5 GeV [24].

The NA14 experiment then showed the first measurement of inclusive prompt
photon in photoproduction at transverse momenta above 2.5 GeV [25]. The
experiment was performed in a high intensity photon beam with energy between
50 and 150 GeV at the CERN SPS using an open spectrometer. The cross section
as a function of p}. agreed with a theoretical calculation (QEDC Born term +
additional contributions from pQCD) within the statistical uncertainties. The
data disfavoured the gauge—integer—charge—quark models proposed at that time.

The NA3 experiment at CERN measured the cross sections for prompt photon
production from incoming 7=, 7t and proton beams on an isoscalar carbon target
at /s = 19.4 GeV [26]. The cross section was consistent with an available NLO
QCD calculation, within the experimental uncertainties.

The WAT70 experiment at the CERN SPS also measured the prompt pho-
ton production cross sections in 77 p and 7*p collisions at 280 GeV [27]. The
transverse momentum and Feynman X ranges were 4 < pr < 7 GeV and -0.45
< Xt (=2pr/v/s) < 0.55 respectively. In addition, similar experimental results
on inclusive prompt photon were measured by the NA24 experiment with a beam
momentum of 300 GeV [28]. They found that the increase of the cross section
ratio o(7"p — v+ X)/ o(ntp — v + X) with pr indicates the occurrence of
valence-quark—antiquark annihilation. Both results were described by NLO QCD
calculations.

The UA6 experiment measured prompt photon production in both pp and pp
interactions at /s = 24.3 GeV [29]. The first measurement of the experiment
was done in 1985/1986 for fp, performed again in 1988 for pp and 1989/1990 for
Pp reactions. All data samples covered rangesin 0.1 < y < 0.9 and in 4.1 < pr <
7.7 GeV, which corresponds to 0.34 < Xt < 0.63. They measured the inclusive
prompt photon cross sections in both pp and pp interactions at the given centre—
of-mass energy and the cross section difference o(pp) — o(pp) as a function of the
pr of photon, and compared the results with NLO QCD predictions.

The fixed target experiments for prompt photon production at CERN (e.g.
NA24 and WA70) commonly used an invariant mass distribution method for 7°
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Figure 2.4: E706 prompt photon and 7° inclusive cross sections as function of pr
for 530 GeV/c proton-nucleon interactions compared to NLO theory without <#kr>

(dashed) and with <Ap> enhancement for (kr) = 1.2 GeV/c for the photon and (kx) —
1.3 GeV/c for the 7m (dotted). Bottom: The quantity (Data-Theory)/Theory, overlaid
with the expected effect from kr enhancement for (kr) = 1.2 GeVl/c.

and 7-meson subtraction to select pure prompt photon signals from huge back-
grounds. I11 addition, the UA6 experiment used an extra topological shower shape
method in the longitudinal shower development to reject showers not consistent

with a single photon event.

More recently the Fermilab E706 experiment [30], designed to measure large
Pr production of high statistics prompt photons, neutral mesons and associated
particles, has measured the inclusive 7t° and prompt photon cross sections in the
kinematic range, 3.5 < Pr < 12 GeV with central rapidities for 530 and 800 GeV
proton beams and 515 GeV 7_ beams incident on Be targets. They reported that
current NLO pQCD calculations fail to account for the measured cross sections
using conventional choices of scales. Significant parton <i7> effects (~ 1.2 GeV
at y/s =31.6 GeV; and ~ 1.3 GeV at y/s =38.8 GeV; see figure 2.4) were observed
in the kinematic distributions of high-mass 7° pairs, as well as high-mass 77r°
pairs. They found that a simple implementation of supplemental parton <kr>
in pQCD calculations provides a reasonable description of the inclusive cross
sections. More details of the parton <iT7T> issues in prompt photon production

will be discussed in section 2.4 and chapter 9.
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2.3.3 Prompt photons in hadron collider experiments

During the past 25 years, the physics of prompt photon production has undergone
very successfully experimental developments. A number of precise data from
hadron colliders have been published covering a large domain of centre of mass
energy from 40 GeV to 1.8 TeV as well as a wide range of transverse momenta of
the prompt photons.

The first published measurement of high pr prompt photons at a hadron
collider was made in 1976 by the R412 experiment in proton—proton collisions at
Vs = 45 GeV and 53 GeV at the CERN ISR (Intersecting Storage Rings) {31].
The large systematic uncertainties due mainly to the detector energy response
and antineutron contamination were not understood well enough to make a strong
claim of evidence for prompt photon production.

In 1978 the R107 experiment reported the results of a search for prompt
photons produced at 90° in pp collisions at the ISR for /s = 53.2 GeV and pr
> 2.3 GeV [32]. They established an upper limit of 6% at 95% C.L. for the v/x°
ratio in the pr region 2.3-3.7 GeV, but did not give any indication of prompt
photon production due to large experimental uncertainties. This was true also of
the R412 experiment.

