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Abstract

Multiplicities for K° and charged particles in hard photoproduction events
with 0.2 < y < 0.85, containing a jet with EJFT > 8 GeV and |p| < 0.5,
have been measured at HERA using the ZEUS detector. The K° and charged
particle multiplicities as a function of transverse momentum are generally well
described by the PYTHIA Monte Carlo with default hadronisation parameters,
however, PYTHIA underestimates the K° and charged particle multiplicities at
large pseudorapidity.

The mean K° and charged particle multiplicities per jet are measured as,
< ngosgpr > = 0.40 £ 0.01 333 and < nptygpr > = 3.11 £ 0.06 1013, The
PYTHIA generator with default hadronisation parameters predicts
<ngoygpr > = 052 £+ 0.01, and < npspypr > = 3.32 £ 0.04. Jet profiles
show that PYTHIA predicts narrower jets than is observed in the data, and
that the particle multiplicity excess is located in the jet cores. The mean K°
and charged particle multiplicities per jet predicted by PYTHIA with a lower
strangeness suppression factor, and PYTHIA with multiple interactions are also
in excess of the data.

The K° and charged particle fragmentation functions are compared with
PYTHIA and the results of a leading and next-to-leading order calculation.
Despite the excess in particle multiplicities PYTHIA describes both K° and
charged particle fragmentation functions well. The leading and next-to-leading

order calculation describes the K° and charged particle fragmentation functions

well.



Preface

Since the ZEUS and H1 detectors came online in 1992 much work has been
carried out in the field of high energy photoproduction. Direct photoproduction
events, where the photon interacts as a fundamental particle, and resolved pho-
toproduction events, where the photon acts as a source of partons which interact
with the proton, have been observed. Measurements of high transverse energy
jet cross sections in photoproduction interactions have tested perturbative QCD
and Monte Carlo predictions, increasing our understanding of photoproduction
interactions and the structure of the resolved photon. However, a fuller under-
standing of photon structure and photoproduction events will inevitably require
the study of many further aspects. This thesis presents the first measurements
of single particle distributions in hard photoproduction events and aims to test
their description by the PYTHIA Monte Carlo, and QCD calculations.

In comparison to high transverse energy jet production, the process of particle
production is less well understood. This is due to the ‘running’ of the strong
interaction coupling strength, «,, preventing perturbative QCD calculations at
the low energy scales associated with particle production. Phenomenological
approaches are used instead to describe the relative production rates of different
particle species. Single particle fragmentation functions enable, for example,
the momenta and pseudorapidity spectra of a given species of particle to be
calculated, given the cross sections for all parton level processes contributing
to an interaction, and ignoring all other particles in an event. Fragmentation
functions have been measured at et e~ experiments taking advantage of the clean

environment and well defined centre-of-momentum energy. Taking into account
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differences between the fragmentation functions of different parton flavours,
hadron production is however expected to be process independent. Therefore,
fragmentation functions determined from et e~ data should not only be applicable
to calculations of particle cross sections in photoproduction events, but when
measured in photoproduction events should be consistent with the et e~ measure-
ments. One aim of this thesis is to compare fragmentation functions calculated
from et e~ data to fragmentation functions measured in hard photoproduction
events at ZEUS. This provides a limited test of the universality of fragmentation
since the flavour of the scattered partons is unknown. An alternative to the
single particle fragmentation function method of parametrising hadronisation is
provided by Monte Carlo techniques. Monte Carlos can provide more detailed
simulation than single particle fragmentation functions. In addition, they are used
in this thesis to compare the measured fragmentation function to the prediction
averaged over all parton flavours.

Chapter 1 begins with a review of the current knowledge of fundamental
particles and their interactions, the historical development of this understanding,
with emphasis on the physics of the strong interaction and QCD. As an introduc-
tion to the physics at HERA, an account of proton structure measurements by
deep inelastic lepton-proton scattering and the explanation of proton structure
measurements by QCD is given. The chapter concludes with a description of
photoproduction processes at HERA, and a review of photon structure models.

The methods used to describe perturbative and non-perturbative aspects of
strong interactions in high energy physics are discussed in Chapter 2. The use
of single particle fragmentation functions to describe the non-perturbative phase
of hadron production is outlined. A summary of a calculation of fragmentation
functions for charged particles and neutral kaons by Binnewies et al. [1, 2] is given.
The simulation of hard photoproduction events in Monte Carlos is then discussed,
in particular, the simulation of perturbative QCD interactions by PYTHIA, and
the non-perturbative hadronisation phase by JETSET.

The components of the ZEUS detector are described in chapter 3, concentrat-
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ing on the components relevant to this thesis. Work carried out by the author on
a global CTD calibration method is reported in chapter 4, which is incidental to
the main thrust of the thesis.

The methods and criteria for selection of hard photoproduction events are
discussed in chapter 5. The online trigger criteria used during the 1994 data
taking period, and the offline cuts developed by the author, are described.
The selected events are shown to constitute a highly pure sample of hard
photoproduction events.

The analysis of kaons in hard photodoproduction events carried out by the
author is presented in chapter 6. The K? finder developed by the author is
described and shown to provide accurate K? reconstruction. The inclusive neutral
L_dNUD) opd L dN(gK—ol in hard photoproduction events

> Njgrs dpk N;grs n

are presented. To study the production of kaons more closely related with the

kaon multiplicities

outgoing partons from the hard interaction, the mean K° multiplicity per jet,
and K° fragmentation function were measured. A similar analysis of charged

particles by the author is presented in chapter 7.
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Chapter 1

Theoretical Background

Listen, buddy, if I could tell you in a minute what I did, it wouldn’t

be worth the Nobel Prize.

R. P. Feynman

1.1 Fundamental Particles and Interactions

Our current understanding of the universe is that matter is made from two classes

of fundamental fermions, quarks and leptons, which interact via the exchange of

bosons. The known quarks, leptons and bosons are listed in table 1.1

Within the group or ‘family’ of 6 quarks there are three ‘generations’. Each
group g

generation contains two types or ‘flavours’ of quarks; one quark of charge 2 and

Table 1.1: The known quarks, leptons and bosons.

Charge Quarks
—3 d| s |b Interaction Boson | Mass(GeV) | Charge
P o luleft Weak Z°, Wt | 91,80.2 | 0,%1
Leptons Strong g 0 0
-1 e~ | p | T Electromagnetism ~ 0 0
0 Ve | Yy | Vr
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1
3

one of charge —3 in units of the proton charge. The main difference between each
family is mass ranging from, ~ 5 MeV for v and d, ~ 200 MeV and ~ 1.3 GeV for
s and ¢, to ~ 4.5 and 169 GeV for b and ¢. Unlike the quarks, leptons are either
neutral or have charge -1. However, a similar structure is observed in the lepton
family, where there are also three known generations apparently identical except
for mass, though it is currently unclear whether the v’s are massless. The reason
why quarks and leptons are distinct will be clarified in the following sections.

There are 4 forces by which particles interact. Most obvious to humans
is gravitation. However, in particle physics gravitation is negligible since its
‘coupling’ strength is extremely weak. The reason it appears so manifest is that
mass is cumulative and there does not appear to be antimass. Gravitation is
hypothesised to be transmitted by exchange of massless gravitons. This leads
to an inverse square law form for the gravitational force between two massive
objects, enabling gravity to act over large distances.

The next weakest force is known as the weak force. It is responsible for flavour
changing processes, such as nuclear 4 decay and radioactivity. The strength of the
weak force is apparently small because it is mediated by massive vector bosons,
Z° and W*. According to the Uncertainty Principle, the interval of time in which
a weak interaction can occur is inversely proportional to the amount of energy
required to form the Z° or W*. The weak force therefore has a range of only a
few fermi for Z° and W* which have masses of 91 and 80.2 GeV respectively.

The second strongest force is electromagnetism. Probably the most important
property of electromagnetism is that it binds electrons in atoms and is thus
responsible for the whole of chemistry. Since electromagnetism is mediated by
massless photons it has an inverse square law dependence on distance and is
therefore a long range force like gravity. However, electric charge can be either
positive or negative. It is therefore possible to combine equal amounts of positive
and negative charges on an object, rendering it electrically neutral, so that it does

not interact electromagnetically.

Electromagnetic interactions were the first to be understood in terms of a
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quantum theory, known as Quantum Electrodynamics (QED). Dirac’s relativis-
tic quantum theory predicted the existence of antiparticles and particles with
intrinsic angular momentum, S = %h, where h = Eh;, and A is Planck’s constant.
The antiparticles of electrons, positrons, and the spin % nature of electrons
were both experimentally confirmed. The Dirac theory did not however explain
how interactions between electrons and positrons arose. Interactions between
electrons arise in QED because it is a gauge theory. Conservation of energy and
charge require that physics is unchanged if the electromagnetic potentials are
changed by a constant. This is reflected in quantum theory where the phase
of a wavefunction is not observable and can also be changed by a constant.
QED becomes an interacting theory of electrons and photons when the electron
wavefunctions are subjected to local phase transformations. This requires the
addition of extra terms to the QED Lagrangian corresponding to a field with
which electrons and positrons interact. The field is massless and thus represents
photons. The strength of electromagnetism is quantified by the fine structure

constant, Qem ~ %, The small value of a., means QED calculations can be
approximated by a series of ever more complex interactions using perturbation
theory.

Finally, the strong force, as its name suggests, is the strongest. The strong
force is responsible for binding protons and neutrons in atomic nuclei, overcoming
the force of electromagnetic repulsion that protons exert on each other. It is an
interaction between ‘colour’ (and/or anticolour) charges, of which there are three
types, red, green and blue (antired, antigreen and antiblue). The strong force
is propagated by electrically neutral, massless gluons, which carry colour. The
fact that gluons carry colour means gluons couple directly with each other, unlike
photons in QED. This leads to an important difference between the large distance
behaviour of the strong and electromagnetic interactions as will be discussed
in section 1.3. Quarks and leptons form distinct families because quarks carry

colour but leptons do not. Leptons therefore do not interact via the strong

force. Strong interactions are described by the quantum field theory, Quantum
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Chromodynamics (QCD), which is now discussed.

1.2 Origin of Quantum Chromodynamics

The concepts of quarks and colour, and thus QCD, arose from the study of baryon
and meson spectroscopy [3]. In 1961 Gell-Mann and Ne’eman independently
suggested a model to explain hadron spectroscopy known as the eightfold way.
They observed that classifying the known mesons and baryons according to their
angular momentum gave groups of eight particles which showed a similar structure
when plotted in terms of isospin and strangeness. Following the discoveries of
the ¥* and =Z* particles in 1963, Gell-Mann and Ne’eman used this model to
predict that the A, ¥* and =* particles belonged to a group of ten particles
which contained an as yet undiscovered particle, the 2~. The 2~ was discovered
in 1964.

The success of the eightfold way led Gell-Mann and Zweig to explain hadron
spectroscopy with the SU(3)fiquour model. They postulated that hadrons were
composed of three types of spin 1/2 particles called quarks possessing flavour
quantum numbers, up(u), down(d) and strangeness(s). SU(3)fiqvour assumed
that baryons were formed from three particles, and mesons from quark-antiquark
pairs. While this model succesfully accounted for the meson and baryon spectra,
there were several problems.

In terms of the quark model the 2~ was a composite sss state which belonged

to the lightest baryon states with J = 3. It therefore had an L = 0, S =

W W

spatially and spin symmetric wavefunction. Also contained in this group of J =
baryons were the A** and A~, composite uuu and ddd states respectively. The
A*t A~ and 2~ are fermionic states which, according to the Exclusion Principle
(EP), should have antisymmetric wavefunctions under spatial, spin and flavour
rotations. The SU(3)fiauour description of the AT+, A~ and O~ therefore violated
the EP. A new degree of freedom in hadronic wavefunctions was proposed to

preserve the EP; this was called colour.
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However, postulating the existence of quarks and colour led to the problem
that neither quarks nor colour had been observed. To explain the non-observation
of colour, it was proposed that hadrons could only be formed in neutral colour
states; baryons were composed of three different coloured quarks and mesons from
a coloured quark and its anticoloured antiquark. This explained why baryon and
meson states consisted of three quarks or a quark and an antiquark, an assumption
of the SU(3)iavour model. Colour was then proposed to be the charge of the
strong interaction, and as discussed in section 1.3 was shown to confine quarks
within hadrons, thus preventing free quarks and colour from being observed. In
this way, the quark description of hadron spectroscopy changed from SU(3) fiauour
to SU(3)cotour -

Though quarks and colour have not been observed directly, their existence
as real physical phenomena has support from many experiments. The number
of colours has been determined to be 3 from measurements of the total ete”
annihilation cross section at high energies, consistent with QCD. The existence
of quarks as hadronic constituents is supported by lepton-nucleon scattering

experiments as discussed in section 1.4.

1.3 Running Coupling Strengths

The discussion of coupling strengths in section 1.1 was somewhat oversimplified
since the coupling strength of each force is in fact not constant, but depends on
the energy scale of an interaction, or equivalently, the distance scale at which
particles interact. Coupling constants are said to ‘run’ with energy.

The energy dependence of coupling constants is different in QED and QCD.
In each force an electrical or colour charge is surrounded by virtual particles.
Polarisation of the virtual particles occurs so that the electrical or colour charge
observed depends on the distance scale at which a particle is probed. In QED
a charge attracts opposite charges so that the surrounding virtual particles

screen the ‘bare’ charge. The observed charge of a particle is therefore lower at
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large distances than at small distances. By the Uncertainty Principle a particle
scattered or probed at a large energy scale is observed to have a larger electrical
charge than at a lower energy scale. The electromagnetic coupling strength is
very small at low energies, ae,, = %ﬁ This allows the use of perturbation theory
in QED calculations. By taking into account higher order terms in calculations
of electromagnetic interactions, QED predicts a.,, increases with energy scale Q)

according to

o 2y _ aem(ﬂ2)
em(Q ) 1 _ (aergwﬁ‘ﬂz)ln (Q2/ﬂ2) (11)

where aen(p?) is the value of ae, at a reference energy scale, p. If QED
calculations are performed to all orders then their result is actually independent
of p.

In QCD the strong coupling strength decreases with energy. This effect occurs
because gluons can interact with gluons, which introduces an extra term into the

QCD analogue of equation 1.1.

2y _ a3(/‘2)
) = T e Em - o (@) (2

where Ny is the number of quark flavours. So the strong coupling strength, a,,
decreases as the energy scale of an interaction increases provided that Ny < 17.

The running of o, is important for several reasons. The large value of a;
at low energies explains why free quarks and gluons are not observed. By the
Uncertainty Principle equation 1.2 could be rewritten in terms of the distance
scale at which the colour charge of a particle is measured; a; would then have a
large value at ‘large’ distance scales, ~ 1 fm. This can be expressed in terms of

the potential energy of the colour field between two coloured objects.
V(r) = ~35 + &7 (L.3)

where a; is the high energy limit of equation 1.2, r denotes the interquark or gluon
separation and « is a constant defining the energy density of the QCD field. The
first term is analogous to the electromagnetic potential and arises from the fact

that gluons are massless. The second term represents the effect of gluon-gluon
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self interactions. As the interquark separation increases, more and more energy
is contained in the colour field until it becomes energetically more favourable for
the colour field to break, converting some of the stored field energy into the mass
of a quark antiquark pair. In this way, quarks produced in high energy particle
physics experiments are not observed as isolated free particles, and colour is also
not observed. Instead quarks are confined within hadrons by their colour charge.

The running of «, also enables theorists to perform calculations using per-
turbation theory. Perturbative QCD (pQCD) calculations are accurate for
interactions at an energy scale above ~ O(1 GeV). This has led to a fuller

understanding of hadron structure beyond the simple SU(3)coiour model.

1.4 Lepton Nucleon Scattering

A schematic diagram of deep inelastic e*p scattering (DIS) is shown in figure 1.1.
In the quark-parton model (QPM), the et interacts with a charged parton in
the proton via exchange of a v, Z° or W*. When the first measurements of
proton structure were made it was not known if the proton constituents were
the quarks and gluons of QCD, and the term parton was used to reflect this
ignorance. The partons were assumed to be free and non-interacting within the
proton. This assumption was based on the fact that the rate of interactions
between partons would be slowed down because of time dilation when the proton
was ‘viewed’ from a frame where it had extremely high energy. The time scale
of the hard scattering interaction is then much shorter than the time between

parton interactions, allowing partons to be treated as free.

1.4.1 Kinematics

If k = (E.,0,0,—FE.) and P = (E,,0,0, E,) are the initial et and p 4-momenta,
q the photon 4-momentum, k¥’ = (E!,0, E’sinf,, E! cos.) the scattered et 4-

momentum, then the interaction can be described by the Lorentz invariants,

Q* = —(k—k)*=2E.E.(1 + cosb,) (1.4)
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Q? _E.  E(1+cos#,)

~9Pq E,2E.— E!(1 - cosf,) (1.5)
_Pq E!
y—ﬁ—l—ZEe(l-—cos())) (1.6)
s=(k+ P)? =4E.E, (1.7)
W= (g4 Py =gl =2 (18)

where all mass terms have been neglected. @? is the mass of the virtual photon
interacting with the parton in the proton and z is the momentum fraction of the
proton carried by the struck parton. In the proton rest frame, y is the energy
fraction of the et transmitted to the virtual photon. In the hadronic centre-of-
momentum frame, where E! = E, and the e is scattered through an angle 6*,
y = %(1 — cos0*). s and W are the etp and yp centre-of-momentum energies
respectively. Only two variables from Q2% z and y need to be measured to specify
the scattering completely since Q? = zys.