The first convincing evidence for the existence of prompt photon events in
pp collisions at ISR was demonstrated by the R806 experiment in 1982 at /s =
31, 45, 53 and 63 GeV [33]. The transverse momentum range extended up to 12
GeV. The distinguishing feature of the experiment was the use of detectors with
relatively high granularity and good energy resolution. Calculations based on the
lowest—order QCD diagrams agreed qualitatively with the experimental results.

In the higher centre—of-mass energy regime, both the UA1 [34] and UA2 [35]
experiments opened new windows for the measurement of prompt photon produc-
tion with very high transverse momentum from pp collisions at the SppS collider
at CERN. In particular the UA2 apparatus was equipped with preshower detector
in front of the calorimeters. These detectors allowed a precise determination of
the conversion point for photons that start showering in a converter.

The inclusive cross section was measured for production of high pr prompt
photons in pp collisions at /s = 546 GeV and /s = 630 GeV [34, 35]. The UA1
and UAZ2 results supported predictions from QCD calculations. Both experiments
also studied the structure of events containing a high pr photon, and they found
that in most of the events the photon pr is balanced by that of a single jet. In
addition, they measured a differential cross section for double prompt photon
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Figure 2.5: The CDF and DO prompt photon cross sections, compared to NLO theory
without <kr> (dashed) and with <k~> enhancement for (kx) = 3.5 GeV/c (solid),
as a function of pr- Bottom: The quantity (Data-Theory)/Theory, overlaid with the
expected effect from k¢ enhancement for (Ay) = 3.5 GeV/c. The error bars have
experimental statistical and systematic uncertainties added in quadrature.

production as a function of the pr of photon [34, 36]. Furthermore, from the
study of prompt photon + jet production, the UA2 experiment measured the
gluon structure function, G(.t,Q2), in a direct way in the range 0.049 < X1 <
0.207 for Q2 values between 280 GeV2 and 3670 GeV2 [37]. The result was found
to be in good agreement with the parametrizations of the deep inelastic lepton-

nucleon scattering data.

The CDF and DO experiments at the TeVatron collider at Fermilab have
performed pure QCD tests with photons in a number of different ways [38, 39, 40]:
the cross section measurement of inclusive prompt photon production at y/s =
1.8 TeV and y/s = 630 GeV; photon + one or two jet angular distributions;
photon + charm production and diphoton production, in order to provide some
constraint on the gluon distributions, G(x), through the LO Compton scattering
process (qq —>7q); and a direct measurement of the parton intrinsic transverse
momentum, <kr> , and to test the charm content of the proton. The kinematic
range of previous prompt photon measurements at both fixed target and hadron
collider experiments was greatly extended by the TeVatron’s y/s =1.8 TeV and
the measurement of photon transverse momentum of up to 120 GeV.
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The CDF and D@ photon measurements are consistent and complementary.
For the inclusive photon cross section measurements, both experiments agree with
NLO QCD predictions for the high E} region (> 25 GeV), while both lie above
theory at lower E}. (see figure 2.5). This discrepancy may originate from addi-
tional soft gluon radiation beyond that included in the QCD calculation, or it may
reflect inadequacies in the parton distribution and fragmentation contributions.
Further details are given in section 2.4.

The CDF and D@ measurements of prompt photon production employ differ-
ent analysis tools to sort out the background level. For the CDF measurement
the fraction of photon candidate events that have an observed conversion in the
material just in front of the calorimeter is used, along with the transverse shower
shape measured in a proportional chamber at shower maximum in the calorimeter
itself. In the end one of the two methods is used to evaluate point—by-point the
fraction of photons in the data sample. For the D@ measurement the fraction of
energy observed in the first two radiation lengths of the calorimeter is used. The
fraction is then fitted to a smooth function as a function of transverse energy of
the photon and this smooth curve is used to evaluate the purity.

2.3.4 Prompt photons at lepton collider experiments

The production of isolated prompt photons was studied in great detail by all
four LEP experiments [41], ALEPH, DELPHI, L3 and OPAL. At LEP the first
measurement of prompt photon production in hadronic Z° decays was made by
the OPAL experiment for photons isolated from other particles in the event [42].

The physics motivation of prompt photon measurements at LEP differ com-
siderably from that of the experiments discussed above. The main thrust of this
work has been to compare the data with QCD calculations at the parton level and
to test the detailed predictions of the parton shower models and thus gain some
insight into the parton evolution mechanism. For example the ALEPH experi-
ment extracted the quark-to—photon fragmentation function from the study of
non-isolated photons in jets containing a photon carrying more than 70 % of the
jet energy [43]. The OPAL experiment has also measured the inclusive produc-
tion of prompt photons with energy above 10 GeV in hadronic Z° decays. Good
agreements were found with current QCD predictions for the quark-to—photon
fragmentation function [44].

The observation of prompt photon production in <7y collisions was also re-
ported by the TOPAZ experiment at the ete™ centre-of-mass energy /s = 58
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Figure 2.6: Comparison of photon Xr{= 2E~/y/s) for different prompt photon ex-
periments. Differing various experiments have reported excesses at lower values of x7
compared to NLO predictions.