Expressions for Q%, z and y need not be written in terms of the scattered et
energy and angle. For example, in the Jacquet-Blondel method [4], y is calculated

as,
. Zi E,(l — COS 9,)
YyJjB = 2E,

where the sum runs over all final state hadrons. To distinguish between using the

(1.9)

scattered et variables and the Jacquet-Blondel method, y. will be used to denote
y calculated from the scattered et variables, and y;p will be used to denote y

calculated using the Jacquet-Blondel method.

1.4.2 The Quark Parton Model

In the QPM the cross-section for e*p scattering is calculated from the sum of
etq scattering matrix elements for each quark flavour, weighted by the parton

distribution function of the respective quark flavour in the proton

do
dzdQ)?

da,
(ep — eX) Zf, 72dQ? (eqi — eq;) (1.10)
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Figure 1.1: Feynman diagram of leading order deep inelastic scattering process

The factorisation of the ep cross sections into two terms is possible because of
the difference in time scale between the hard scatter and interactions between
the proton’s constituents, as remarked earlier. The parton distribution function,
fi(z), is defined such that f;(z)dz is the probablility of a parton of flavour ¢
having momentum fraction of the proton between z,z + dz.

The above cross section can be rewritten as

do Ta?
dzdQr P~ eX) = leﬁ(y?ﬂ’f(w) +(1 - y)Ff()) (1.11)

where F{(z), F§(z) are dimensionless structure functions. The contribution from

Z° exchange is neglected in equation 1.11 as it only affects the cross section at

large Q2.
According to QCD the charged partonic consituents of the proton are quarks.
The spin 1/2 property of quarks then leads to the predictions,

Fi(z) = = 3 e2i(x) (1.12)

where ¢; denotes the charge on a quark of flavour 7 in units of the proton charge,
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and,

Fl(z) =2z F](x) (1.13)
The relationship in equation 1.13 is known as the Callan-Gross relation and was
confirmed experimentally [5], suggesting that the charged partons in the proton
are indeed quarks. Using equation 1.13, equation 1.11 can be rewritten as

do P %

Todge P~ X)) = (— (1-9))Ff(z) (1.14)

Further evidence that the proton contains quarks, and that the quarks had
fractional charges 2/3 and —1/3, came from measurements of F;, in vp and vn

Fup+un.

scattering, where it was observed that Fy?t®" = , in agreement with

prediction.

1.4.3 QCD Corrections to the QPM

The assumptions of the QPM led to several predictions. The first was that at
very large Q?, F, depends only on z, i.e. it does not depend on the Q? of the
scattering. This is known as scale invariance. Although initially observed at
SLAC [6], subsequent analysis [7] showed a logarithmic dependence of proton
structure on Q% thus Ff = Ff(z,Q?). Logarithmic dependence of F} on @Q? at
a fixed value of z arises in pQCD. Quarks within the proton can radiate gluons
and similarly gluons radiate quarks. As Q? increases the spatial resolution of
the probing photon improves so that separate quarks and gluons can be resolved.
Therefore, as @? increases more and more quark-gluon branchings are resolved.
This has the effect of increasing(decreasing) FY at low(high) z as Q? increases.
The dependence of Fj(z,Q?%) on Q? in pQCD is calculated using the GLAP

equations [8],

) = & [ e @D + 56 @IPal(D) (119

dlog Q)?
dgl(:g,gz) - 2«/ f(fz(f Q? )qu( ) +9(¢, Q" )ng( ) (1.16)

The ‘splitting’ functions Pp,(z), Pyy(2), gq(z) and P,,(z) give the probability

that a quark or gluon will emit another quark or gluon carrying a momentum
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fraction z of its parent. The observed dependence of FF(z,Q@?%) on @Q? in [7] was
consistent with pQCD, which suggested the protons contain gluons as well as
quarks.

The QPM assumption that the proton is entirely composed of charged

particles leads to the momentum sum rule,

Zfol zfi(z,Q*)dz =1 (1.17)

Measurements show that approximately half the proton’s momentum is carried
by charged constituents, providing further evidence for a gluon contribution to

proton structure.

1.4.4 Parametrisations of Proton Structure

Proton structure functions are parametrised by fitting physically motivated gluon
and quark momentum distributions to several sets of lepton- nucleon and hadron-
hadron collider data. The general approach is to choose the input parton
distributions at a high enough initial energy scale Q% so that pQCD can be
applied. It is usual to separate the quark distribution functions into valence and
sea components, so that the total u quark distribution at the input scale is given
by their sum, u(z, Q2) = u,(z, Q%) + us(z, Q2), with a corresponding expression
for d quarks. Sea quarks arise from g — ¢g splitting, so the total sea distribution

can be written as

S(z,Q8) = us(z, Q)+ ts(z, Q3) + du(x, Q) + ds(z, QF) +
SS(SC, Qg) + 53(33, Q(2J) (118)
= 2(u(z, Q) + d(=, Q5) + 5(z,Q5)) (1.19)

where only 3 flavours have been considered. The relative contributions of different
flavour quarks to S(z) is dependent on the assumed values of quark masses. The
parton distributions are then evolved using the GLAP equations and fitted to the
data sets. Scaling violations and sum rules constrain the normalisations of the

gluon distribution of each quark flavour component.
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Before HERA, F; was well determined above ¢ ~ 0.01, and there was
much speculation on the behaviour of F, at low z. Physically motivated gluon
distributions were used to determine parametrisations for F3 which gave F, ~ z°
and z7%° [9]. Measurements at HERA [10] have shown F, ~ £7%3 at low z and
@? ~ 10 GeV?. Other important recent results include measurements of the Drell-
Yan asymmetry in proton-proton and proton-deuteron reactions by NA51 [11] and
the charged lepton asymmetry from W+W = Drell-Yan production in pp collisions
at CDF [12]. Both these measurements show that in the sea, & — d < 0. These

features are incorporated in the MRSA [13] parton distribution functions used

for the generation of Monte Carlo events in this analysis.

1.5 Photoproduction Processes

From the 1/Q* dependence of the cross section in equation 1.14 it is apparent
that low Q% e*p scattering events occur at the highest rate. These reactions
involve photons whose properties appear very similar to those of real photons,
and are referred to generically as ‘photoproduction’. At leading order the photon
either reacts as a whole with a parton in the proton, which is known as direct
photoproduction, or it may act as a source of partons which subsequently interact
with the proton. The latter process is known as resolved photoproduction, and
in this class of processes HERA acts as a hadron-hadron collider rather than an
etp collider.

In the resolved process the photon fluctuates into a ¢g pair. The quark-
antiquark pair then interact giving the photon some partonic structure. The
resolved process can be further broken down into contributions depending on the
transverse momentum, kr, of the v — ¢q splitting. If the k7 is small the resolved
photon’s partonic structure and interactions are modelled as a vector meson’s

JFC =177, eg. p, w or ¢.

with the same quantum numbers as the photon,
This is known as the vector meson dominance model (VMD). When the v — ¢g

splitting has a large kr the process is known as anomalous photoproduction.
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In this scenario the parton structure of the photon can be calculated within
the framework of pQCD [14]. The value of kr at which the resolved process is
separated into the VMD and anomalous contributions is of course arbitrary, as the
above description is a simplification of physics expected to exhibit a continuous
transition in the kr of the v — ¢g splitting.

Examples of leading order Feynman diagrams for direct and resolved hard
photoproduction are shown in figures 1.2(a) and 1.2(b) respectively. The classi-
fication of figure 1.2(c) as direct or resolved is ambiguous as it depends on the

momentum transfer with which the gluon is emitted from the propagator.

b) )

Figure 1.2: Feynman diagrams of leading order direct (a) leading order resolved (b) and

next-to-leading order (c¢) photoproduction processes.

Analogously to z in DIS, a quantity z.,, representing the momentum fraction

of the photon entering the hard interaction can be defined.
Ty = — (1.20)

where s’ is the centre-of-momentum energy of the hard interaction between the
photon or parton in the photon and the parton in the proton. Thus, at leading
order, z, = 1 in direct events, while for resolved events z., < 1.

Photoproduction events can be classified according to the momentum transfer

of the scattering process. The events studied in this thesis are defined as ‘hard’
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photoproduction, meaning there is a large momentum transfer scattering between
the photon or parton in the photon and parton in the proton. The outgoing
partons are observed as high transverse energy jets. In hard photoproduction
events the momentum fraction of the photon, z., entering the interaction can

then be estimated from

£0BS _ i Ei(l —cosb;) ¥, Ere™
T 2yE. - T E,

(1.21)

where the sum is over particles within the two highest transverse energy jets and
Er, and 7; are the transverse energy and pseudorapidity of particles within the
jets. If all interactions proceeded at leading order and there were no hadronisation

effects then 2955 = z,. This is not the case, but the definition of 925 enables

experiment and theory to be meaningfully compared even though a:fY)BS and z.
are no longer identical. Similarly,
joms _ il +cost) _ Ty Brer 02)

P 2E, 2E,
gives an estimation of the momentum fraction of the proton carried by its
interacting parton.

Some important distinctions exist between direct and resolved event topolo-
gies. In direct events the final state is characterised by two outgoing partons and
a p remnant. In resolved events there is also a v remnant produced close to the
incident photon direction. Since the hard subprocess in direct photoproduction
events generally has a larger centre-of-momentum energy than resolved events
the jet Er spectrum is harder in direct than in resolved photoproduction events.
Similarly, the jet n spectrum is peaked towards the photon direction in direct
events, whereas resolved events have a jet 1 spectrum peaked in the proton

direction.

1.6 Photon Structure

Much of the formalism used to describe proton structure can be applied to

describe photon structure. Just as proton structure has been measured in DIS etp
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scattering experiments, photon structure has been measured in DIS ey scattering.

This process occurs at e*e™ colliders as depicted in figure 1.3. The e* emits
a low Q? photon which is then probed by a higher @? photon emitted by the
e~. The scattered e~ is observed in the detector while the et carries on down
the beampipe. Of course, the réle of the et and e~ are interchangeable in this

Process.

Figure 1.3: Schematic diagram of a deep inelastic ey scattering process.

Analogously to DIS e*p scattering, the cross section for this process can be
thought of as depending on quark densities within the photon parametrised by a

function F,'. Several effects make the determination of F} more demanding than
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F? in e*p scattering.

Firstly, an additional O(cen) appears in the ey scattering cross section,
because the probed photon has to be emitted. The magnitude of Fy is also
O(aem) [14]. The cross section for ey scattering is therefore O(a?,,) two orders
of magnitude down on e*p scattering. This must be compensated for by higher
ete™ luminosity.

Secondly, the probed photons are not monoenergetic. Their energy spectrum
has been approximated by Weizsacker-Williams [15]. The photon energy is not
usually measured as the low angle scattered e* is not detected, so the fraction
of the photon energy entering the interaction is determined only from the mass
of the hadronic state, as in equation 1.8. Finite angular coverage of detectors
means that some of the hadronic final state is not completely measured. Monte
Carlo models are used to correct for the missing hadrons, however this leads to
differences in Fy' at low z depending on the model used to unfold the data, and
thus large systematic uncertainties.

Finally, the photon structure function does not obey a momentum sum rule.
There is no fixed probability for the photon fluctuating into a hadronic state,
so the momentum carried by the quarks and gluons cannot be known without
measuring it. It is therefore not possible to use the fraction of the photon’s
momentum carried by quarks to constrain the gluon content of the photon, G7;
the total momentum in the the hadronic component of the photon and therefore
the momentum carried by the gluon component is not determinable. Information
on G7 could be obtained from scaling violations of Fy, however, due to the reasons
stated above, the current measurements of F;y are not sufficiently accurate for G7

to be determined by this method.

1.7 Parametrisation of Photon Structure

The above effects allow much more freedom in the parametrisations of the quark

densities in the photon compared to those in the proton. As with proton parton
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distributions the approach used is to parametrise the photon structure function
at a low energy scale, @2, then fit the parametrisation to higher Q% measurements
by evolving the structure function with the GLAP equations. Currently available
sets of photon parton distribution functions use several different input forms.

One approach is provided by the vector meson dominance model (VMD)
where the resolved photon is assumed to have a parton distribution similar to
a vector meson, such as the p [16]. The p structure function has however not
been measured, and is instead approximated by the average of the 7+ and 7~
structure functions. The VMD contribution to F3 is then

AT Qo (FT* (2, Q2) + FY ™ (2,Q2))
f2 2

where & is a constant which allows for ¥ — ¢ or w fluctuations in addition to the

FyMP(2,Q5) = & (1.23)

p. As in the treatment of proton structure functions the VMD contribution to
the photon structure provides a parametrisation at a low energy scale Q3 from
which the photon structure function can then be evolved by application of the
GLAP equations. The models of GRV [17] and AGCFP [18] only use the VMD
component, but evolve it from Q2 = 0.25 — 0.30 GeV2. This value of Q3 is
arguably too low for the application of pQCD, but the parametrisations provide
an adequate description of current data, and so cannot be rejected on this basis.
In the model of LAC [19], the photon is parametrised as the sum of a term
representing perturbative v — ¢g splitting and a term motivated by counting
rules of hadronic structure. The poor constraint provided by F; measurements
on the gluon content of the photon was exploited in the LAC distributions by
assuming extreme forms of the gluon distributions at ¢o. Of these distributions,
LAC1 appears to be the only candidate which is in agreement with measurements
of the total photoproduction cross section [20] and inclusive jet production at
HERA [21]. The LAC1 gluon distribution is soft, but steeply rising at low z.
The GS [22] photon structure function uses a mixture of the above methods.
It assumes a form containing a VMD component and a contribution from pertur-

bative ¥ — ¢q splitting. The input energy scale is @3 = 5.3 GeV? which avoids
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doubts over the applicability of pQCD. Two parametrisations are provided, GS1,
in which the gluon content arises from the VMD and perturbative components,

and GS2, where the gluon content only arises from the VMD component of the

photon.



Chapter 2

Models of the Hadronic Final
State

While pQCD has been very successful in describing strong interaction processes
involving large momentum transfers, a theory which allows calculations to be
made at low momentum transfers where quarks and gluons form hadrons does
not currently exist. Rather than a complete theory of strong interactions,
phenomenology is used to parametrise or model hadronisation.

After a brief introduction to the phenomenology of fragmentation functions,
the details of a leading and next-to-leading order calculation of 7%, K* and
K° + K° fragmentation functions, with which results will be compared, are given
in section 2.3. An alternative approach to modelling hadronisation is provided

by Monte Carlo techniques, and is described in section 2.4.

2.1 Fragmentation Functions

Fragmentation functions, D%(z,Q?) are defined such that D%(z,Q?)dz is the
probability of a gluon or quark of flavour f producing a hadron A with momentum
fraction of the parent in z, z + dz within a distance O (1/Q). Fragmentation
functions treat the production of each particle as though it was independent

of the rest of the event and therefore can provide predictions of single particle

19
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distributions. Neglecting masses, the momentum fraction, z, is defined as

Pr-PJET PrL
= ~ 2 . ].
Elpr E;pr (1)

where py1, denotes the momentum of a particle along the axis of the jet to which
it is assigned, and jets are composed of massless particles 1. Alternatively,

=% (2.2)

z

Both these definitions are used in this thesis. The definition in equation 2.1 is
more suited to hadron-hadron colliders and is similar to that used by UA1 [23, 24]
and CDF [25] in studies of jet fragmentation in pp collisions. The definition of

equation 2.2 is used at e™ e~ experiments, where it is equivalent to,

_ 25,
VA

s being the centre-of-momentum energy. The fragmentation functions to which

(2.3)

z

data will be compared are fits to measurements at ete~ experiments, and
therefore used the definition in equation 2.2

Analogies exist between hadron structure functions and fragmentation func-
tions; once a fragmentation function has been measured at a particular energy
scale, Qo, pQCD can be used to predict it at a different scale by use of the GLAP
equations. Perturbative QCD predicts that fragmentation functions undergo
logarithmic scaling violations with energy. The effects of logarithmic scaling
are that a hadron is more likely to be produced at lower z from a high energy
parton than from an identical lower energy parton. Constraints on fragmentation
functions are placed by sum rules. For example, conservation of momentum gives

the momentum sum rule.
1
3 /0 :Dhdz = 1 (2.4)
h
In addition, fragmentation functions are also believed to obey isospin and flavour

relations, for example,

D} =Dr =Df =DY (2.5)

1The discussion of particle assignment to jets is deferred until later.



CHAPTER 2. MODELS OF THE HADRONIC FINAL STATE 21

2.2 Measuring Fragmentation Functions

The process ete™ — ¢g is ideally suited for measuring quark fragmentation
functions; dijet events can be selected with an extremely high purity, ete~
annihilation events do not contain remnant jets from the beam particles and
the energy scale of the interaction is unambiguously and accurately known to be
the centre-of-momentum energy, enabling z to be determined accurately.

Measuring gluon fragmentation functions at ete™ experiments is harder as 3-
jet events are suppressed by a factor of O(a;) relative to 2-jet events. According
to pQCD, gluon fragmentation functions are expected to be different from quark
fragmentation functions. Perturbative QCD calculations predict that the larger
probability of a gluon to radiate another gluon rather than a quark, causes
gluon jets to have a larger particle multiplicity, softer fragmentation function and
larger angular width than quark jets of a similar energy. Confirmation of these
predictions at ete™ experiments has proved difficult because in addition to the
O(as) suppression of 3-jet events, statistics are further reduced by event topology
selection criteria which ensure the gluon and quark jets are of similar energy so
that an unbiased comparison can be made. The DELPHI [26], ALEPH [27] and
OPAL [28] collaborations have measured the gluon-to-charged particle fragmen-
tation function and have confirmed the expected differences between quark and
gluon jets. It is only recently that a study of identified particles within gluon jets
has been performed by DELPHI [29].