GeV [45]. The prompt photon cross section for £~ > 2 GeV and -1 < 7T < 1
was measured to be a(ete~ —37 + X) = 1.72 £ 0.67 pb. The result was a little
bit larger than LO parton-shower MC predictions, but agreed within 2 a since

the statistical uncertainty is large.

2.4 Current issues in photon production

As described in the previous section the prompt photon production in both
hadronic and leptonic collisions in the high pT regime has long been viewed as
a clean test of pQCD, and large amounts of data exist now from fixed target,
pp and 7p interactions, as well as from LEP. However there are several problems
associated with the interpretation of these data. Il particular, it is difficult to fit
all the data to NLO QCD calculations.

As seen in figure 2.6, a pattern of deviations has been observed between mea-

sured prompt photon cross sections and QCD calculations [21]. Much larger
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Figure 2.7: < Qr > of pairs of muons, photons, and jets produced in hadronic collisions
versus y/s. The ZEUS data point will be included on this kind of plot in chapter 9.

deviations from QCD are observed in the higher—statistics photon data from the
E706 experiment [30] (see figure 2.4). The final prompt photon results from UA6
also exhibit evidence for similar discrepancies. Recent results from CDF and D@
also have a steeper slope above theory at low Er region [46].

One offered explanation is that the partons in the proton may effectively
have a considerably higher mean intrinsic transverse momentum, <kr>, than
expected from non-perturbative proton size effects, traditionally of the order
of 0.3-0.5 GeV. The CTEQ collaboration also reported that one way to under-
stand the discrepancy between data and theory models is the introduction of
two phenomenological quantities into theory models for both LO MC and NLO
pQCD calculations. A discrepancy of this kind could arise from the transverse
momentum of the initial-state partons, which is affected by the multiple initial
soft gluon radiation and the intrinsic transverse momentum kz, of the partons in
the incoming hadrons, or from multiple initial-state soft gluon radiation as the
parton interacts.

Evidence for significant <kr> effects has been found in several measurements
of dimuon, diphoton, and dijet pairs. Figure 2.7 shows the summary of < Qr >,
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Figure 2.8: One of recent resummed pQCD calculations for the E706 prompt photon
production. The dotted line represents the NLO calculation, while the dashed and
solid lines respectively incorporate pure threshold resummation and joint threshold
and recoil resummation, within the formalism of collinear factorization.

average total momentum imbalance of the pairs, for a wide range of 1/s. Further
discussion of the physics interpretation of these data will be given in chapter 9.

The latest prompt photon results from the TeVatron collider have confirmed
that kr smearing effects implemented in simple Gaussian smearing models in MC
work well in their recent data [46]. High cross sections are observed below photon
transverse momenta of 36 GeV. Measurements by CDF [38] are consistent with a
<kp> value of 3.5 GeV applied to a NLO QCD calculation. Recently published
results from DO [39] are consistent with those of CDF (see figure 2.5). From a more
basic point of view, the presence of additional initial-state gluon radiation beyond
NLO in QCD can increase the effective k- values of hard—scattering partons, and
may help to generate the effects observed [47, 48, 49, 50].

In the recent theoretical work the resummed pQCD calculations for inclusive
prompt photon production are currently under development in order to interpret
the kr issues in photon physics [51, 52, 53, 54, 55, 56]. Two recent independent
threshold-resummed pQCD calculations for prompt photons [51, 52] do not in-
clude <k7> effects, but exhibit less dependence on QCD scales than the NLO
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theory. These calculations agree with the NLO prediction for the scale p =~ pr/2
at low pr, and show an enhancement in cross section at high pp.

A method for simultaneous treatment of recoil and threshold corrections in
inclusive photon cross sections has been developed [56] within the formalism of
collinear factorization. At moderate pr, substantial enhancements from higher—
order perturbative and power-law non—perturbative corrections have been found
at fixed-target energies, as illustrated in figure 2.8 in a comparison with the E706
prompt photon measurement at /s = 31.6 GeV. Although the present numerical
results are only exploratory estimates of the size of expected effects, it is clear
that the phenomenological consequences are potentially significant.

2.5 Summary

In this chapter, we have considered the knowledge of prompt photon production
mechanisms at HERA, the status of experimental results so far and finally current
issues in this area, in both experimental and theoretical aspects. The aim of this
thesis is to present measurements of prompt photon production to lead us to a
deeper understanding of some fundamental questions of QCD and the partonic
nature of matter.
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Chapter 3

HERA and the ZEUS Detector

3.1 The HERA Accelerator

"'I.."U... v‘/ i *,"

Figure 3.1: The HERA collider enclosing the Volkspark in Hamburg, Germany shown
with the pre-accelerator, PETRA and the four experiments.