2.3 Parametrisation of Fragmentation Functions

Leading and next-to-leading order (LO and NLO) quark and gluon-to- 7%, K*
and K°+ K° fragmentation functions have been determined by Binnewies et

al. [1, 2]. They parametrised fragmentation functions in the form

D}(z, Q%) = Nz (1 = 2)f (2.6)
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where f = u,d,s,c,b,g at Q2 = 2 GeV?. The free parameters of the fragmen-
tation functions, Ny, ay and fy, were determined by fitting the energy fraction
spectrum agl,w z—’;, of 7%, K* and K° + K° measured in e* e~ annihilation. The
7% and K* data were measured by the TPC collaboration [30] at /s = 29 GeV
and the ALEPH collaboration [31, 32] at /s = 91 GeV. The K° data were

measured by the Mark II collaboration [33] at /s = 29 GeV and ALEPH [34].

According to QCD, the energy spectra of hadrons of type 4 in ete™ annihila-

tion is given by,

s do tdz dos x
~Z =% [ ZDiz,9) 259 (2.7)

where y = £ and the sum is over all active partons. As for structure functions, the
GLAP equations relate D%(z, s) to the input form D%(z, Qo). Expressions for the
parton level cross sections %ayf-(y,s) at LO and NLO are given in [35]. The only
condition imposed on the fragmentation functions were D+ = DT T and
DE*+K= — pDK*+K~ The ALEPH data [32] on charged hadron production
is given for three cases; (i) sum over all quark flavours, (it) sum over u,d,s
quarks and (ii7) b quarks; and is used to constrain the fragmentation functions
for different flavoured quarks. For the gluon fragmentation function, a = —1
or 0, gave reasonable descriptions of ete~ data. However, comparison of the
gluon fragmentation function [35] to OPAL measurements [28] showed a = 0
to be favoured by the data. Quark mass thresholds were accounted for during
GLAP evolution, by including ¢ and b quark fragmentation at energy scales Qo =
m(n.) = 2.979 GeV and Qo = m(T) = 9.460 GeV, respectively.

The K° + K° fragmentation functions [2] were obtained in a similar manner to
the charged hadron fragmentation functions. The condition DK®+K° = DK°+K°
was applied. Unlike the charged particle fragmentation function calculations, no
experimental information on the relative contributions of different quark flavours
or the gluon to K°® production in e* e~ annihilation was available. Gluon
fragmentation into neutral kaons was therefore taken to be the same as in the
charged particle fragmentation function analysis, thus, Dfo +E — Df KT

The fragmentation functions derived in [1, 2] from e*e~ data and described in
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section 2.3 are compared in this thesis to charged particle and K° fragmentation
functions measured in hard photoproduction events at ZEUS. An attempt to
separate gluon jets from quark jets is not attempted in this analysis. A
first comparison between measured and predicted fragmentation functions in
hard photoproduction, averaged over all quark flavours and the gluon is made,
providing a limited test of the universality of fragmentation functions. Since no
attempt is made to separate quark and gluon jets in the analysis presented in
this thesis the subscript on D}‘(z, @?) will be dropped to denote it represents an

average over quarks and gluons.

2.4 The PYTHIA Monte Carlo Model

Monte Carlo models provide a technique for simulating interactions in high energy

physics. A model usually involves three stages:
e simulation of the hard scattering;
e perturbative evolution of scattered partons by parton showering;

e hadronisation.

The data in this analysis is compared to predictions of the PYTHIA [36, 37] Monte
Carlo with hadronisation modelled by JETSET [38]. The generated sample of
PYTHIA events were also used to calculate detector effects and efficiencies which
were applied in order to make direct comparison between the data and PYTHIA

predictions.

2.4.1 The Hard Scatter and Multiple Interactions

For photoproduction events generated in PYTHIA the hard scattering simulation
starts by choosing the energy of the incident photon according to the Weizsacker-
Williams approximation. The initial quark and gluon momenta entering the hard

scatter are then chosen from the parton distribution functions of the incident
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particles. This procedure determines the energies of initial state particles. The
energy and momentum of the final state quarks or gluons are then generated
according to the first order cross sections for all possible QCD interactions.
To avoid the low energy region where pQCD calculations are not applicable a
transverse momentum cut-off, prm.n, is applied to the hard scatter.

It is possible in hadron-hadron interactions for more than one parton from
each beam particle to interact and PYTHIA therefore includes an option for
generating resolved photoproduction events with multiple parton-parton inter-
actions. Multiple interactions (MI) are motivated by the differences between
the predictions and measurements of total cross sections at high energy. The
theoretical uncertainty and lack of measurements in the low-z region of parton
distributions, and the divergence of pQCD calculations of the total cross sections
as prmin — 0 means that many predictions exceed measurements [20, 39]. To
avoid this problem total cross section measurements can be interpreted as hadron-
hadron, rather than single parton-parton cross sections. The average number of
parton-parton scatterings in an event,< ngee: >, is then given by

Ohard
< Nscat >= = (28)
O hadron

where Ojqdron 15 the total hadron-hadron cross section and op4rq is the parton-

parton cross section calculated according to

82 /4 do 9
Ohard(PTmin) = " ap—%de (2.9)
PYTHIA generates multiple interactions by calculating the mean number of
parton-parton scatterings according to equations 2.8 and 2.9. The number of

scatterings occurring in an event are determined using Poisson statistics, and

each scattering is generated independently.

2.4.2 Parton Showers

As an approximation to higher-order QCD effects, Monte Carlo generators use

a technique known as parton showering to simulate gluon radiation from the
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incident and scattered partons. This method corrects the first order cross-section
with logarithmic terms corresponding to successive 1 — 2 parton branchings.
Two independent parton showers, initial and final state, are generated within
PYTHIA. The GLAP splitting functions determine the momentum fractions of
the radiated partons. In the initial state parton shower the incident partons
become increasingly more virtual as they radiate gluoné or quarks. After the
hard scatter, the virtual partons radiate gluons or quarks, decreasing in virtuality
until their mass reaches m,;, = 1 GeV, where non-perturbative effects become
large and the event simulation enters the hadronisation stage.

Theoretical studies and experimental measurements [40, 31, 41, 42, 43] have
shown the need to take into account an effect known as coherence within parton
showers. Coherence causes angular ordering of gluon emissions such that the
angle at which gluons are emitted increases in the initial state parton shower and
decreases in the final state parton shower. While coherence does not naturally
arise from the approach to parton showers used in PYTHIA, its effects are

simulated by forcing angular ordering of QCD radiation.

2.4.3 JETSET Hadronisation

The PYTHIA Monte Carlo uses the Lund string model [44] as implemented
in JETSET to simulate hadronisation. The JETSET model is ba:sed on the
description of confinement in section 1.3.

After the parton shower stage PYTHIA has produced a final state consisting
of quarks and gluons which are viewed as having colour fields or ‘strings’ stretched
between them. As the final state partons separate, it eventually becomes
energetically more favourable for the string to break. In the Lund model, this
process converts potential energy stored in the string into a ¢g pair.

When the colour field breaks the ¢g pair should be produced at the same
point in space, otherwise local conservation laws such as those of charge and
flavour would not be obeyed. However as some of the string’s potential energy is

converted into the quark and anti-quark’s mass and momentum when the string
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breaks, the Lund model appears not to satisfy these laws. This problem is avoided
by postulating that the ¢¢ pair quantum mechanically tunnel from the same
point in space (obeying local conservation laws) to the end of the string where
they are then ‘produced’ with the requisite mass and momentum. The quantum
mechanical tunnelling probablility for production of a quark or antiquark with

mass m, and transverse momentum relative to the string, pr, is then given by

2
7qu

P =exp(— )exp(—%) (2.10)

k is the energy density of the string at large distances as in equation 1.3. This
process continues until the remaining mass to be hadronised is about 1 GeV.
The cut-off mass varies from event to event, and is chosen so that the rapidity
distribution of particles in the centre-of-momentum system is flat. At this point
all quarks and anti-quarks are grouped into hadrons.

The lower production rate of hadrons containing s valence quarks relative to
hadrons containing only u and d valence quarks is then explained in the Lund
model as due to the larger s quark mass relative to u and d quark masses.
The relative rates of u : d : s g¢ pair production in JETSET is given by
1:1: P,/ Pu where P;/P, is the strangeness suppression factor with default value
P;/P, = 0.3. This value is not well determined since confinement prevents the
quark masses from being directly measured experimentally, and at present there
is no theoretical method of predicting the quark masses. By this argument c
or heavier quark production is suppressed by a factor O(1071%) and so are not
produced by this method.

In addition to predicting overall particle production rates, Monte Carlo models
must be able to simulate hadron momentum spectra. JETSET uses the Lund

symmetric fragmentation function as default,
D(z) = z7}(1 — 2)* exp (—bmk/z) (2.11)

where

my=E*—pl=m?+p +p’ (2.12)
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is the ‘transverse mass’ of a hadron with 4-momentum (E, p;,py,p.), # is the
hadron momentum in units of its parent quark momentum, and a and b are free
parameters which control the shape of the fragmentation function at high and low
z, and the transverse momentum which ¢g pairs are created with. This form is
derived from the condition that the momentum distribution of final state particles
does not depend on the end of the string from which the fragmentation started.

The treatment of hadronisation in gluon jets was neglected in the above dis-
cussion. As already discussed in section 2.3, differences between quark and gluon
fragmentation functions are expected. Since the resolved process is dominant in
the kinematic region studied in this analysis, most events contain a hard final
state gluon jet and so the JETSET simulation of gluon jet hadronisation will be
tested in this analysis. Lorentz invariance requires that the hadronisation of high
energy gluon jets is the same as gluons produced in the parton shower stage, and
it is the latter case which will be considered here. In the Lund model, gluons are
viewed as kinks on the string. Quark-antiquark pairs are produced in the string
as described earlier. The gluon combines with a quark and antiquark produced
by the string on either side of the kink to form a hadron, with the constraint
that the hadron has the correct mass. Hadronisation of the strings on either side
of the gluon then proceeds as in quark jets with ¢g pair production. Gluons are
effectively treated as consisting of two colour fields and this provides the Lund

model explanation for differences between quark and gluon jet fragmentation.

2.4.4 Refinements to Hadronisation Models

A more complete description of hadron production requires simulation of other
processes, such as production of higher spin states and baryon production. This
leads to a large number of parameters within the Lund model to control particle
production rates. Baryon production is simulated in JETSET by the ‘popcorn’
mechanism in which ¢¢ pairs are successively produced in the field between
other ¢g pairs to form ¢qqq and §gq states. The ‘popcorn’ mechanism derives

its name from the fact that the innermost ¢g pair may combine to form a meson
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(M), leaving the outer q¢q §g pairs to combine with neighbouring quarks and
antiquarks. In this way, baryon anti-baryon (BB) pairs do not always appear
next to each other in the fragmentation chain. The magnitude of the popcorn
parameter determines the relative occurrence of BB : BMB combinations in
fragmentation. Particles are also produced by decays of heavy quark or excited
states so that uncertainties in branching ratios of such states lead to uncertainties
in the modelled production rate and momentum spectra of lighter hadrons.
There is also possible evidence that Bose-Einstein correlations [34, 45] should
be considered in determining the hadronic final state of events containing two
identical particles. The effects described in this section are, however, beyond the

scope of the analysis presented in this thesis.

2.5 Monte Carlo Samples

‘Enriched’ samples of resolved and direct photoproduction events containing at
least one hadron jet as defined in section 5.1 satisfying E#4P > 5 GeV and
|n¥4P| < 2.5 were generated separately, with pr,i» = 2.5 GeV using the GRV
LHO photon and MRSA proton parton distribution functions. This value of prmin
was chosen since it was the highest value of pr.,, at which the cross section for
production of jets with Er > 5 GeV was independent of prin. By using samples
of unenriched PYTHIA events it was found that more than 97 % of all resolved
and 99 % of all direct events which satisfied the calorimeter jet cuts discussed in
section 5.2 also passed the jet enrichment cuts applied at the event generation
stage. The data is also compared to a sample of PYTHIA events generated with
P,/P, = 0.20, and to PYTHIA with multiple interactions both using the GRV
LO photon parton distribution function. The resolved and direct events in each
sample were combined according to their cross-sections, to produce a full set of

photoproduction events.



Chapter 3

The HERA Accelerator and
ZEUS Experiment

3.1 The HERA Accelerator

HERA (the Hadron-Elektron-SpeicherRing-Anlage) at DESY, Hamburg, is the
world’s first high energy e*p colliding beam facility. The ring is 6.3 km in
circumference and was designed to collide 30 GeV electrons or positrons with
820 GeV protons at four interaction points. The nominal centre-of-momentum
energy available in these collisions is therefore 314 GeV equivalent to a 53 TeV
beam incident on a fixed target. HERA was designed to operate at a luminosity
of 1.5x10%! ¢cm~%s7!, to be achieved by colliding 60 mA e* and 160 mA p in
220 bunches, with a bunch crossing interval of 96 ns. Of the 220 bunches in
each beam 10 were to be empty to enable background studies. These design
specifications placed stringent conditions on the design of the ZEUS detector and
trigger system, which will be discussed in later sections.

The layout of the HERA injection system and the HERA accelerator are shown
in figures 3.1 and 3.2 respectively. Proton injection starts with the acceleration of
unbunched H™ ions to 50 MeV in the Proton Linac. The H™ ions are stripped and
bunched in DESY III, where they are accelerated to 7.5 GeV. Once 70 bunches
are transferred to PETRA the protons are accelerated to 40 GeV, then injected

29
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into the HERA proton storage ring. The injection process is repeated twice, then

the 210 bunch p beam is accelerated to 820 GeV.

f‘ig%oﬁw HERA Injection Scheme

e+=30 GeV

Figure 3.1: The HERA injection system.

Electrons or positrons are initially accelerated to 450 MeV in LINAC2, and
accumulated in PiA as a single bunch. The e*/e™ bunch is transferred to DESY
II for acceleration to 7.5 GeV, then into PETRA. When 70 bunches are stored in
PETRA they are accelerated to 14 GeV, then injected into the HERA electron
storage ring to be accelerated to their full energy.

To maintain a 30 GeV e* /e~ beam orbit, a 0.165 T bending field is required.
This is achieved with the use of conventional magnets. To maintain the p beam
orbit, a bending field of 4.65 T is required. This is provided by superconducting
magnets. Synchrotron radiation is a major energy loss for the et /e~ beam. This
is compensated for by use of radio-frequency cavities.

In 1994, HERA operated for a short period in e~p mode then switched to etp
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protons

electrons
Figure 3.2: The HERA Accelerator.

running, as the et beam had a lifetime approximately a factor of two longer than
the e~ beam. The beam energies were 27.52 GeV and 820 GeV. HERA ran with
153 paired e*p bunches, 15 unpaired (pilot) e* bunches and 17 p pilot bunches.
From the 6.2 pb~! integrated luminosity delivered by HERA, 3.3 pb~! of data

was written to tape.

3.2 The ZEUS Detector

The ZEUS detector has been described in detail in [46]. ZEUS employs a right-
handed coordinate system with the +2-axis defined as the proton beam direction.
Polar angles are measured with respect to the +z (forward) direction. The
asymmetric detector configuration reflects the difference in the initial state e*
and p energies, which leads to a greater density of high energy particles being

produced in the forward direction.
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Figure 3.3: Longitudinal cross-section of the ZEUS Detector.

A longitudinal cross section of ZEUS is shown in figure 3.3. The et and
p beams collide in a 9 cm radius aluminium beampipe. Charged particles are
observed with the Vertex and Central Tracking Detectors (VXD, CTD). The
solenoid magnet provides a 1.43 T magnetic field with which to determine particle
charge, momentum. The Vertex Detector (VXD) improves the charged particle
momentum resolution over the CTD alone, and aids reconstruction of short
lived particles. Tracking acceptance is increased in the forward direction by
the Forward Tracking Detectors (FTD) and in the rear direction by the Rear
Tracking Detector (RTD). In the future, Transition Radiation Detectors will
enhance particle identification in the forward direction. In 1994, the VXD, CTD
and RTD were operational and equipped with readout electronics.

Charged and neutral particle energies are measured in the Uranium Calorime-

ter (UCAL) which is split into three parts, forward, barrel and rear (FCAL,
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BCAL, RCAL). The magnet yoke is instrumented to act as a backing calorime-
ter (BAC) for energy deposits not fully contained in the UCAL, and also acts as
a muon tagger. Muon detectors are installed on the inner (FMUI, BMUI, RMUI)
and outer (BMUO, RMUO) surfaces of the BAC. Muons produced at small angles
in the proton direction enter the Forward Muon Detector (FMUON). A toroidal
1.7 T magnet within the FMUON improves their momentum measurement over
that from the CTD and VXD alone.

Other components not shown in figure 3.3 provide small angle tagging for
low momentum transfer processes. The Luminosity Monitor consists of two
calorimeters, EDET and GDET, 35 and 107 m downstream in the et direction,
which tag the et and 7 from bremsstrahlung interactions. The EDET is also
used to tag photoproduction events. The Leading Proton Spectrometer (LPS),
which comprises a series of six silicon planes stationed between 24 and 90 m, tags

events where the proton is scattered at low angles.