The HERA (Hadron Electron Ring Anlage) is the world’s first lepton-proton
collider and is situated at DESY (Deutsches Elektronen Synchrotron) in Ham-
burg, Germany (see figure 3.1). HERA was designed to accelerate electrons or
positrons to 30 GeV and protons to 820 GeV energy, yielding a centre of mass
energy s/s — 314 GeV, in two independent rings. Figure 3.2 shows a schematic

layout of the HERA accelerator complex. The electron (positron) and proton
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Figure 3.2: A schematic diagram showing the layout of the HERA accelerator complex;
four experimental halls and the pre-accelerator ring with the injection system enlarged.

rings use conventional and superconducting magnets respectively. For 1996-97
running, the lepton ring operated at an energy of 27.52 GeV yielding a centre of
mass energy sjs = 300 GeV. The electron ring was first commissioned in 1989,
while the proton ring was first operated in March 1991. First electron-prot.on

interactions were achieved and recorded in October 1991.

The HERA ring is approximately circular and is 6.34 km in circumference.
Experimental halls are situated at four equidistant points along the circumference
of the ring as shown in figure 3.1 and 3.2. The two ep collider experiments HI and
ZEUS are located in the north and south halls respectively. There are also two
fixed-target experiments HERMES and HERA-B which are situated in the east
and west halls respectively. HERMES is designed to study the spin structure of
the nucleon using the scattering of longitudinally polarized electrons off polarized
gas jet targets. HERA-B is designed to investigate CP violation inthe B hadron

sector, using wire targets in the proton beam.

In the proton injection system, H~ ions are accelerated to 50 MeV using a
linear accelerator. Before injection into the DESY III storage ring, the electrons
are stripped off the hydrogen ions, yielding protons. This is filled with 11 bunches
having a 96 ns bunch spacing, the same as in HERA, and accelerated up to 7.5
GeV. The proton bunches are then transferred to the PETRA ring, where they
are accelerated to 70 bunches of 40 GeV and injected into the HERA proton
machine. This process is repeated until HERA is filled with up to 210 bunches,

which are then accelerated to 820 GeV with a lifetime of a few days.

32



Chapter 3 3.1 The HERA Accelerator

HERA luminosity 1992 - 2000 Physics Luminosity 1993 - 2000

2000

°g

2000

LSmeea.

OIS ThRA ©°

e}

1999 ¢* j
Wi f w0 1999,

99 ¢j 1999.

199 ,1996
,1998 1995 ,1995
,1994
(A
1409 50 10 150 200 50 100 150 200
Days of running Days of running

Figure 3.3: The left plot shows the integrated luminosity delivered by HERA versus
the date for the years since the start of HERA operation. The luminosity which was
taken by the ZEUS detector and which is useful for physics analysis is shown in the
right plot. Since 1998 the proton energy was raised to 920 GeV.

The electron injection begins with the LINAC’s I and II which accelerate
the electrons to 220 and 450 MeV respectively, and fill the positron accumulator
(PIA) with a single bunch of up to 60 mA. These are then transferred to the
DESY II storage ring and accelerated to 7.5 GeV. The transfer to the PETRA
Il storage ring is performed such that 70 bunches of 96 ns spacing are obtained.
After accelerating the electrons to 14 GeV, the electron bunches are transferred to
HERA until this is filled with up to 210 bunches and the electrons are accelerated
to 27.52 GeV with a life time of about 8 (2-3) hours for positron (electron) beam.

Since HERA started operating in 1992, the integrated luminosity delivered
by HERA has been continuously increased. The left plot in figure 3.3 shows the
HERA Iuminosity for the different years versus the days of running. The right
plot shows the luminosity which was taken by the ZEUS detector. During 1996
and 1997 running period 38 pb_1 of data were taken by ZEUS detector. The
analysis presented in the thesis is based on this data set. Since 1998 the proton
energy was raised to 920 GeV and the HERA luminosity upgrade is planned
during the shutdown in the year 2000, with the aim to increase the luminosity by

a factor five.
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Figure 3.4: The ZEUS coordinate system.
3.2 The ZEUS Detector

The ZEUS detector is a large multipurpose detector, designed to study lepton—
hadron scattering, and has near 47 coverage in solid angle, except for small regions
around the forward and rear beampipes. The ZEUS coordinate system is shown
in figure 3.4. The z axis follows the line of the beam direction. The z and y
axes point to the centre of the HERA ring and directly upwards, respectively.
The polar angle, 6, is measured with respect to the proton beam direction. The
azimuthal angle, ¢, is measured with respect to the z axis in the z—y plane.

Figure 3.5 and 3.6 show a cross sectional view of the layout of the ZEUS
detector in the longitudinal (z-y) and transverse (z—y) planes with respect to the
beam direction, respectively. A brief outline of the detector components is given
in the following. The parts of the detector essential for the present analysis are
described in more detail in the following sections. A full description of the ZEUS
detector is given in [57].