3.2.1 Inner Tracking Detectors

The tracking detectors were designed to provide reconstruction of final state
particles with high position and momentum resolution over a wide angular range.
In order to study heavy flavour production and to act as a probe for new physics,
accurate primary and secondary vertex reconstruction was also required. A
tracking trigger based on the primary vertex position was considered vital to
reduce the number of accepted events from p beam gas interactions. This trigger

is also desirable for retaining charged current events.

Vertex Detector

The VXD is a high precision drift chamber positioned between the beampipe
and CTD. It has an active length of 1.59 m and inner and outer active radii of
99 and 142 mm respectively. There are 12 radial layers of sense wires, which
form 120 drift cells in azimuth. The sense wires lie parallel to the VXD axis.

A stainless steel flange houses the readout electronics at the rear of the VXD.
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All other walls are made from carbon fibre to minimise particle scattering and
photon conversions.

The chamber is operated at an electric field of 2 kV/cm and is flushed with
DME gas. The angle between ionisation drift and the negative electric field
direction (the Lorentz angle) is small, 5°. The small Lorentz angle in addition
to the fact that the VXD axis is not coincident with the beam axis means the
left-right ambiguity is solved without requiring tilted drift cells. The single hit

resolution ranges from 50 pm in the cell centre to 150 um at the cell edges.

Central Tracking Detector

The CTD is a cylindrical drift chamber, with an active volume 2m in length,
extending between 190 and 785 mm radially from the HERA beamline. It provides
tracking information for particles emerging in the polar angle range 15° to 154°.
An octant of the CTD is shown in figure 3.4. The CTD contains concentric
field and sense wire layers, which are grouped into 9 superlayers. The wires in
odd superlayers are strung parallel to the ZEUS z-axis; these are called axial
superlayers. Wires in even numbered superlayers lie at small angles (£5°) to
the ZEUS z-axis; these are called stereo superlayers. Each superlayer is further
divided into cells containing a plane of alternating sense and field wires, bounded
on either side by a plane of field wires. There are 576 cells in total, each containing
8 sense wires. The number of cells increases with superlayer number such that
the maximum drift distance in any cell is ~ 25 mm. Cells are rotated such that
a radius vector at the cell centre would make an angle of 45° with the sense wire
plane.

The CTD was flushed with a 85:8:7 mixture of Ar:CO,:CyHg bubbled through
ethanol. The gas was chosen due to its high drift velocity, typically 50 ygm/ns and
results in a high Lorentz angle, 43°. The direction of the Lorentz angle is opposite
to the sense plane tilt, to obtain azimuthal ionisation drift. This gives optimal
resolution for high pr tracks. The choice of a high drift velocity gas enables the
CTD to participate in the First Level Trigger.
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Figure 3.4: An octant of the CTD.

Signals induced in the sense wires by charged particles ionising the CTD gas
are read out by two electronic systems, the z-by-timing and r-¢ systems.

All wires in superlayer 1, and alternate wires in superlayers 3 and 5 are
equipped with z-by-timing electronics. The time difference between pulses
propagating in opposite directions along sense wires is used to measure the z-
position of particle tracks with a resolution of 4 cm. This information allows
the First Level Trigger to estimate if an event contains tracks consistent with an
etp interaction at the nominal interaction point. Pattern recognition and track
fitting also uses the z-by-timing information as an aid in determining the polar
angle of tracks. The z-by-timing system is concentrated in inner superlayers to
provide good acceptance for z measurement of tracks at extreme polar angles.

All sense wires are used in the r-¢ system. Each sense wire is read out by a

flash-analogue-to-digital converter (FADC), into a 10 us pipeline. If the first level
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trigger accepts an event the pipeline is frozen and the pulseheight spectrum is
read out by the data acquisition system. The drift time of a signal is determined
by a constant-fraction algorithm and is measured relative to the HERA clock.
The pulse height spectrum can also be used for particle identification by dE/dz.

The 45° sense plane tilt allows easy resolution of the left-right ambiguity. The
distance from the sense plane at which a charged particle created ionisation is
calculated from the drift time and drift velocities. When reconstructed at the
correct position the ‘hits’ form track segments in each superlayer lying along a
helical track originating from the interaction point. If the hit is reconstructed on
the wrong side of the sense plane, the resulting segment of ‘ghost’ hits neither
points toward the interaction point, nor towards a segment in another superlayer.
Due to the tilted sense planes, unambiguous assignment of tracks to an event is
accomplished. High pr tracks cross at least one sense plane in each superlayer
and therefore have at least one hit less than 96 ns. Furthermore, the assignment
of hits to the wrong event means track segments lose hits outside cell boundaries
and are discontinuous at the sense plane. The single hit resolution achieved for
high pr tracks perpendicular to the z-axis in 1994 was 0,4 = 190 pum. Stereo
superlayers provide tracking information in the z-direction. The nominal single
hit resolution in the z-direction for stereo superlayer hits is ¢, = 1.6 mm. The
CTD gives an accuracy on track impact parameters of 300 pm over much of its

polar angle coverage. This is improved by a factor of 2 to 3 when combined with

the VXD tracking.

Forward and Rear Tracking Detectors

In order to provide angular coverage for track reconstruction at small and large
polar angles where the CTD acceptance is low, three (one) planar drift chambers
are installed in the forward (rear) directions. The Forward and Rear Tracking
Detectors provide polar angle coverage for track reconstruction in the polar angle
ranges 7.5° < 6° < 28° and 160° < 6° < 170° respectively. The asymmetry in the

initial state e*p energies will produce dense jets in the forward direction. Hence
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three chambers were installed there to allow track reconstruction and linking to
the CTD and VXD. The FTD chambers are separated by two 210 mm gaps which
contain the Transition Radiation Detectors. The RTD improves measurement of
the scattered e* angle in low momentum transfer DIS.

Each planar drift chamber has the same structure. Three layers of wires are
strung perpendicular to the beam axis. Each successive layer is rotated by 120°
with respect to the previous layer and contains cells of six sense wires. The sense
wires are staggered by £150 pm with respect to the median line through the
cell. This allows resolution of the left-right ambiguity at an early stage of track
reconstruction. The drift chambers are flushed with Ar/CH,(50/50).

In the 1994 running period only the RTD was fully equipped with FADC

readout electronics. The single hit resolution obtained was 160 pm [47].

3.2.2 The Uranium Calorimeter

The aim of the Uranium Calorimeter is to enable accurate reconstruction of
the kinematics and energy flow in an event, and thus good energy resolution
and containment are required. It has to provide energy measurements for
neutral particles not measured in the tracking detectors, in addition to charged
particles produced inside and outside the acceptance of the tracking detectors.
To compliment the tracking resolution the calorimeter was designed to provide
good angular resolution to enable jet structure to be studied and separation of
jets to be achieved. The UCAL is also designed to provide the main mode of
triggering, by means of global energy sums, missing transverse energy sums, and
identification of likely scattered e* candidates in DIS events.

The UCAL is divided into three distinct components.
o Forward calorimeter, FCAL, covering polar angles from 2.2° < § < 39.9%
e Barrel calorimeter, BCAL, covering 26.7° < § < 129.1°;

e Rear calorimeter, RCAL, covering 128.1° < § < 176.5°%;
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The total solid angle coverage is 99.8% in the forward and 99.5% in the rear
hemispheres. Geometrical acceptance losses arise only from particles leaving the
interaction region by the HERA beampipe.

Each of the three calorimeter components are built in a similar modular
structure, the basis of which is a ‘tower’ of alternating depleted uranium (DU)
and plastic scintillator tiles. A typical FCAL module is shown in figure 3.5. Each
calorimeter tower is divided into electromagnetic (EMC) and hadronic (HAC)
sections. The DU and scintillator tiles are 3.3 cm (equivalent to 1 Xp') and
2.6 cm thick respectively. The scintillator tile thickness was chosen to achieve
‘compensation’ which is discussed later. The DU tiles are clad with stainless steel
of thickness 0.2 mm (0.4 mm) in the EMC (HAC). This serves to reduce noise
due to uranium decays, while still allowing the uranium to act as a calibration
source.

The EMC is segmented into cells of dimension 5x20 cm? and 10x20 cm? in the
FCAL and RCAL respectively. The EMC cells are 25 X, deep, and have a nuclear
interaction length of ~ 1A 2. There are two HAC sections in the FCAL and BCAL,
but only one in the RCAL, the HAC depth varying from ~ 6 in the FCAL to
~ 3X in the RCAL. The larger HAC depth in FCAL and BCAL is required to
contain showers from the greater number of highly energetic particles produced in
the forward direction. Beam tests showed the HAC to contain 95% of the energy
for 90% of all jets. The cells in FCAL and RCAL are non-projective in polar and
azimuthal angle. In the BCAL, EMC and HAC cells are projective in azimuth.
BCAL EMC cells are almost projective in polar angle. To prevent particles from
escaping from the interaction point through gaps between the BCAL modules,
BCAL modules are rotated by 2.5° away from the radial direction in azimuth.

Each calorimeter cell is read out on two sides by wavelength shifter plas-

tic scintillator bars which also operate as light guides connecting the cells to

1The radiation length of a material, X, is the distance at which the energies of e* and 7’s

in an electromagnetic shower are a fraction 1/e of the energy of the initiating particle.
2The nuclear interaction length, ), is the distance at which the energies of particles in a

shower induced by a hadron are a fraction 1/e of the initiating hadron’s energy.
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Figure 3.5: An FCAL module.

photomultiplier tubes. The wavelength shifter contains a fluorescent dye chosen
because its absorption and emission suitably matches the scintillator tile emission
and photomultiplier tube response, respectively. The use of scintillator and
photomultipliers in the readout system gives fast pulse rise times and good timing
resolution, o; = 500 + 1500/+/E ps for particles of energy, E, in GeV. Thus, for
a 10 GeV particle o0; ~ 1 ns. This enables the calorimeter to be used in the
trigger; events can be accepted or rejected depending on whether calorimeter
timing signals are consistent with a physics or background event. Pile-up is
avoided since pulses are shorter than the 96 ns bunch crossing interval.

The thicknesses of the depleted uranium and plastic scintillator tiles were
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chosen so that the UCAL is compensating; it gives an equal response to elec-
trons and hadrons of the same energy, and hence optimal energy resolution for
hadronic showers. The energy resolution of hadronic calorimeters is worse than
electromagnetic calorimeters because statistical fluctuations in the 7% content of
hadronic showers result in variations of the nuclear and electromagnetic shower
components. The shower of electrons, positrons and photons generated by
an electromagnetic particle contains essentially all the energy of the initiating
particle. However, the shower generated by a hadron typically has 15 — 20 %
energy less than the initiating hadron. The energy lost is used for v-production
and overcoming nuclear binding energy in nuclear break-up.

By using depleted uranium as absorber, it is possible to compensate for this
energy loss. Slow neutrons produced in nuclear break-up undergo np scattering
in the scintillator producing recoil protons with low energy. These protons create
regions of very high ionisation density in the scintillator, boosting the scintillation
light output and therefore the measured shower energy. The nominal energy

resolution of the UCAL is
oE _ 18%

E‘—-\/E-@l%

for electrons, and

(o4 5 35%
—_— = — 2
I \/_EB%

for hadrons. (F is in GeV and @ stands for addition in quadrature.)

3.2.3 Backing Calorimeter

The Backing Calorimeter consists of 3.7 cm thick aluminium proportional tube
modules separated by 7.3 cm thick iron plates which provide the return path for
the solenoid field. It provides additional energy measurement for showers not
contained in the UCAL and also acts as part of the muon trigger in the bottom
yoke where no muon chambers are present.

The energy deposited in the BAC is measured by the wires of the proportional
tubes with an energy resolution for hadrons of og/E ~ 1/+/E. Position
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measurement is by aluminium cathode pads. Three layers in the bottom yoke
are provided with special pads giving a spatial resolution of about 1mm along
the tubes. The magnetisation of the iron by the solenoid return flux is weak
and non-uniform. Therefore conducting coils are added which provide a toroidal

magnetic field of about 1.6 T enabling muon momentum measurement.

3.2.4 Luminosity Monitor

The Luminosity Monitor [48] consists of two separate sampling calorimeters for
detecting low angle scattered et and photons emitted by the bremsstrahlung
process ep — epy. The scattered et are detected in the electron detector (EDET)
at 35 m from the interaction point, and bremsstrahlung photons in the photon
detector (GDET) at a distance of 104 —107 m from the interaction point as shown
in figure 3.6.

Scattered e* in the energy range 0.2E, < E! < 0.9F, and § < 6 mrad are
deflected out of the e* beam by the HERA magnet system into the EDET. The
EDET is stationed behind a stainless steel window in the et beam pipe. It
consists of a lead/scintillator sandwich calorimeter which measures the scattered
et energy, and scintillator fingers to measure the position of the scattered electron.

The GDET detects bremsstrahlung photons emitted at angles § < 0.5 mrad
down the proton beam-pipe leaving through a copper-beryllium window at a bend
in the p beam-pipe 80 m from the interaction point. A carbon filter of thickness
0.5 —3.5X, absorbs synchrotron radiation. An air filled Cerenkov counter behind
the carbon filter vetoes events where a photon has pair produced in the carbon
filter. The photon energy is measured in a lead/scintillator sandwich calorimeter
behind the Cerenkov counter. Two crossed planes of scintillator fingers at a depth
of 7X, in the calorimeter provide a measurement of the photon position. The
scintillator plates are read out by wavelength shifter bars and photomultiplier
tubes, the scintillator fingers by photodiodes.

The luminosity is determined from the Bethe-Heitler process, ep — epy, by
measuring the rate of bremsstrahlung photons, R, in the GDET. The cross-
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Figure 3.6: The layout of the Luminosity monitor.

section for this process, opp, is theoretically well known [49]. However, before
converting the measured photon bremsstrahlung rate into a luminosity, the
background rate from et beam gas interactions has to be subtracted. This is done
by measuring the rate of bremsstrahlung photons from e*pilot bunch crossings,
Re_pitor. The true rate of bremsstrahlung photons from the Bethe-Heitler process

1s then

I,

Ie-—pilot

Rep = Ry - Re—pilot (31)

where I, are the currents of the et bunches paired with p bunches and I._,;,: is

the current in et pilot bunches. The luminosity is then determined by

B
OBH

L= (3.2)

The luminosity monitor is also used to tag photoproduction events when the
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scattered e* gives a signal in the EDET but there is no photon signal in the
GDET. Radiative events are tagged by a photon signal in the GDET with the

absence of an et signal in the EDET.

3.2.5 Background Rejection

Out of time p beam induced background events are rejected using timing
measurements from a series of detectors stationed on the p beamline before
the ZEUS detector. The VETOWALL at z = —7.3 m consists of an 87 cm
thick iron wall with scintillator hodoscopes on each side. It protects the main
detector from the p beam halo as well as providing timing measurements. The C5
counter, a lead/scintillator counter at z = —3.2 m and the SRTD, a silicon pad
tracking detector on the inner face of the RCAL provide timing measurements for
rejecting p beam induced events occurring between the VETOWALL and nominal

interaction point.

3.3 The ZEUS Trigger

Since bunch crossings occur every 96 ns the trigger has to be capable of handling
a rate of 10 MHz. The actual event rate from e*p interactions is expected to
be ~ 240 Hz dominated by photoproduction processes at a luminosity of 2 x
103! cm~2s~!. This rate is swamped by background processes such as p beam-gas
interactions, synchrotron radiation and cosmic rays which occur typically at the
level of 10° Hz at the HERA design luminosity. ZEUS uses a three level trigger
which reduces the rate from ~ 10% Hz to < 5 Hz, the maximum speed with which
events can be written to tape.

The First Level Trigger (FLT) aims to reduce the rate from ~ 10° Hz to ~ 1
kHz. FLT decisions are based mainly on UCAL and CTD information, but also
use the F/BMUON, BAC, LUMI, LPS and VETOWALL. The FLT accepts events
passing total energy, total transverse energy and missing energy sums calculated

from the UCAL information, or which have a primary vertex consistent with an
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et p interaction as determined by the CTD z-by-timing tracking. Tracks found
by the z-by-timing system are classified according to whether they do or do
not point towards the primary vertex; tracks pointing to the primary vertex are
‘good’ tracks, otherwise they are called ‘any’ tracks. Less stringent UCAL and
CTD requirements are placed on events tagged by the LUMI or LPS. Each FLT
component has a 5 us pipeline which stores data from every bunch crossing. After
2.6 us every component sends a decision to the Global First Level Trigger, which
accepts or rejects events 4.4 us after the event entered the pipeline. Accepted
events are then sent to the Second Level Trigger.

The Second Level Trigger (SLT) analyses in more detail events passing the
FLT. At an input rate of 1 kHz the SLT aims to reduce the background rate
by a factor of 10. More accurate calculations than are possible at the FLT are
made on parallel transputers. The UCAL SLT calculates similar energy sums
to the FLT but uses individual cells in the calculation. Calorimeter timing is
also used to discriminate between physics and background events. The Global
Second Level Trigger (GSLT) combines results of second level component triggers,
passing accepted events to the Event Builder.

The Event Builder combines data from each component for analysis by the
Third Level Trigger (TLT) which runs on a farm of SGI workstations. The TLT
runs a simplified version of the offline reconstruction code, providing for example,
a full 3d track and vertex fit and jet finding. According to the results of the
reconstruction the TLT identifies potentially good events, reducing an input rate
of ~ 100 Hz to an output rate of 3-5 Hz. Events passing the TLT are sent over

a high speed optical line to an IBM mainframe which writes them to tape.

3.4 ZEUS Detector Simulation and Reconstruc-
tion Software

Apart from providing predictions of physics at HERA, Monte Carlos are used

to understand effects due to detector response in the data. This is achieved by
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treating the output from an event generator as though it were actual data from
a real e*p collision and analysing it with the same software used for actual data.

The event simulation procedure has three stages.

ZDIS The ZEUS interface to Monte Carlo generators. The output of this stage
consists of particles and their 4-vectors. This information is kept through
the whole detector simulation and event reconstruction process to allow an
understanding of how the observed distributions in the data are related to

the true generated distributions.

MOZART The final state particles produced by ZDIS are propagated through
the components of the ZEUS detector. The GEANT [50] package simulates
the effects of the magnetic field, particle energy loss and multiple scattering
on the generated particles. The output from this stage contains for example
raw hits in the CTD and energy deposits in the UCAL which can then be

u_sed in the full event reconstruction.

ZGANA The ZEUS trigger simulation.

3.4.1 Event Reconstruction

Events are reconstructed by the program ZEPHYR. It uses as input either ‘real’
events recorded by the ZEUS detector, or Monte Carlo events which have been
processed by the detector simulation, MOZART, and the trigger simulation,
ZGANA. ZEPHYR reconstructs events in several phases.

Phase 1 The calibrated raw data in each component is used to give physics
information, for example, tracks in the CTD and VXD and cell energies in

the UCAL.

Phase 2 Global aspects of the event reconstruction are performed, for example,
linking tracks in the different tracking chambers, and matching tracks to

energy deposits in the UCAL.
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Phase 3 Combines measurements from several detectors to provide a more
detailed understanding of an event and is intended for running standard
analysis algorithms, such as et identification routines and jet finders. In

1994 only e* finder algorithms were ran in phase 3.

DST selection The outcome of the event reconstruction is analysed by a physics
filter routine and used to set DST (Data Summary Tape) bits to classify
events. These allow quick selection of events during analysis by identifying

events which, for example, contain a high transverse energy jet.

Track Reconstruction

The K° reconstruction algorithm employed in this analysis uses as its input,
tracks from the reconstruction program VCTRAK [51]. In the first stage of the
track reconstruction pattern recognition is performed which identifies candidate
tracks. The second stage determines particle trajectories by a helix fit to the
candidate tracks.

The pattern recognition stage starts track candidates from a segment of three
axial seed hits in an outer CTD superlayer. Axial layer hits are added as the
candidate trajectory is extended inwards. To guide the trajectory inwards a
broad virtual hit at ¢ = y = 0 is used. Hits from the z-by-timing system are
matched to the resulting trajectory to estimate the intercept and slope of the
track with respect to the z-direction. Stereo superlayer hits are then matched to
the track by interpolating the circular trajectory between axial superlayers.

Track candidates are then fitted to a 5-parameter helix model by extrapolating
the trajectory provided by the pattern recognition outwards from the innermost
hit. From the helix fit determined at one layer, the distance between the
extrapolated track and the measured hit at the next layer is calculated. This
provides an estimate of the error on the next point on the trajectory, to which
the helix fit is applied. The process of extrapolating the track outwards and
repeating the helix fit is performed until the final hit on the track has been used.

The track fit calculates a covariance matrix for use in the primary vertex fit.
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Coulomb scattering in material between the interaction region and the innermost

hit is included in this matrix.

Primary Vertex Fit

The primary event vertex is determined using a perigee fitting technique [52].
The perigee of a track is the point of closest approach to the nominal vertex
point in the r¢ plane. In the vertex fit tracks are considered as occupying regions
in space defined by their track parameters and errors. A weighted mean of the
perigee positions of the tracks can then be used to identify the actual primary

vertex position of the event. The vertex fit has three stages:

1. Only tracks which reached superlayer 1 in the CTD and are consistent with

production at the beamline are used.

2. A simple vertex fit is performed by calculating the weighted centre-of-
gravity of the selected tracks. Tracks which contribute a large amount to
the vertex x? are removed from the fit, which is repeated until an acceptable

x? is reached.

3. The resulting primary vertex candidate is used in a full vertex fit which
solves for the final vertex position then refits tracks, constraining them to

the primary vertex.



Chapter 4

CTD Calibration

4.1 Introduction

In order to precisely reconstruct charged particle tracks, the CTD has to be
accurately calibrated. In this chapter an iterative algorithm for calibrating the
CTD r— ¢ system based on the least squares method is presented. The calibration
constants are defined in section 4.2 and the method is explained in section 4.3.
Monte Carlo test results proving the reliability of the method are presented in

section 4.4. Results obtained from ZEUS data are given in section 4.5.

4.2 The Calibration Constants

When traversing the CTD a high energy charged particle loses energy by ionising
the gas along its path. In any given cell, the ionisation drifts onto a sense wire
inducing a signal which is recorded by the CTD readout electronics. The time
taken by the ionisation to drift onto the sense wire, the drift time, is the only
free variable used to reconstruct a ‘hit’, the position where ionisation occurred.
Three calibration constants affect the position at which a hit is reconstructed.
Drift time is measured relative to the bunch crossing time defined by the
HERA clock. The time for a signal to propagate through the CTD and its readout

electronics before arriving at the FADC’s is therefore included in the drift time.

48
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In addition, if an etp collision occurs at a position other than the nominal ZEUS
interaction point then a time offset is incurred in all drift time measurements.
This naturally occurs because of the p bunch length, or, if the e*p bunches do
not cross in synchronisation with the HERA clock. To determine the true drift
time, a time offset, o, in the measured drift time has therefore to be taken into
account.

From the measured drift time, the drift distance p; of a hit can be calculated

from the time-to-distance relationship

wi= " o(t)dt (4.1)

where v(t) is the drift velocity at a distance corresponding to drift time ¢; from a
sense wire. Using the Lorentz equation for motion of charged particles in electric
and magnetic fields and assuming that the ionisation drift velocity, vo, is constant,

it can be shown that [53]

o E xB (E-B)-B ,,
Vo = m (E + B wT + '——B2— w'T (42)
where w = =<2 7 is the mean time between collisions of the ionisation and gas

molecules, and g = Z is the electron’s mobility. For perpendicular electric and

magnetic fields, E = (E,,0,0) and B = (0,0, B,), as in the ZEUS CTD,

”E‘r1+w272’ /’LEJJ 1+w21'2’ Vy; = 0 (43)

so that the drift velocity is,

vo = pkE ! (4.4)

The calibration method assumes a constant drift velocity so the time-to-distance
relationship is simply p; = vot;.

Having calculated the drift distance, a hit’s position can be fully reconstructed
if the ionisation drift direction is known. From equation 4.3 it can be seen that

the ionisation drifts at an angle 6; with respect to the electric field such that
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tan 0 = wr. 0L is known as the Lorentz Angle. Rearranging, to express 6y, in

terms of the drift velocity and applied fields gives,

v, B
E

The reconstruction uses the planar drift approximation [54], in which ionisation

tan 6, = (4.5)

drift is assumed to occur in a plane of negligible thickness, at the angle 6, with

respect to the negative electric field vector.

4.3 Calibration Method

The aim of the calibration method is to find the values of the calibration constants
which produce tracks that best fit the hits in the C'TD. This is performed by a

least squares minimisation of the residuals, i.e. by minimising

5=y %y (4.6)

=1

Charged
particle

6>0

Sense wire plane
5<0

Figure 4.1: Definition of the residual.

The sum runs over hits associated with tracks. The residual, é;, as shown in
figure 4.1, is the distance between the hit and the track reconstructed without
that hit. Hits at azimuthal angles above(below) the sense wire plane are defined
to have positive(negative) drift distances. This sign convention means hits at

azimuthal angles above(below) tracks have positive(negative) residuals.
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For small differences between the true calibration constants, ,'"%¢ , v,'™*¢ and

. . . ! 1 !
61", and the constants used in the hit reconstruction t,, vy, and 8, one can

make a Taylor expansion of equation 4.6, giving,

. 8s  aS 8S
S(tO’UO’HL) = S(to, ’U(),HL) 8t06t0 + a 06’00 + 30L59L +
1 88 825 825
Svo +2=0" 50 805 + ... 4.
2 (G’ + 250t 000 + 2550 b0 80, +.)  (4T)

The best estimates of ¢g , vy and 61, are given by minimising 4.6,

as __ S _ s _
-0, =0, =0 (4.8)

which is equivalent to solving for étq , évg and 66y, in the equation,

a2 925 228 St as

A Btodug Bty 0 dto

92s 928 928 —_| as
Bupdty 02 T bvo - Bvo (4.9)

928 925 92§ 50 28

8619ty 800vg 062 L 36,

The residual is expected to have the form [54, 53],

8; = vobty + t;6ve + |ui| cot ¢:-60L (4.10)

where

e t; = drift time for the sth hit.

wi = drift distance of the :th hit.

' = angle between nominal electron drift direction and track

o 8ty = ty — tir“e = miscalibration of tg

6vg = vy — vE"¥* = miscalibration of vo
! . . .
e 801, = 0y, — 0¥ = miscalibration of 6L,

The first two terms represent the error in position caused by assuming a

linear time-to-distance relation. The third term represents the error in the hit’s
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Charged particle

Nominal drift
direction

/N to X axis

True drift
direction

Sense Wire Plane

Figure 4.2: Contribution to the residual from a miscalibrated Lorentz angle.
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position caused by reconstructing with the wrong drift direction as can be seen

from Figure 4.2.
Differentiating 4.6 and 4.10 then substituting in 4.9 gives

() ma() Sl ) (e
?_1(2%‘) Yie 1(0'2 1(t I“'lcow ) Svg
l(voluulcotd) ) Y (t qulf;‘otlﬁ, ) Zl_l(luulzcztd},') 50, )
?:1(%}?{0_) \
= ?:1(%)

1(5 |#s|C°W/ ) )

or in matrix notation, Héa = q

(4.11)

The matrix elements were evaluated by summing over hits associated with

tracks. The track reconstruction gave all hits the same weight, o;. This is

reasonable because to a first approximation, errors on hits will depend on the

chamber properties rather than the hit itself. To avoid systematic effects which
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influence the reconstructed hit positions, the following cuts were applied:-

o Track number of degrees of freedom > 30. This means only hits belonging

to long, well measured tracks were used.

e As the expression used for the residual, equation 4.10 was not valid for

stereo superlayer hits, only axial superlayer hits were used.

o |pil > 0.8cm and pmar — |i| > 0.3cm where pq, is the maximum drift
distance for the hit wire. These cuts limited hits to the uniform field region

of a drift cell where the residuals were well understood [56].

e Only hits in the region |Az| < 50cm and in the first 5 superlayers were

used. The axial magnetic field is uniform to within 2% in this region [57].
e To avoid using badly reconstructed hits |6;| < 0.2cm.
e Hits with only z-by-timing information were not used.

A polynomial correction function was used in the hit reconstruction to remove
a systematic effect in the drift distance determination for hits on tracks with
extreme 1 values [56]. The corrected drift distance was used to evaluate a
corrected drift time from ¢; = p;/vo, with which the matrix elements were
evaluated.

The calibration procedure was performed iteratively. Starting with either an
uncalibrated sample of data events, or a sample of MC events, corrections to the
calibration constants were determined. These were applied within the program
which determined a new set of corrections. The error in each calibration constant

was obtained from the corresponding entry on the main diagonal of H™!.

4.4 Monte Carlo Tests

The calibration method was tested using 1000 events each containing a single p~

or ut, generated by the ZEUS detector simulation program, MOZART. The test
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was to obtain the true values of the calibration constants when the reconstruction
was started from incorrect values.

MOZART generated the events with the following calibration constant values.
to = 0.0 dsp units, vo =47 pm/ns, 0p = 45° (4.12)

Since systematic effects were not modelled in the detector simulation the %' drift
distance correction function was not applied in the hit reconstruction. However,
the cuts listed in section 4.3 were applied, in order to provide a realistic test of

the calibration procedure.

4.4.1 Null Test

The aim of this test is to prove the calibration procedure was not significantly
biased towards any calibration constant values. The test was performed starting
the track reconstruction with the true MOZART calibration constants. Figure 4.3
shows that no significant corrections to the calibration constants were found and
the calibration was stable. Small systematic shifts in t; and 8; were observed.
The observed shift was A(#g) = 0.1 dsp units. Subsequent analysis [58] has shown
this to be due to a spurious correlation between o and tan 6. The systematic
shift in tan @1 can be assigned to non-uniformity of the axial magnetic field.
The magnetic field non-uniformity was at most % ~ —2 % corresponding to
a variation in tanfp, 1 < tanf; < 1.02. This meant the calibration method
determined an average value of tan @y, over the volume of the CTD |z| < 50 cm,
r < 51 cm. A small positive systematic shift of at most 2 % in the calculated

tan 0y, value is therefore expected. The observed shift was A(tan§r) = 0.013.

4.4.2 ty Test

The results obtained calibrating from a wrong value of ¢y are shown in Figure 4.4.
The initial value of ¢y was to = 2 dsp units with vy and 0, set at their true values.
After two iterations the calibration constants were observed to have converged to

the true values within error.
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Figure 4.3: Calibration test using the true calibration constant values. No overall corrections

to the calibration constants were calculated.

4.4.3 vy Test

The results obtained calibrating from a wrong value of vy are shown in Figure 4.5.
The initial value of vg was vo = 50 pum/ns with ¢, and 6f, set at their true values.
After two iterations the calibration constants were observed to have converged to

the true values within error.

4.4.4 0; Test

The results obtained calibrating a wrong value of 01, are shown in Figure 4.6.
The initial value of 8; was tan 8, = 1.05 with ¢ and v set at their true values.
After one iteration the calibration procedure calculated tan 6y = 1.028 £ 0.02.

No significant change was found at the next iteration, and it naively appeared
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Figure 4.4: Calibration test with the initial calibration constant values t; = 2.0 dsp units,

vo = 47 pm/ns, and tanéy = 1.0.

that the calibration method had failed this test. However, as explained in 4.4.1
the magnetic field non-uniformity means the calibration procedure actually
determines a value of tan 1 averaged over the chamber volume. The value of
tan 0, obtained in this test after one iteration is consistent with the average

value obtained in 4.4.1.

4.4.5 Full Test

The results obtained when all the calibration constants were set at a wrong value

are shown in Figure 4.7. The initial values of the calibration constants were

to = —1.5 dsp units, wvo =50 pm/ns, tanfr = 0.93 (4.13)
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Figure 4.5: Calibration test with the initial calibration constant values to = 0.0 dsp units,

vo = 50 pum/ns, and tanfy = 1.0.

After two iterations the calibration constants were observed to have converged to
the true values within error.

It is interesting to note in the calibration test shown in figure 4.7, ¢, and
vo calibrated on the first iteration while #; calibrated on the second iteration.
This is due to the fact that 8 calibration is mostly affected by hits at large
drift distances or extreme values of 1'. Because the calibration constants used
in the first iteration were very different from their true values many of these hits
were either not reconstructed on tracks, or failed the drift distance selection cuts
and were therefore not used by the calibration procedure. This can be seen in
figure 4.8 where the number of recontructed hits passing the selection cuts and
the mean drift distance of these hits are plotted against iteration. The number

of reconstructed hits and the mean hit drift distance increase with each iteration
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Figure 4.6: Calibration test with the initial calibration constant values to = 0.0 dsp units,

vo = 47 pm/ns, and tan 8 = 1.05.

so that the hits necessary for calibrating §;, were used.

4.4.6 Monte Carlo Test Conclusions

Taking into account systematic effects, no significant difference was observed
between the values of the calibration constants used in the detector simulation

and the calibration constants calculated by this calibration method.

4.5 Calibration of Data

The output from calibration of run 10020 is shown in Figure 4.9 The ' drift
distance correction was applied. Hits used to determine the matrix elements were

subject to identical cuts applied in the Monte Carlo tests. Only small changes in
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Figu re 4.7: Calibration test with the initial calibration constant values to = —1.5 dsp units,

vo = 50 um/ns, and tanfr = 0.93

the calibration constants relative to the default values were found.
The r — ¢ resolution, 0,4, is plotted as a function of iteration in Figure 4.10.

After the first iteration 0,4 improved, then remained stable at 288 pm.

4.6 Conclusions

A global CTD calibration program based on the least-squares minimisation
procedure has been developed. Tests on simulated data have proven the method
reproduces the true calibration constants accurately. When applied to real data
the calibration constants and r — ¢ resolution obtained were compatible with

values obtained from the official calibration procedure.
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—1.5 dsp units, v9 = 50 pm/ns, and tanf; = 0.93. After three iterations all hits which had

failed the cuts due to using the wrong calibration constants had been recovered.



CHAPTER 4. CTD CALIBRATION 61

autfile tecnletdor1 0020 r
28 :

1, {dsp units)

26

22

52

50

ve (um/ns)

48

16

44

42

tan O,

0.85

Iteration

Figure 4.9: Calibration of data taken during run 10020. The only significant correction

occurred at the first iteration.

0034 :_ ........
0.032 -
0.03
0.028
D.026 oottt e e
-l 1 | 1 1 1 1 I 1 i 1 L l 1 1 1 1 l 1 " 1 L 1 1 i L l 1 1
1 2 3 4 5 6
tteration

Figure 4.10: The resolution obtained for run 10020 as a function of iteration.