The innermost component is the central tracking detector (CTD) which is a
cylindrical drift chamber consisting of 9 superlayers with 8 planes of sense wires
each. These chambers are surrounded by a thin superconducting solenoidal coil
with a thickness of one radiation length (Xj), producing an axial field of 1.8
Tesla for determining the momenta of charged particles from their curvature in
the magnetic field. At both ends of the CTD there are forward (FTD) and rear
tracking detectors (RTD) which provide additional tracking and particle identifi-
cation informations. The final tracking detector is the Small angle Rear Tracking

34



Chapter 3 3.2 The ZEUS Detector

Detector (SRTD) which improves the angular resolution on the scattered positron,
in the rear direction. All tracking components provide an angular acceptance of

7.5°-170°.

The uranium scintillator sampling calorimeter (UCAL) totally encloses these
tracking devices and the solenoid coil, and measures with high precision the en-
ergies and directions of particles and jets. The presamplers were installed on the
front surface of the UCAL (see chapter 4 for details). Inside the F/RCAL, the
Hadron-Electron Seperator (HES) of 3 cm x 3 cm silicon diodes was installed
in order to improve the hadron electron separation and the spatial resolution. In
the rear direction there is a small-angle rear tracking detector (SRTD) in front
of the RCAL near the beam pipe to study the energy degradation due to inactive
materials placed between RCAL and the interaction point. The energy leakage
out of the UCAL can be detected by the backing calorimeter (BAC) which is con-
structed from a sandwich of 7.3 cm thick iron plates and aluminium proportional
tubes with a total depth of 6 to 4 A (interaction length; the mean free path of a
particle before undergoing an interaction) The iron plates serve as a return path
for the magnetic flux of the solenoid coil. In addition, since 1994 the Beam Pipe
Calorimeter (BPC) sits around the beampipe within the RCAL and provides po-
sition and energy measurements on DIS electrons at very small scattering angles.
It extends the Q? coverage to events with a Q2 of 0.1-0.6 GeV2.

The outermost components are the muon detecting systems: the forward muon
detector (FMUON) consists of 5 planes of limited streamer tubes, 4 planes of drift
chambers, 1 time-of-flight counter, and 2 magnetized iron toroids. The barrel
and rear muon detectors (BMUON, RMUON) both consist of 2 pairs of the
inner and outer components, each of 2 layers of limited streamer tubes. An iron
wall covered with 2 planes of large area scintillation counters (Veto Wall) behind
the rear calorimeter, 7 m from the interaction point, protects the detector from
particles from the beam halo accompanying the proton bunches. The C5 counter
is situated 3.2 m from the interaction point upstream of the proton beam and
is used to measures the timing of the positron and proton bunches and detects
proton beam interactions upstream of the interaction point.

There are other additional detector components which are not shown in fig-
ure 3.5 and 3.6. A silicon-strip leading proton spectrometer (LPS) consists of
several elements between 20 and 100 m downstream in the proton direction. It is
used for detecting proton remnant jets and scattered protons. Similarly a forward
neutron calorimeter (FNC) provides information on the hadronic final state at
small angles in the proton direction. A luminosity measurement is provided by
small-angle electron and photon calorimeters (LUMI) in the HERA tunnel which
are located 35 and 105 m from the interaction point in the electron direction,
respectively.
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Overview of the ZEUS Detector
( longitudinol cut )

Figure 3.5: A schematic diagram showing a longitudinal section through the compo-
nents which make up the ZEUS Detector.

Overview of the ZEUS Detector

( cross section )

Figure 3.6: A schematic diagram of the ZEUS detector in the xy plane.
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3.2.1 The Uranium Calorimeter

The main part of the ZEUS detector is the uranium scintillator calorimeter
(UCAL) [58] which measures with high precision energies and directions of par-
ticles and jets. It has a layered structure and is built from depleted uranium
(DU; 98.1% 238U, 0.2% 25U, 1.7% Nb) plates interleaved with plastic scintilla-
tor (SCSN-38) plates. Readout of the light from the scintillator is achieved by
means of plastic wavelength shifters (WLS) with associated photo—multipliers.

The layout of the calorimeter is shown in figure 3.5 and 3.6. It consists
mechanically of three independent components: Forward Calorimeter (FCAL),
Barrel Calorimeter (BCAL) and Rear Calorimeter (RCAL), covering the polar
angle ranges 2°-40° (4.3 < 7 < 1.1), 37°-129° (1.1 < 7 < —0.75) and 128°-
177° (-0.75 < n < —3.8), respectively. It provides a solid angle coverage of
99.8% in the forward hemisphere and 99.5% in the backward hemisphere. The
front face of FCAL (RCAL) is 2.2 m (1.5 m) distant from the nominal electron—
proton interaction point. In units of interaction lengths FCAL has a maximum
depth of 7.2 A\, BCAL of 5.3 A and RCAL of 4 A\. The depth of the calorimeter
was optimized by requiring that 95 % of the shower energy is contained for 90 %
of the jets of maximum possible energy from the HERA kinematics which falls
from 800 GeV at the forward proton direction (6 = 0°) to about 300 GeV at
6 = 30°, 100 GeV at 8 = 60° and less than 50 GeV for 6 > 90°.