Chapter 5

Hard Photoproduction Event

Selection

The method by which hard photoproduction events were selected from the
1994 data sample is described in this chapter. To ensure the selected events
contain a hard interaction, events were required to contain a high E7 jet. The
jet finding algorithm used is described in section 5.1. The kinematic region
in which photoproduction events were selected is then defined in section 5.2.
The trigger criteria and background rejection cuts used to select the sample of
hard photoproduction events in the analysis are described in sections 5.3 to 5.6.
The residual contamination from processes other than hard photoproduction is
evaluated in section 5.7, and the PYTHIA Monte Carlo is shown to adequately

describe general event properties in section 5.8

5.1 Jet Reconstruction

Jets were reconstructed using a standard ZEUS cone algorithm jet finder, EU-
CELL [59], which satisfies the Snowmass convention [60]. Cone algorithms
reconstruct jets by searching for groups of particles or calorimeter energy deposits
within a specified cone which have a transverse energy above a threshold value.

EUCELL reconstructed jets either from energy deposits in the UCAL cells as

62
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measured in ZEUS data or in events passed through the detector simulation,
which will be referred to as UCAL jets, or from the four vectors of final state
particles produced by the Monte Carlo simulation, which will be referred to as
hadron level jets or hadron jets throughout this thesis. The jet finder operated
in n — ¢ space so that its results were invariant with respect to a boost along the
z-direction.

The procedure for reconstructing jets was the same for UCAL and hadron

level jets:-

1. Starting at a high pseudorapidity value, Nme = 3.5 and going in the
direction of decreasing 7, preclusters of UCAL cells formed from arrays
of 3 x 3 cells (‘windows’) with total transverse energy EX°™* > E3%¢ were
searched for in 7—¢ space. An E3*? value of 1 GeV was used in this analysis.
To reduce effects of radioactive noise from the DU absorber material in the
calorimeter cells with energies Egpec > 60 MeV and Egac > 110 MeV in
the EMC and HAC sections of the UCAL were used to form the preclusters.
The initial jet direction was taken as (pPrectus gpreclus) given by the cell at

the precluster centre.

2. The total transverse energy deposited in UCAL cells within the radius

R = \/(7% — npreclus)2 + (¢z — ¢p‘reclus)2 =1

was calculated according to
EZ™e =" E;sinb; (5.1)

where E; were the cell energies and 7;, ¢; and 6; were the pseudorapidity,
azimuthal and polar angles of cell centres with respect to the primary vertex

coordinate.

3. The jet axis was evaluated from the cells within the cone radius according

to
ncone — Zi ETiUi
E%one
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Li Brigi
E:%one

¢cone _

4. Stages 2 and 3 were repeated until the distance between the jet axes at each

iteration, AR < 0.01, or until 15 iterations had been performed.

5. If E$™ > Erg the UCAL cells formed a jet. A transverse energy threshold
value Epg > 6 GeV was used at the jet reconstruction stage in this analysis.

The total jet energy and momentum components were then calculated from,

Eeore = S B pPeene =5 E;cos ¢sind
Pycone — Zi E; sin ¢ sin 0, chone = Zi FE; cos 0

(5.2)

The reconstructed jets were therefore not massless.

6. Jets were reconstructed in order of decreasing Er. During each scan of the
window over the calorimeter, if a jet had a higher E7 than a previously
reconstructed jet, the previous jet information was overwritten with the
new reconstructed jet information. If the jet had lower Er than other
reconstructed jets its information was also saved, but could be overwritten
at a later stage. The algorithm returned to stage 1, continuing from the

next 3x3 array of cells.

7. After the window had scanned over all calorimeter cells in the pseudorapid-
ity range 3.5 > n > —3, cells contained in the reconstructed jet cone(s) were
removed from the list of calorimeter cells to be used in jet reconstruction and
the reconstructed jets were permanently stored. The algorithm returned to
stage 1, and scanned through the calorimeter starting from 7,4, looking for
more jets. This loop was repeated until no more reconstructed jets above

the Er threshold were found.

5.2 Definition of Kinematic Region

The choice of kinematic region from which hard photoproduction events are se-

lected for this analysis is motivated by previous studies on hard photoproduction
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data selection [61] and the ZEUS inclusive jet measurement [21, 62]. For the
analysis presented in this thesis, particle production is studied in events with jets
of

EBAD > 8 GeV and |54P| < 0.5 (5.3)

in the kinematical region
0.2 <y <0.85and Q% < 4 GeV? (5.4)

where EX4D and 4D refer to jets reconstructed at the final state hadron level
in the Monte Carlo. The hadron jet and kinematic selection criteria define a
region which is largely free from non-photoproduction background processes and
where the acceptance and purity correction factors determined in [21] were not
large.

To select events measured in the ZEUS detector which correspond closely to
the kinematic region defined by equations 5.3 and 5.4 the response of the UCAL
was studied with a sample of resolved and direct PYTHIA events. Figures 5.1
and 5.2 show the Er and 7 resolution of ‘matching’ UCAL and hadron level jets.
Hadron level and UCAL jets were considered to be matching if,

AR = \/(nUCAL — nHADY2 | (JUCAL _ 4HAD)2 < | (5.5)

UCAL gUCAL and pHAD $HAD were the UCAL and hadron level jet axes

where 7
respectively. When two reconstructed jets satisfied the above criterion the UCAL
jet closest to the hadron level jet was chosen. For both direct and resolved events a
systematic shift of ~13 % is observed in EZ%AL with respect to EF4P in figure 5.1.
This was observed in [21], and is due to several effects, such as, energy losses of
particles in dead material before interacting in the UCAL and low pr particles
failing to reach the UCAL surface because of the effect of the magnetic field on
HAD

UCAL with respect to 7

their trajectory. No significant shift is observed in 7
figure 5.2. So to take account of the 13 % difference between the energy scales of
hadron level and reconstructed jets, inclusive jet events with at least one UCAL
jet satisfying

EJCAL > 7 GeV in [pV94F < 0.5 (5.6)
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were used in this analysis.
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Figure 5.1: EYCAL resolution in direct events (a) and resolved events (b).
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The measurement of y was also observed to suffer from the effects of particle

energy loss in dead material in front of the calorimeterin [21, 63]. Figure 5.3 shows

the resolution of ysp, when compared to yruyapr and also the resolution in ysp vs.

yrumi in the data sample selected in this chapter. y;p was calculated from the

reconstructed UCAL cell energy deposits (including any DIS et candidates) and
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yrumr from the energy of the scattered et in the LUMI EDET. yruar was shown
to measure accurately the true value of y in [21, 63]. The mean reconstructed value
of ysp is observed to be 20 % lower than yryar. The deviation from linearity
at low yrumr is a result of a trigger threshold described in the next section,
while at high yruar it is a result of particle losses down the rear beampipe. To
a good approximation, hard photoproduction events from the kinematic region

corresponding to equation 5.4 were selected by requiring,
0.15 S YJB _<_ 0.7 (57)

It will be shown in section 5.7.2 that this cut also reduces the number of DIS

events selected in the data to a negligible fraction.
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Figu re 5.3: Resolution of y;p with respect to yryar (left) and resolution of y;p as a function

of yrumr.

5.3 Trigger

Events were required to satisfy the following trigger slots/branches.

o FLT CALgTRK94. This is an .OR. of five FLT slots in coincidence
with a CTD z-by-timing track pointing to the nominal vertex. The five
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contributing FLT slots placed conditions on global or regional energy sums
which are given in table 5.1. The beam-gas background rate is reduced
in three of the FLT slots by excluding the ring of calorimeter cells closest
to the beampipe. High trigger thresholds are set so that photoproduction
events which contain a hard scattering are selected from the majority of soft
photoproduction events. Events with a timing signal in the VETOWALL,
C5, or SRTD consistent with p beam induced background events were

rejected.

e SLT High Et. Events were required to satisfy E —p, > 12 GeV and p,/E <
0.95, where E = 3, F; is the sum of calorimeter cell energies and p, =
>; FicosO; is the total longitudinal momentum, §; being evaluated at the
centre of each cell with respect to the nominal interaction point as tracking
information was not available at the SLT in 1994. Both sums exclude cells

within 10° of the FCAL beampipe hole.

e TLT One or Dijet. The TLT selected events with jets identified using a
modified version of the cone jet finder described in section 5.1. The jet
finder was modified to increase its speed; it sought any jet above threshold
and did not perform the iterative stages. The one jet branch required
at least one jet satisfying Er > 6.5 GeV.AND.2 < n'/®T < 2.5 .OR.
Er > 5.5 GeV.AND.p/BT < 2. The dijet branch required two or more
jets each satisfying either Er > 4.0 GeV.AND.2 < /BT < 2.5 .OR.
Er > 3.5 GeV.AND.p BT < 2.

¢ DST One or Dijet. In addition to the above criteria the DST filter required
the calorimeter timing to satisfy t, > —6 ns, ¢ty — ¢, < 6 ns and that the

event had a primary vertex with |14t + 2| < 60 cm.
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Trigger Meaning Threshold (MeV)
CAL_E Total calorimeter energy 14968
EMC_E EMC energy excluding forward beampipe region 10068
Et Transverse energy excluding forward beampipe region 11574
BEMC_E BCAL EMC energy 3404
REMC_E | RCAL EMC energy excluding rear beampipe region 2032

Table 5.1: FLT triggers, and energy thresholds contributing to the FLTgTRK94 slot.
5.4 Preliminary Event Sample

Events were selected from a data sample with an integrated luminosity of
2.65 pb~!. 648156 events satisfied the trigger and filter criteria. Requiring at
least one jet to satisfy the criteria of section 5.1 reduced this sample to 51739
events. Of these, 8549 events contained a et with £ > 5 GeV in the LUMI EDET
monitor. In the following sections these events will be referred to as the LUMI

tagged sample.

5.5 Detector Operation

In addition to the cuts outlined below, events were required to pass the EVTAKE
routine. EVTAKE required that:

e the CTD high voltage was fully on and there were no large dead regions in

the CTD,;
e the solenoid magnet was on;

e the calorimeter was operating, and did not contain a large number of

neighbouring dead cells; and,

e the luminosity monitor was on.
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5.6 Background Rejection

Under the assumption that LUMI tagged events constituted a background free
sample of e*p physics events, background rejection cuts were established by
comparing distributions of quantities in the inclusive jet sample and the LUMI
tagged sample. The cuts are listed in this section in the same order as they were

applied in the analysis.

5.6.1 Radiative Event Rejection

Radiative photoproduction events were removed by requiring less than 2 GeV

energy deposited in the LUMI GDET.

5.6.2 Primary Vertex Position

The primary vertex z,: coordinate distribution for the inclusive jet and LUMI
tagged samples are shown in figure 5.4. Vertices were required to be well
reconstructed with y?/ndf < 10 . Both event samples have a similar Gaussian
shape in the region —30 < z,;; < 30 cm. The tails above and below this region
can be attributed to p beam gas interactions by comparing with the distribution
from p pilot bunches. The LUMI tagged sample was well fit by a Gaussian with
mean < z >= 3.5 cm and standard deviation, o, = 10.4 cm. Events were required

to satisfy a 40, cut on the primary vertex z-coordinate:

—-37<z<45cm (5.8)

5.6.3 Proton Beam Gas Rejection

Events originating from proton beam gas interactions produce many high momen-
tum tracks in the proton direction associated with a primary vertex upstream of

the detector. The number of well measured tracks attributable to an upstream p
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Figu re 5.4: Primary vertex distributions for all events (solid histogram) and for LUMI tagged
events (dashed histogram). The results of Gaussian fits to the central range of the distributions

and limits of the 2,4, selection cut are also shown.

beam background event, ny.q, was defined as the number of tracks satisfying

pr > 0.15 GeV, 5° <0< T70° zheiz < —75 cm
ndf > 20, Mgy > 9, Tgte > O

(5.9)

where zpeli 18 the z-coordinate of the point of closest approach of the track to
the z-axis, and n,; and ng. are the number of axial and stereo layer hits on the
track, respectively.

Figure 5.5 shows the ny,q4 distributions for the inclusive jet and LUMI tagged
event samples. Both samples show a peak at low values of ny,q4, however there is a
tail in the inclusive jet sample, not present in the LUMI tagged sample. The ny.q
distribution for events originating from p pilot bunches is also shown in figure 5.5
and is similar in shape to the inclusive jet sample at nyoq > 4. The tail in the
inclusive jet sample is therefore attributable to p beam gas events. An event was

accepted if it satisfied,
Npad < 4 (5.10)
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Figure 5.5: The number of bad tracks in all events (solid histogram), LUMI tagged (dashed
histogram), and unpaired p bunch events (dash dotted histogram). The vertical line at np,q = 4

denotes the upper limit of the event selection cut.

5.6.4 DIS Event Rejection

To limit the event sample to photoproduction interactions, DIS events were
rejected by anti-tagging scattered positrons. Scattered et candidates were
identified in the UCAL by the difference in their shower shape from muons and
hadrons by a standard ZEUS electron finder, ELEC5 [64]. Figure 5.6 shows a
plot of ysp vs. y. for events containing a e* candidate. In this analysis ysp
was calculated from a sum over all particles in an event, and so included any e*
candidate. This is different from DIS analyses where the sum does not include
the et candidate. Events are observed to particularly populate two regions in

figure 5.6(a).

e A band at high y. extending over the range of y;p values. This arises from
photoproduction events where a ‘positron’ has been found. These positrons
usually arise from misidentified 7° decays, from low energy m* showers or

from semi-leptonic decays. Since they usually have low energy, y. has a
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high value.

o A cluster of events at y;p > 0.7 and low y. due to DIS. Energy and
momentum conservation gives yyjg = 1 for a fully contained, perfectly
reconstructed DIS event, but the finite calorimeter energy resolution, energy
losses of particles in dead material before the calorimeter and particle losses

down the beampipe degrade the y;p measurement.

A plot of ysp vs. y. is shown for events where a scattered et is found in the
LUMI EDET in figure 5.6(b). The LUMI tagged events populate the high y.

region with very few events in the region ys5 > 0.7.
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Figure 5.6: Correlation plots of y;p vs. y. for all events (a) and LUMI tagged events (b),

containing a et reconstructed in the UCAL.

Figure 5.7 shows a plot of y. for events containing a scattered positron with
E.+ > 5 GeV. The distribution from the inclusive jet sample extends over the
full range of y., while the LUMI tagged sample does not extend below y. ~ 0.7.

DIS events were therefore removed by rejecting events containing a scattered

positron with

E.+ >5 GeV and y. < 0.7 (5.11)

and by also requiring

ys < 0.7 (5.12)
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Figure 5.7: y. distribution for all events with a scattered et candidate (solid histogram),
LUMI tagged events (dashed histogram), unpaired p bunches (dash-dotted histogram), unpaired
et bunches (cross-hatched histogram) and empty buckets (shaded histogram). The event

selection cut at y. = 0.7 is shown as the vertical line.
As explained in section 5.2 events were also required to satisfy
YJB Z 0.15 (5.13)

This cut also had the benefit of removing a kinematic region where contamination
from p beam induced background events was originally high [61]. However, as
can be seen in figure 5.8 there are very few events with a low y;p due to the

E — P, and p,/F cuts at the SLT.

5.6.5 Charged Current and Cosmic Ray Rejection

Cosmic and charged current events were rejected using a missing pr cut. Missing

transverse momentum was calculated from pf = \/ (i Pz )? + (X py, )? where the
sum is over all calorimeter cells, and angles were evaluated at the cell centres.
Figure 5.9 shows the distribution of \/p—E—-’LT for the inclusive jet and LUMI tagged
samples. Both samples are peaked at low \;;1%' The inclusive jet sample exhibits
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Figure 5.8: y;p distribution for all events (solid histogram), LUMI tagged events (dashed
histogram) and unpaired p bunches (dash-dotted histogram). The event selection range lies

between the two vertical lines.

a shoulder at higher values of % not present in the LUMI tagged sample.
Figure 5.9 also shows the \—/3;5; distribution for events triggered in coincidence
with an empty bucket crossing which has a similar shape to the inclusive jet
distribution at high values of 7%%. Cosmic ray and charged current events were

removed from the data sample by requiring,

P 1/2
< .
N 2 GeV (5.14)

The UCAL timing accuracy of ~ 1 ns allows discrimination of real physics
events from background events. Cosmic ray event rejection was enhanced by
applying a cut on the average time of signals in the upper and lower halves of the
UCAL. Figure 5.10 shows a plot of ¢, — t; for events with well defined average
time measurements in the upper and lower halves of the calorimeter. Both the
inclusive jet and LUMI tagged samples peak at ¢, — t; ~ 0, but the inclusive
jet sample also contains events at ¢, — {4 < —6 ns not present in the LUMI

tagged sample. Also shown in figure 5.10 is the ¢, — t4 distribution for events



CHAPTER 5. HARD PHOTOPRODUCTION EVENT SELECTION 76

b et B

6 “71“- 8 9 1/‘l(]
P/ VE: (Gev'?)

Figure 5.9: Missing transverse momentum distribution for all events (solid histogram), LUMI
tagged events (dashed histogram), unpaired p bunches (dash-dotted histogram), unpaired e*
bunches (cross-hatched histogram) and empty buckets (shaded histogram).

triggered in coincidence with an empty bunch crossing. These events have a
similar distribution to the inclusive jet sample at low values of ¢, — t;. Cosmic

ray events were therefore further rejected by requiring,

ty —tg> —6 ns (5.15)

5.6.6 Diffractive Event Rejection

DIS Events containing little energy flow in the region near the FCAL beampipe
were reported in [65]. These diffractive events were interpreted as interactions
in which the structure of a colourless object emitted by the proton was being
probed instead of the proton. Events of this nature were identified from the
pseudorapidity distribution of the most forward energy deposit 7mqz. The Moz
distribution for energy deposits with Er > 400 MeV in the selected sample of
hard photoproduction events is shown in figure 5.11 and is observed to show

an excess of events at N,., < 1.5 compared to the mixed resolved and direct
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Figure 5.10: t, —t, distribution for all events (solid histogram), LUMI tagged events (dashed
histogram), unpaired p bunches (dash-dotted histogram), unpaired et bunches (cross-hatched
histogram) and empty buckets (shaded histogram). The event selection cut at ¢, — ¢4 = —6 ns

is shown as the vertical line.

Nmaz distribution from PYTHIA. Diffractive events were removed from the hard

photoproduction event sample by requiring,

Nmas > 1.5 (5.16)

5.7 Selected Event Sample

Applying the above cuts to events satisfying the trigger criteria gave a sample
of 35695 hard photoproduction inclusive jet events, of which 8309 were LUMI
tagged. The number of events passing each stage of the event selection are given

in table 5.2.
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Figure 5.11: Pseudorapidity distribution of the most forward energy deposit with Er >
400 MeV for data (dots) and PYTHIA resolved plus direct Monte Carlo (solid histogram).

5.7.1 Non ep Physics Contamination

Of the inclusive jet events, 5 were from unpaired p bunches, 2 were from
unpaired et bunches, and 4 were from empty bunch crossings. The background
contamination from e-gas, cosmics and charged current events was therefore
estimated to be < 0.1 %, and 0.17 % for p-gas events, and was neglected in

the analysis.

5.7.2 DIS Contamination

The et anti-tag cut employed, limits the selected event sample to the region
Q? < 4 GeV? This is shown in figure 5.12. A sample of 59913 HERACLES +
ARIADNE DIS Monte Carlo events with Q% > 1.8 GeV? were passed through
the full detector simulation and were subjected to the trigger and event selection
criteria above. The Q? distribution of this Monte Carlo sample before and after
all selection criteria were applied is shown in figure 5.12. From 25369 events

with Q2 > 4 GeV? 4 passed the trigger and event selection criteria. This
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Event Selection Cut Events Selected
Trigger and filter 648156
E, <2 GeV 620541 (101101)
Er>17GeV,|n| <05 51739 (8549)
—37T<z<45cm 50473 (8402)
Npad < 3 50362 (8402)
0.15 < ys8 <0.7 36637 (8358)
Reject E. > 5 GeV,y. < 0.7 | 36239 (8346)
Hh < 2 GeV/2 35896  (8340)
ty —tsy > —6ns 35843 (8338)
Nmaz > 1.5 35695  (8309)

Table 5.2: The number of events passing each stage of the event selection cuts. The cuts are
listed in the order they were applied in the analysis. Numbers in brackets correspond to the

LUMI tagged sample.

demonstrates that the criteria above have selected an essentially pure sample
of photoproduction events with Q% < 4 GeV?2.

The residual contamination from DIS events with Q% > 4 GeV? was estimated
using a sample of 192081 Q% > 4 GeVZ HERACLES + ARIADNE DIS Monte
Carlo events. A total of 62 events passed the event selection cuts. The luminosity
of the Monte Carlo sample was 444 nb™!, therefore one expects approximately
310 DIS events in the hard photoproduction sample amounting to 0.9 % of the

inclusive jet event sample.

5.7.3 Diffractive Contamination

The cross section for jet production in diffractive hard photoproduction events
with 0.2 < y < 0.85, EJZT > 8 GeV and |p/?7| < 1 for different values of 7maz
was reported in [66]. For 1.5 < a0y < 2.4 the cross section is 156.3 pb, equivalent

to 414 jets in the hard photoproduction sample selected in this analysis. Assuming



CHAPTER 5. HARD PHOTOPRODUCTION EVENT SELECTION 80

104:—

Figure 5.12: The Q? distribution of the HERACLES + ARIADNE DIS Monte Carlo sample
with @2 > 1.8 GeV? is shown as the solid histogram. The Q? distribution of events from this
sample passing the combined trigger and event selection criteria is shown as the cross-hatched

histogram.

all diffractive events contain just one reconstructed jet, the contamination in
the selected hard photoproduction sample from diffractive processes is 1.2 %.
This is an upper limit due to the above assumption and also since the 7 region
of the measured jet cross section is |p/®7| < 1, whereas the selected hard

photoproduction event sample used in this analysis satisfies |7/%7| < 0.5

5.8 Comparison of Inclusive Jet Data with Monte
Carlo Simulation

Distributions of reconstructed variables in the hard photoproduction data sample
and mixed resolved and direct Monte Carlo sample are compared in figure 5.13.
There is good agreement in all the distributions, except for the large n region
of the n/®T distribution. This is in agreement with the excess of the jet cross

section in data over Monte Carlo observed in {21]
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Figure 5.13: Comparison of reconstructed variables in selected events in DATA (filled circles)

and mixed resolved + direct MC (solid histogram).



Chapter 6
KU Analysis

In this chapter the method used and cuts applied to identify K? are described
and the accuracy of the K? reconstruction method is established. The properties
of reconstructed K? in the PYTHIA Monte Carlo sample are shown to reproduce
adequately the distributions of reconstructed K? in data events selected using
the criteria of section 5, and the efficiency of the K? reconstruction procedure
is determined from the Monte Carlo sample. Corrected K? pr, n spectra,
multiplicities per jet, and fragmentation functions in hard photoproduction events

are derived and systematic errors in each of the distributions are calculated.

6.1 K Reconstruction

K? were identified by their charged decay mode K? — nt7~. This decay mode
is easily identifiable since K? decay via the weak interaction, with a lifetime
7 ~ 10719 5, so that in many cases their decay vertices are spatially separated
from the primary event vertex.

In addition to reconstructing K? mesons, A particles were identified by their
decay A — pw. An analysis of A production was not made. Instead, A
candidates were removed from the reconstructed K? sample in order to enable
better determination of the combinatoric background in the K? signal.

A general outline of the reconstruction algorithm is given here. For details of

82
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the algorithm see appendix A. The reconstruction starts by pairing oppositely
charged tracks. Conditions were placed on the track transverse momentum,
pr > 150 MeV and pseudorapidity, |n| < 1.75 since these tracks were known to
be well reconstructed by the tracking detectors and offline reconstruction code.
Particle tracks were assumed to be circular in the transverse plane, since most
K? decays occurred in the central region of the ZEUS tracking detectors. As
already discussed in chapter 4 the magnetic field is uniform to 2 % in this region.
Candidate secondary vertices were found for each pair of tracks by calculating
their two intersection points in the transverse plane. The z-coordinates of both
tracks at each candidate vertex were calculated assuming uniform motion in the
z-direction. If the tracks did not intersect in the transverse plane, the track
pair was rejected from the reconstruction algorithm. Scattering of particles in
the walls of the VXD and CTD was neglected. The momentum components of
each track measured at the perigee point with respect to the ZEUS z-axis, were
extrapolated to each candidate secondary vertex where the total invariant mass
of the two particles was calculated assuming they were pions in the case of K?

decay and pr in the case of A decay.

6.2 K? Selection Cuts

To improve the K? signal to background ratio, cuts were applied on:-
1. the separation in z between the daughter tracks at the secondary vertex;

2. the angle, «, between the candidate K? momentum and its line-of-flight

from the primary vertex;
3. the impact parameter of each track with respect to the primary vertex;
4. the mass of the pair of tracks;

Each cut was developed by a similar method to [67], using the default sample of
PYTHIA events passed through the full detector simulation. For each variable
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studied, the purity and efficiency of K? reconstruction were calculated as a
function of the cut variable. Purity was defined as the ratio of true K¢ — 7+ 7~
decays to the total number of candidates passing the cuts. Efficiency was defined
as the fraction of true K2 — 7% 7~ decays which passed the cut. The optimal

value for each cut was selected to be at the maximum of purity*efficiency.

6.2.1 |Az| Cut

The separation in z between the K? daughter tracks, at the candidate secondary
vertex with minimum |Az| is shown in figure 6.1. The |Az| distribution for
true K? is observed to be narrower than for all K? candidates. There is little
variation in the purity*efficiency distribution above |Az| = 3 cm, therefore to
keep the combinatoric background at a minimum K? candidates were required to

satisfy |Az| < 3 cm.
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Figure 6.1: Distribution of the z separation between daughter tracks (left) for all K?
candidates, and true K? candidates. The purity and efficiency (right) of K? reconstruction

as a function of the |Az| upper limit.
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6.2.2 Collinearity Cut

The collinearity angle, «, was defined as the angle between the K? transverse
momentum and the line joining the primary to secondary vertex projected onto
the z —y plane. The distribution in « for all K? and true K? candidates is shown
in figure 6.2. The distribution in « is broader for all K? candidates than for true
K? candidates. The K? reconstruction purity and efficiency suggest the optimal

choice of cut to be o < 8.1°, or equivalently, cos a > 0.99.

Arbitrary Units

Purity.Efficiency

10 “ i TR IR SR W RAVER S S N
0 50 100 150 0 50 100 150

! degrees a upper limit

Figure 6.2: Collinearity Angle (left) distribution for all K0 candidates, and true K? candi-
dates. The purity and efficiency (right) of K? reconstruction as a function of the collinearity

angle upper limit.

6.2.3 Impact Parameter Cut

To reduce the combinatoric background from false K? candidates associated with
tracks on the primary vertex, a cut was made on the impact parameter, |e|, of
the daughter tracks used in K? reconstruction. Figure 6.3 shows the impact
parameter distribution for the daughter track with minimum impact parameter
for each K? candidate. Since kaons typically decay a few centimetres from the
primary event vertex, the daughter tracks from true K? candidates have a larger

impact parameter than tracks from all KO candidates, most of which are formed
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from track pairs intersecting at the primary event vertex. Compromising between
K? reconstruction purity and efficiency suggests requiring both daughter tracks

to have an impact parameter |e| > 0.3 cm.
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Figure 6.3: Impact parameter (left) distribution for all K? candidates, and true K?
candidates. The purity and efficiency (right) of KO reconstruction as a function of the impact

parameter lower limit.

6.2.4 Photon Rejection Cut

If a particle of mass m undergoes two body decay to equal mass daughter particles,
then the energies of the daughters, Ey, E; and the opening angle between them,
612, are approximatley related by (E; + FE2)612 = 2m. Figure 6.4 shows the
(E1+ E3)612 distribution for photon conversions in the double-hatched histogram.
Placing a cut at (E; + E3)012 > 0.2 GeV removes 95 % of the photon conversions
in the K? sample. Also shown is the (E; + E3)0;2 distribution for K? candidates
passing the collinearity, |Az|, and impact parameter cuts. As expected, a peak

at approximately 1 GeV is observed.
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Figure 6.4: The (E;, + F3)6,, distribution for K? candidates passing the collinearity, |Az|,
and impact parameter cuts for all candidates (blank histogram), true K? decays (single-hatched

histogram) and true photon conversions (double-hatched histogram).

6.2.5 A(A) Rejection Cut

By assuming the higher momentum daughter track to be a proton instead of a
m, the A mass hypothesis was calculated for each track pair. Figure 6.5 shows a
plot of m(pm) vs. m(wt7 ™) for each track pair satisfying the above K7 selection
cuts. K? candidates with a A mass hypothesis m(pr) < 1.12 GeV were rejected
from the K? sample.

The p 7~ and p 7% mass spectra for A and A candidates with py > 0.5 GeV
and |p| < 1.5 in the selected data events are shown in figure 6.6. The numbers of
A and A’s are expected to be equal in this pseudorapidity region. The p 7~ and

p #t mass spectra were fitted by the function

f(m) = g(m) + bg(m) (6.1)

where the signal was given by the Gaussian,

gomy = 2A) (—3 (m—‘—m@)) (62)

- V2ro 2 o
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Figure 6.5: Invariant mass of candidates using two mass hypotheses, 7+7~ and pr. Candi-

dates in K sample with m(pr) < 1.12 GeV were rejected as being probable A candidates.

and the background by,
bg(m) = (m — mrgR)® - exp (bm + em? + dm®) (6.3)

mrygr = 1.077 being the threshold mass. The fit gave 297 £ 22 A and 320 & 25
A candidates. The A and A masses were determined to be m(A) = 1116.0 &+
0.2 MeV and m(A) = 1116.1 4 0.2 MeV, in fair agreement with the PDG value,
1115.7 £ 0.006 MeV [68].

6.2.6 Data - Monte Carlo K° Selection Cut Comparison

A comparison between data and the PYTHIA Monte Carlo simulation of the cut
variables used in the isolation of a K? signal is shown in figure 6.7. Plots 6.7(a - c)
show a comparison of the |Az|, cos @ and |e| distributions, requiring only that the
K? candidates have m(w*t7~) = 0.49740.25 GeV. The background candidates in
the signal region are therefore still present in these plots. Although the widths of
the peaks in the data and Monte Carlo differ in the |Az| and cos a distributions,

the cuts generously contain the peaks, are not in sensitive regions and the tails



CHAPTER 6. K° ANALYSIS 89

> 180 > 180
= 160 F = 160 |
S a0 S 140 F
2 120 2 120 F
€ 100 F = 100 |-
- 80F - 80F
60 | % 60 |
= ¢ F L
VA ol W
20 20 | ¢
O- llllllhllllllll F I.lllllllllllll]l

0
1.075 1.1 1125 1.15 1.175 1.075 1.1 1125 1.15 1.175
pn~ mass (GeV) p* mass (GeV)

Figure 6.6: Invariant mass spectra of A (left) and A (right) candidates with pr > 0.5 GeV
and |n| < 1.5 in hard photoproduction events with 0.15 < yyp < 0.7, containing a calorimeter

jet with EZCAL > 7 GeV and |V C4L| < 0.5.

are well described. Figure 6.7(c) shows good agreement in the impact parameter
distribution in data and Monte Carlo. The (E; + E2)6;, distribution is plotted
in figure 6.7(d) before applying any K? selection cuts and shows good agreement
between the data and Monte Carlo.

A comparison of the combined p 7~ and » n* mass spectra in the data
and resolved plus direct Monte Carlo is shown in figure 6.8. The Monte Carlo
histogram is normalised to the number of entries in the data histogram and is

seen to agree well with the data.

6.3 K Reconstruction Resolution

The accuracy and resolution of the K? reconstruction method was evaluated
from PYTHIA events with default parameter settings passed through the full
detector simulation, by comparing the values of reconstructed and true variables
for true K? candidates. The accuracy of the secondary vertex reconstruction
is demonstrated in figure 6.9 and 6.10. The error bars in figures 6.9 and 6.10
represent the RMS of the plotted quantities.
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Figure 6.7: Comparison of |z| (a), cosa (b), |¢| (¢) and (E1 + E2)612 (d) distributions in data
(filled circles) and mixed resolved plus direct PYTHIA Monte Carlo (histogram).

The difference between the reconstructed and true (z,y,z) coordinates of
the secondary vertex are plotted in figures 6.9(a), (d) and (g). The mean of
each distribution is compatible with zero. Figures 6.9(b), (e) and (h) show
the difference between the reconstructed and true (z,y,z) coordinates of the
secondary vertex plotted against azimuthal angle of the secondary vertex. The
reconstructed secondary vertex is accurately reconstructed over all azimuth.
The RMS of the vertex reconstruction is observed to vary in z and y with

azimuth. This was attributed to the error in the secondary vertex coordinate
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Figure 6.8: Combined invariant mass spectra of A and A candidates with pr > 0.5 GeV and

|n] < 1.5 in hard photoproduction events with 0.15 < yyp < 0.7, containing a calorimeter jet

with E¥CAL > 7 GeV and |[nY¢4L| < 0.5. The data (filled circles) is compared to the resolved
plus direct default PYTHIA Monte Carlo distribution (histogram).

reconstruction being dominated by the radial position rather than azimuthal
angle. Figures 6.9(c), (f) and (i) show the difference between the reconstructed
and true (z,y,z) coordinates of the secondary vertex plotted against polar
angle of the secondary vertex. The reconstructed secondary vertex is accurately
reconstructed over the whole polar angle range.

Figures 6.10(a) (d) and (g) show the difference between the reconstructed K?
(pr,7,p.) and the true K? (pr,n, p,); the offset in pj*°, n™*° and p’* relative to
the true value is negligible. The resolution was observed to be dependent on pr
and p,, but flat in 7, o(n) = 0.01 in figures 6.10(b), (e) and (h). Figures 6.10(c),
(f) and (i) show the difference between the reconstructed and true K? (pr,7,p,)
as a function of pseudorapidity. Only the p, reconstruction resolution is observed
to be n dependent and only at large |n]|.

The bin sizes for the multiplicity measurements in pr and 7 were chosen such

that migration effects due to the K? reconstruction resolution were negligible,
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and also so that there was a large enough K? signal with which to evaluate the

K? reconstruction efficiency.
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Figure 6.9: K? secondary vertex reconstruction resolution. The error bars represent the RMS

of the quantity plotted.

6.4 K? Signal

The 77~ mass spectra obtained from the ZEUS 1994 e* p data and the default
PYTHIA resolved plus direct Monte Carlo after applying all event and K?
selection cuts are shown in figure 6.11. A K? peak over a low level, slowly
varying background is observed in both the data and Monte Carlo distributions.