The UCAL has a modular structure. Each FCAL/RCAL module has a width
of 20 cm, an active depth up to 1.53 m and a height for the active part varying
from 2.2 to 4.6 m, depending on its position with respect to the beam. The
modular structure of BCAL constructed from 32 identical modules each covering
an angle wedge of 11.25° in ¢ with a length of 3.3 m in the beam direction. The
inner/outer radius of the BCAL is 1.22/2.29 m from the beam axis. All modules
are tilted by 2.5° to avoid particles from the interaction point travelling through
module boundaries. Each calorimeter component is segmented longitudinally into
two sections, an electromagnetic (EMC) with a depth of 1 interaction length (),
or equivalently 25 radiation lengths (Xj), and hadronic sections (HAC). The
HAC sections of FCAL and BCAL are further segmented longitudinally into two
sections with a depth of 2 x 3.1X in the FCAL, 2 x 2.1 in the BCAL, while
RCAL has a single HAC section 3.1 A deep.

The FCAL/RCAL modules have a non-projective tower structure. The cell
readout in the transverse direction is made in terms of towers of 20 x 20 cm? for
HAC sections of both FCAL and RCAL. The EMC sections are further segmented
into 5 x 20 cm? and 10 x 20 cm? sections for FCAL and RCAL respectively. Each
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Figure 3.7: Internal structure of a FCAL module. The 20 x 20 cm2 towers with their
longitudinal division into EMC and HAC section are shown.

module of the BCAL consists of 533 EMC towers. Throughout most of the BCAL
four EMC towers are backed by one HAC tower which measures 20 x 28 cm2 at
the inner radius. Both the EMC and the HAC towers of the BCAL are projective
in azimuthal angle > but only the EMC of BCAL is projective in 9.

As an example of the construction geometry of the calorimeter, Figure 3.7
illustrates the internal structure of an FCAL module. It is made up of layers
of 3.3 mm thick DU plates yielding 1 X 0 of sampling thickness for both EMC
and HAC and 2.6 mm thick SCSN-38 scintillator plates. The thickness of the
uranium and scintillator plates was optimized to achieve an equal response of the

calorimeter to electrons and hadrons (compensation; e/h ~ 1).

The UCAL is compensating with an electromagnetic energy resolution of
18% /v/E© 1% (GeV) and an hadronic energy resolution of 35% \fE ® 2% (GeV).
The calorimeter response to electrons is linear within + 2% up to 110 GeV/c. The
angular resolution for the scattered electron is better than 10 mrad. In addition
the UCAL provides excellent timing, better than 1.5 ns compared to the HERA
bunch crossing time of 96 ns, which has played a crucial role in the fast rejection

of beam gas background from the physics samples.
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Figure 3.8: A schematic diagram of one octant of the CTD.

3.2.2 The Central Tracking Detector

The central tracking detector (CTD) [59] measures the direction and momentum
of charged particles with high precision and estimates the energy loss dE/dx used
for particle identification. The CTD is a cylindrical drift chamber with an inner
radius of 18.2 cm, outer radius 79.4 cm and length of 205 cm, filled with a gas
mixture of 90% argon, 8% CO; and 2% ethane. It covers a polar angle of 15° to
164° and consists of 72 radial layers, organised into 9 superlayers.

Figure 3.8 shows the wire layout in a single octant of the CTD. Alternating
layers of sense and field wires are indicate by the dots. The larger dots are
the sense wires. The odd superlayers are axial layers which have sense wires
parallel to the beam axis, while the even superlayers are stereo layers, inclined
at angle ~ £ 5° with respect to the beam axis, which allows the determination
of the z—position of the hits. For trigger purpose, the inner three axial layers are
additionally equipped with a z-by-timing system (o, ~ 4 cm) which determines
z—position of a hit from the difference in arrival times of a pulse at both ends of
the chamber. With the 1996 calibration of the chamber, the nominal resolution
of the CTD was per hit around 180 pm—-190 um in r-¢, resulting in a transverse
momentum resolution of 0.005 pr £ 0.0016 for long tracks (> 3 superlayers). The
z~vertex resolution for medium and high multiplicity events, taken from many
track measurements, is < 1.5 mm.
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Luminosity Monitor

lumi-e

Figure 3.9: The luminosity monitor.

3.2.3 The Luminosity Monitor

The luminosity at HERA is measured via the rate of the bremsstrahlung process
ep —»ep7. The luminosity monitor (LUMI) consists of two separate detectors;

one of which measures the scattered electron and the other the photon [60].

A lead-scintillator sampling electron calorimeter, situated 35 m from the inter-
action point in the electron direction, measures the energy of electrons scattered
at small angle to the beam direction. It detects electrons with 6e < 6 mrad with
an efficiency greater than 70% for 0.35Ee¢ < Ee < 0.65Ee. A sample of photopro-
duction events can be isolated where the electron has been scattered with 9¢ < 6
mrad and is detected in the LUMI. An upper limit of 02 < 0.002 GeV2 is set on
the virtuality of the photon for these events from the maximum angle an electron
can have while still escaping along the beam pipe, i.e., 6 mrad. The LUMI tagged
photoproduction events provide a well characterised sample which can be used to
find ways of reducing background in photoproduction events where the electron

is not detected.

A photon detector is located close to the proton beam 107 m downstream of
the interaction point in the direction of the electron beam. A carbon filter is used
to absorb synchrotron radiation, a Cerenkov counter vetos charged particles and
finally a lead scintillator sampling calorimeter measures the energy ofthe photon.
The geometrical acceptance is 98% for the process ep —mep’y and is independent
of the energy of the photon. The luminosity measurement is obtained from the

rate of photon events measured in this calorimeter corrected as follows :

Rep = Rtot ~ RunpJ— (3—1)
lunp
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where Ry is the total rate, Ry, is the rate in unpaired electron bunches, I
is the total current and I,n, is the current in unpaired electron bunches. This
corrects for beam gas backgrounds. The value of the integrated luminosity in
1995 and 1996 was measured to an accuracy of + 1.5%.

3.3 The ZEUS Trigger System

,
The short bunch crossing time at HERA of 96 ns, equivalent to a nominal rate of
~ 10 MHz, is a technical challenge which puts stringent requirements upon both
the ZEUS Trigger and the Data Acquisition (DAQ) system. The total interaction
rate, which is dominated by background from upstream interactions of the proton
beam with residual gas in the beam pipe, is of the order 10-100 kHz while the
rate of ep physics events in the ZEUS detector is of the order of a few Hz. Other
background sources are electron beam gas collisions, beam halo and cosmic ray
events.

ZEUS epployed a sophisticated three-level trigger system in order to select
ep physics events efficiently while reducing the rate to a few Hz. A schematic
overview of the ZEUS trigger system is shown in figure 3.10 [61].

The First Level Trigger (FLT) is a hardware trigger, designed to reduce the
input rate below 1 kHz. Each detector component has its own FLT, which stores
the data in a pipeline, and makes a trigger decision within 2 us after the bunch
crossing. The decision from the local FLT's are passed to the Global First Level
Trigger (GFLT), which decides whether to accept or reject the event, and returns
this decision to the component readout within 4.4 us.

If the event is accepted, the data are transfered to the Second Level Trig-
ger (SLT), which is software-based and runs on a network of Transputers. It is
designed to reduce the rate below 100 Hz. Each component can also have its own
SLT, which passes a trigger decision to the Global Second Level Trigger (GSLT).
The GSLT decides then on accepting or rejecting the event.

If the event is accepted by the GSLT, all detector components send their data
to the Event Builder, which produces an event structure on which the Third Level
Trigger (TLT) code runs. The TLT is software based and runs part of the offline
reconstruction code on a farm of Silicon Graphics CPUs. It is designed to reduce
the rate to a few Hz. Events accepted by the TLT are written to tape via a
fibre-link (FLINK) connection. The size of an event is typically ~ 100 kBytes.
From here on events are available for full offline reconstruction and data analysis.

The trigger logic used for the online selection of photoproduction events, on
which the present analyses are based, is described in section 6.3.
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Figure 3.10: A schematic diagram ofthe processes which make up the ZEUS three-level
trigger system [61].
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The ZEUS Barrel Presampler

This chapter concerns work done by author on the ZEUS Barrel PREsampler
detector (BPRE). A brief description of the presampler detector and the ZEUS
BPRE are presented in section 4.1 and section 4.2 respectively. The initial perfor-
mance of the BPRE is given in section 4.3 with results from the charge injection
study, and the development of the BPRE geometry setup for the ZEUS detector
simulation package is presented in section 4.4, which also gives some perspective
for future analysis.

4.1 Introduction

A Presampler detector provides a link between tracking devices and calorimeters.
It is placed just in front of the calorimeter and consists of some conversion material
interspersed with or followed by an active element. It must be, by definition, thick
enough to start an EM shower, yet thin enough to allow the shower maximum to
occur well inside the calorimeter. This early sampling of the EM shower gives the
presampler detector an advantage over devices at which have a shower maximum
in the area of electron/hadron discrimination. In addition, their better position
resolution is directly correlated with how well they can distinguish between real
electrons and fake signals produced by the overlap of 7%’s or 4’s and a charged
track. The advantages of using a preshower detector can be summarized as :

e the precise determination of the starting position of an EM shower ;
e reduction of accidental 7°/charged—track overlaps which fake an electron ;

e /70 separation on an event-by—event basis ;
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Figure 4.1: Exploded view of a BCAL presampler module cassette.

* improved electron/hadron discrimination in isolated events and electron

identification.

4.2 The ZEUS Barrel Presampler

The BPRE is a detector component placed just in front of the BCAL that is
separately read out. The signal in the presampler, which counts the number
of charged particles impinging on it, is then proportional to the energy loss of
the incident particle, since the predominant energy loss mechanisms result in
electromagnetic showers for photons, electrons and low energy pions (through
charge exchange), and other charged particles for higher energy (> several GeV)

pions.

A presampler is needed in the ZEUS detector to correct energies measured
in the calorimeter for the energy losses due to the dead material between the
interaction point and the face of the calorimeter. It can be also used to improve

the e/7r discrimination ability of the calorimeter as well as providing some 7/V0
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Figure 4.2: Configuration of WLS fibres inside a BCAL presampler scintillator tile.

separation. It has a particular importance in prompt photon physics since it en-
ables us to evaluate the photon signal independently of the energy of the photon.

More details will be discussed in section 4.4.

Initially the forward and rear calorimeters of ZEUS detector were equipped
with a complete presampler consisting of a single layer of 5 mm thick SCSN38
plastic scintillator that is read out by wave-length-shifting (WLS) fibres. In
1996 an additional presampler detector was proposed for the barrel region, cov-
ering the BCAL face and providing overlap coverage with the FCAL and RCAL
presamplers [62].

The BPRE detector consists of 32 individual cassettes eaefe containing 13
scintillator tiles oriented along the Z direction, installed directly in front of each
of the 32 BCAL modules. The BPRE module cassettes are made from two sheets
of aluminium hex-cell honeycomb glued at the side to an aluminium extrusion,

as shown in the exploded view of figures 4.1.

The scintillator tiles consists of 2 pieces of SCSN-38 plastic scintillator, each
approximately 20 cm x 18 cm and 5 mm thick, read out by 2 fibres embedded in
each tile in a spiral pattern as shown in figure 4.2. To maximise the light yield,
the groove length over tile area should be maximised. The chosen design satisfies
this requirement and also gives a reasonable uniformity of response. The spiral
groove is 2 mm deep in the 5 mm thick scintillator, and two 0.83 mm diameter
Y Il multi-clad fibres are held in the groove. The length of each WLS fibres is 175
cm. They are spliced to 5 m long, clear multi-clad plastic fibres. The attenuation
length of the clear fibre is about 7 m, compared to the distance from the tile to
the PMT of 5 m. The scintillator tiles were wrapped in white Tyvek paper and

the end of each WLS fibres in the scintillator is aluminised.
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The 4 clear fibres from a scintillator tower transport the light signal to a
PMT whose HV is set and controlled individually by Cockroft-Walton (CW)
bases. HV control is supplied by a PC interfaced to CAMAC via GPIB. The HV
set values are routed to DACs in the CAMAC crate which then send a voltage
level to the CW bases on the detector. The HV monitoring signal is sent back
to a multiplexed ADC in the same CAMAC crate to analyze the HV set and
read-back voltage.

4.3 Initial Performance of the BPRE

The ZEUS BPRE was commissioned in the fall of 1998 and has taken useful data
since January 1999.

Several plots of the inclusive BPRE data from the 1999 HERA run are shown
in figure 4.3. The data sample analyzed is the 1999 luminosity runs (run numbers;
31784-31943). The total luminosity of this sample on tape is about 11.87 pb™L.
Figure (a) and (b) show the correlation between hits in the BPRE compared to
hits in the BCAL EMC. The BPRE/BCAL Contour plot; (a) shows the clear
correlation between hits in the BPRE and BCAL channels for inclusive data.
The following requirements are required;

e BCAL EMC energy > 1.0 GeV

e BPRE signal > 1.5 pC

The BPRE/BCAL scatter plot (b) shows the correlation between BPRE signal in
pC and electron energy in BCAL EMC in GeV. Figure (c) show that the mapping
between 32 BPRE modules and 13 BPRE tiles for a given channel. BPRE energy
distribution for the events is shown in figure (d).

To check the performance of BPRE analog card readout system, the test
for the charge injection (Qsn;) was done using the calorimeter data acquisition
software (CALDAQ). Figure 4.4 shows the charge injection results of all BPRE
channels; (a) before and (b) after energy correction. There is one bad channel
between channel 260 and 270, indicating the non—operation of one BPRE channel.
After energy correction, all gain are same at 15000 pC (see figure 4.4 (b)). In
the figure 4.4 (b) there are 4 dips due to 16 unused channels of four crates in the
front—end electronics.

The CALDAQ does not do any energy correction per sample. The DSP code
running on the digital cards, which receives the buffer-multiplexer information
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Figure 4.3: (a) Correlation between hits in the BPRE and BCAL channels, (b) cor-
relation between BPRE signal in pC and electron energy in BCAL EMC in GeV, (c¢)
mapping between 32 BPRE module and 13 BPRE tile for a given channel and (d)

BPRE energy distribution in pC.
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Figure 4.4: Charge injection results (a) before and (b) after energy correction for the
BPRE using Calorimeter DAQ, Unit is MeV.

from the front—end cards, corrects the @Q;,; samples for pedestals and gains in the
pipeline-buffer chain. These pedestals and gains are calculated during a front—
end calibration for all components in the CALDAQ. These corrected samples
are then used to calculate H and T values in unit of ADC count,! where H is
weighted sum of the two samples, h1 and h2, used <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>