The number of reconstructed K? was estimated in this analysis by using a
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Figure 6.10: K? reconstruction resolutions in pr, 7 and p,. The error bars represent the

RMS of the quantity plotted.

background subtraction technique. In this method the K? signal was calculated
as the number of candidates within 25 MeV of the nominal K? mass and the
background was given by the average of the number of candidates within windows
at 0.4 — 0.45 and 0.55 — 0.6 GeV. The Monte Carlo histogram in figure 6.11 was
normalised to have the same average number of candidates in the background
windows as the data. A signal of 3580 4 65 K? candidates was obtained from
the data sample. This result was checked by fitting the 7¥7~ mass spectrum
with a double gaussian signal and a linear background. The fit gave 3759 + 40
K? candidates which was consistent with the background subtraction technique

once candidates in the tails of the K? signal outside the 25 MeV signal window
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had been accounted for. In the Monte Carlo 96 % of K? candidates contained
in the two gaussian signals were reconstructed with a mass inside the K? signal
region. This was consistent with the data where 95 % of K? candidates in the
two gaussian signals lay in the K? signal region.

The K? mass was calculated from the double gaussian fit by weighting the
mean of each gaussian according to the fraction of the total number of K?
candidates contained in each gaussian. The K? mass determined from the data
was 497.2+0.2 MeV, consistent with the K? mass obtained from the Monte Carlo,
497.1 MeV, but slightly low compared to the PDG value of 497.67+0.03 MeV [68].
The K? mass quoted above was determined using the VXD, CTD and RTD
tracking detectors. It was consistent with the K? mass determined using the

CTD tracking information alone.

ZEUS 1994
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Figure 6.11: The reconstructed 7t7~ mass spectrum from 1994 ZEUS data (full circles)
compared to the 7+ 7~ mass spectrum predicted by the default resolved plus direct PYTHIA
Monte Carlo (histogram).

As a further check of the K? reconstruction figure 6.12 shows the proper
cr distribution in the data (full circles) compared to the default resolved plus

direct PYTHIA Monte Carlo (histogram). The contribution to the ¢7 distribution
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from K? background candidates was subtracted from the data and Monte Carlo
histograms. The Monte Carlo was normalised to give the same number of entries
as the data. The K? lifetime was estimated using a similar approach to TASSO’s
B hadron lifetime measurement [69]. The default Monte Carlo K? cr distribution
was reweighted to give different K? lifetimes according to

’
CT — CT,
n%gc(cn; cr') = n%f(cri; cT,) exp(cr,-(TCT,—z)) (6.4)

where n%f (c7i; ¢7,) is the number of observed Kg decays in the bin c7; for a Kf
lifetime of c7,. The K? decays were simulated by MOZART with a lifetime of
cT, = 2.676 cm and the c¢7 distribution was reweighted to lifetime values in the
range 2.45 < c¢r' < 2.95 cm. The x? value for each K? lifetime was calculated

according to

Ver) = 35 k) o e ) (65
2 oA (en) 4 ny T e cr)

where the sum was taken over all bins in the range, 0.5 < ¢r; < 10 cm. The
lifetime obtained was insensitive to inclusion of the first bin of the ¢7 distribution.
The dependence of x? on K? lifetime is also shown in figure 6.12. The best fit of
the PYTHIA lifetime distribution to the data is shown in figure 6.12 and gave a
K? lifetime of c7, = 2.72131% cm in agreement with the value used for the Monte

Carlo generation and the PDG value [68].

6.5 Uncorrected K? Inclusive Multiplicities.

1 dN(K?
Njgrs dpy

The starting point for determining the inclusive multiplicities

1 dN(K?

—— in hard photoproduction events was calculating the numbers of
Nyers dn

reconstructed K? uncorrected for K? reconstruction and event selection ineffi-
ciencies, and the effect of the detector on the reconstruction of the quantities
characterising the kinematics of hard photoproduction events, y;p and the
jet transverse energies. The background subtraction technique described in
section 6.4 was used to estimate the numbers of reconstructed K? from the 7+=~

mass spectra split into pr and 7 bins.
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Figure 6.12: The reconstructed K? proper lifetime distribution in data (full circles) and the
reweighted resolved plus direct PYTHIA distribution (histogram) which best fit the data (left)
and the x? distribution as a function of K0 lifetime (right).

Figure 6.13 shows the 7#t7~ mass spectra in the chosen pr bins and the

1 dN(K9

number of reconstructed K? is given in table 6.1. The uncorrected w2—
s Nyers dp%

inclusive multiplicity is compared to several PYTHIA Monte Carlo samples in
figure 6.15(a). The default PYTHIA Monte Carlo sample describes the data
reasonably at 0.5 < pr < 0.75 GeV, and well at pr > 0.75 GeV. PYTHIA
reweighted with the LAC1 photon structure function also provides a good
description of the data. The P;/P, = 0.20 PYTHIA sample underestimates
the uncorrected number of K? in the data over the full pr range, while PYTHIA
with multiple interactions tends to overestimate the data at low pr.

The 7+ 7~ mass spectra in the chosen 7 bins are shown in figure 6.14, and the

1 dN(K?

number of reconstructed K? are given in table 6.2. The uncorrected A ET—

inclusive multiplicity is compared to several PYTHIA Monte Carlo samples in
figure 6.15(b). In contrast with the pr spectrum, the P;/P, = 0.20 PYTHIA
sample describes the data better than the default PYTHIA and LAC1 Monte
Carlo samples in the negative pseudorapidity region. There is, however, an excess
in the data at n > 0.75 which is poorly modelled by all the Monte Carlo samples,
except for PYTHIA with multiple interactions. However, PYTHIA with multiple
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pr range (GeV) | Reconstructed K?
0.5 < pr < 0.625 332+ 24
0.625 < pr < 0.75 384 £+ 24
0.7 < pr < 1.0 716 £ 30

1.0 < pr < 1.4 814 + 31

14 < pr <195 661 £ 27

1.95 < pr <25 341 + 20

2.5 < pr < 4.0 302 + 19

Table 6.1: Numbers of reconstructed K9 in pr bins.

n range Reconstructed K?
-15<n<-1.125 80 £10
—-1.125 < < -0.75 252+ 18
—0.75 <9 < —-0.375 398 + 22

03715 <9 <0 642 + 28

0<7n<0.375 768 £ 31
0.375 <1 < 0.75 652 £ 29
0.7 <7 <1.125 498 £ 26
1.125 <n < 1.5 313 +£21

Table 6.2: Numbers of reconstructed K? in 7 bins.

interactions overestimates the K? multiplicity at central pseudorapidities. Inte-
grating over |p(K?)| < 1.5 apparently averages out the difference in shape of the
data and Monte Carlo 7 spectra so that the default PYTHIA Monte Carlo pr

spectrum appears to give a good description of the data.
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Figure 6.15: Uncorrected K? inclusive multiplicities as a function of pr (a) and 5 (b) in hard
photoproduction events with 0.15 < y;p < 0.7, containing a calorimeter jet with EZ¢AL >
7 GeV and |[pVC4L| < 0.5. The data (filled circles) is compared to PYTHIA samples of
direct (triangles), resolved (inverted triangles), mixed resolved plus direct (solid line), mixed
P;/P, = 0.20 (dash-dotted line), mixed with LAC1 photon structure function(dotted line), and

with multiple interactions (sparse dotted).

6.6 Correction Procedure

The uncorrected PYTHIA Monte Carlo sample described the shape of the
uncorrected K? pr and 7 spectra in the data reasonably well, except in the region
n > 0.75. It was therefore possible to use the PYTHIA sample to determine
correction factors which could be applied to the uncorrected data to obtain the

1 dN(KO 1 dN(K°

true inclusive multiplicities 7——
J

, — corrected back to hadron
grs dpy ' Nygrs dn

level events defined in section 5.2, bearing in mind that the results in the region
n > 0.75 suffer from a niodel—dependent systematic error.

For any distribution, the following bin-by-bin correction factors were calculated:-

e K? Reconstruction Efficiency. This was determined from Monte Carlo

events passing the data selection criteria of section 5. For any variable, z,
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the K? reconstruction efficiency was defined as,

obs
61{2(37) NiiLRECO(m) (6.6)
N3grreco(z)

where N5, ppco(z) was the number of observed K% — 7+ 7~ decays counted
using the background subtraction technique in selected reconstruction level
events, and N¢z;reco(z) was the number of generated K? — 7+7~ decays

in selected reconstruction level events.

e Trigger Efficiency. This correction factor accounted for losses in the
number of reconstructed K? due to event selection cuts or trigger criteria.

The trigger efficiency was defined as

Ngen
€rig(2) = 2 SELRECO\™/ E_(,Legfs(‘;()x) (6.7)

where N§z-o(z) was the number of generated K? — ntr~ decays in all
events reconstructed as having 0.15 < yyjg < 0.7 and at least one jet

satisfying EYCAL > 7 GeV, |nUCAL| < 0.5, irrespective of whether they

satisfied the trigger criteria.

o RECO-to-HADRON level Correction Factor. This was defined as

ge'n,

Clz) = —&E—Ci(i) (6.8)

Fio(@)
where N¥4p(z) was the number of generated K? — 77~ decays in hadron
level events with 0.2 < y < 0.85 and at least one jet satisfying E#4P >
8 GeV, |nf14P| <0.5.

In this way, the correction factors accounted for

e K? reconstruction efficiency due to selection criteria;
e daughter track reconstruction inefficiency;

e event selection and reconstruction efficiency;

e migration in K? pr and n;
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e migration in jet Er and 7.

The effects of migration are discussed in section 6.7. The errors on the K?
reconstruction and trigger efficiencies were calculated according to the binomial
theorem, for example in each pr bin the error on the K? reconstruction efficiency

was calculated from,
exo(l — exo)

en 6 . 9
N§gLRrECO (69)

U(CKQ) =

Figure 6.16 shows the K? reconstruction efficiency as a function of pr and 7.
The main factor contributing to the low value of the K? reconstruction efficiency
is the impact parameter cut, which enhances the signal-to-background ratio in
the 7% 7~ spectrum by removing K? candidates arising from the large number of
intersecting tracks at the primary vertex. The reconstruction efficiency increased
with pr until pr ~ 2 GeV then decreased. One expects low pr particles to
have a lower track reconstruction efficiency than higher pr tracks because low
momentum tracks which do not have enough transverse momentum to traverse
all 9 superlayers in the CTD, describe several periods of a helical trajectory, then
exit at the CTD endplates. These particle tracks are less accurately measured
than higher pr tracks since they are often split during the track reconstruction
and have fewer measured points. The decrease in K? reconstruction efficiency at
pr > 2 GeV was attributed to longer lived K? decay within the tracking detectors
decreasing the daughter track length available for reconstruction.

The event selection efficiencies for accepting events with a calorimeter level
jet satisfying E¥CAL > 7 GeV, nUC4L < 0.5 as a function of KO pr and 7 are
shown in figure 6.17. All distributions were flat at around 95 %. As one would
expect, losses arose here from events failing the background rejection cuts rather
than the trigger criteria.

The UCAL-to-HADRON level correction factor is shown in figure 6.18 as a

function of K? pr and 5. There is no strong dependence on either pr or 7.
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Figure 6.16: K0 reconstruction efficiency as a function of pr (left column) and 7 (right
column) for direct (top row), resolved (middle row) and mixed resolved plus direct (bottom

row) PYTHIA Monte Carlo samples.
6.7 Effects of Migration

In section 6.3 it was shown that the K? pr and 5 reconstruction was extremely
accurate. Since the bins in the inclusive multiplicity distributions are much larger
than the K? reconstruction resolution bin-to-bin migrations will be very small and
have been neglected in this analysis.

The jet reconstruction resolution is, however, a large source of event migration.
While the jet  reconstruction was shown to be accurate and had a resolution of
6° there is a shift of —13% between the hadron and calorimeter level jet Er with
a resolution of 11%. Coupled to the steeply falling jet cross section in E7, the jet
reconstruction gives rise to event migrations. A PYTHIA Monte Carlo sample was
generated as described in section 2.5 but without any jet enrichment requirements

to study event migration. It was found that approximately 30% of generated
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Figure 6.17: Trigger efficiency as a function of pr (left column) and 7 (right column) for
direct (top row), resolved (middle row) and mixed resolved plus direct (bottom row) PYTHIA

Monte Carlo samples.

events which passed the hadron level selection criteria failed the calorimeter
level criteria and so migrated out of the measurement region. Conversely,
approximately 20% of events which failed the hadron level selection criteria passed
the calorimeter level criteria, migrating into the measurement region.

Of more importance to this analysis is how the migrating events change the
inclusive multiplicity distributions. Figure 6.19 shows the resolved plus direct
uncorrected K? multiplicity pr and 7 spectra for events passing the jet and ysp
selection criteria. These are compared to the K? spectra for events migrating into
and out of the measurement region. In general, the pr and 7 spectra of selected
and migrant events are consistent within errors. The K? multiplicity decreases

by 1% due to event migration.
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Figure 6.18: Correction factor as a function of pr (left column) and 7 (right column) for
direct (top row), resolved (middle row) and mixed resolved plus direct (bottom row) PYTHIA

Monte Carlo sample.

6.8 Systematic Errors

The systematic errors for each of the K° distributions have been calculated on
a point-by-point basis. The systematic error attributed to each aspect of the
analysis was calculated by changing a cut or reconstruction procedure in the
Monte Carlo and data, and comparing the subsequent corrected result with the
corrected result from the nominal cuts and procedure. Where two changes were
made to a particular cut e.g. the primary vertex cut, the systematic error on each
point was taken as the largest shift in the measured quantity. The total systematic
error was then calculated by combining the change from each systematic variation
in quadrature. The changes made to the analysis procedure are discussed in the

following section.
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Figure 6.19: The uncorrected K0 multiplicity spectra (diamonds) as functions of pr (left) and
n (right), compared to the multiplicity spectra for events migrating into (circles), and events

migrating out of the event selection region (squares).

6.8.1 Systematic Changes to Analysis Procedure

The following changes were made in the analysis procedure to calculate the

systematic errors associated with each cut, or reconstruction procedure.

Event Selection Cuts

1. As shown in figure 5.3, for events with a et scattered into the LUMI
EDET the value of y;p measured in the UCAL was about 20 % lower
than yruar. The stability of the distributions obtained by correcting data
events satisfying 0.15 < yyp < 0.7 with Monte Carlo events satisfying
0.2 < y < 0.85 was tested by changing the data cut to 0.2 < y < 0.8 and

leaving the Monte Carlo cut unchanged.

2. The primary vertex position cut was changed from —37 < z < 45 cm to

—32<2<40 cm and —42 < 2z < 50 cm.

3. The nyeq cut was changed from nyg < 3 t0 npea < 2 and npeg < 4.
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4. The missing transverse momentum cut was changed from %% < 2 GeV1/?

to = < 1.8 GeV'/? and Fh= < 2.2 GeV'/?

The UCAL timing cut was changed from ¢, —t4 > —6 ns tot, —t4 > —5 ns

and t, —t; > —7 ns

The EEXOTIC [70] and SINISTRA [71] electron finders were used instead
of the ELECS finder.

The Nmee cut was changed from 7pmez 2> 1.5 t0 Pmaz > 1.35 and ey > 1.65

K° Selection Cuts

The following systematic changes were calculated for the K° analysis.

1.

The cut on z separation between the 7t 7~ tracks at the reconstructed
secondary vertex was changed from |Az| < 3 cm to |Az| < 2.7 cm and

|Az| < 3.3 cm

The collinearity angle cut was changed from cosa > 0.99 to cosa > 0.985
and cos o > 0.995

The anti-y cut was changed from (E; + E3)012 > 0.2 GeV to (E; + E3)0;2 >
0.18 GeV and (E; + E3)612 > 0.22 GeV.

The impact parameter cut with which tracks were selected for input to the
K? reconstruction algorithm was changed from |e| > 0.3 cm to |e| > 0.27 cm

and |e| > 0.33 cm.

The anti-A cut was changed from m(pr) < 1.12 GeV to m(pr) < 1.117 GeV
and m(pr) < 1.123 GeV.

The signal, 0.475—0.525 GeV and background regions, 0.4 —0.45 and 0.55—
0.6 GeV, used to count K? candidates were changed to 0.47 — 0.53 GeV,
0.44 — 0.47 and 0.53 — 0.56 GeV respectively.
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Calorimeter Energy Scale

The uncertainty in the UCAL energy scale has been shown to be 5 % [62]. The
systematic error associated with this uncertainty was calculated by correcting the
data with Monte Carlo samples where each UCAL cell energy deposit had been
changed by £5 %.

Proton and Photon Structure Functions

The data were corrected using correction factors calculated from the default
PYTHIA Monte Carlo sample reweighted by the LAC1 photon structure function.
The LAC1 photon structure function contains a large gluon contribution at low
z,. Similarly, the systematic error associated with the parameterisation of the
proton structure function was estimated by correcting events with the default

PYTHIA Monte Carlo sample reweighted by the GRV proton structure function.

Track Reconstruction Algorithm

The track reconstruction algorithm used in the default analysis employed infor-
mation from the VXD, CTD and RTD. The analysis was repeated using only the

CTD information for track reconstruction.

6.9 K° Multiplicities.

The inclusive multiplicity m%ﬁ was calculated as a function of pr using
T

the following procedure. First the reconstructed K? pr spectrum was corrected

using
dngo nKS(pT) 1
dp% 2prAprBR €
where nyo(pr) was the number of K? candidates in the bin pr to pr + Apr,

BR = BR(K°® — K°)BR(K? — ntr~) which accounts for unseen K° decay

(6.10)

modes, € = €go€,4C 1s the correction factor.
The observed number of calorimeter jets with E¥¢4L > 7 GeV and |p| < 0.5

was then corrected to give Njgrs, the number of hadron jets with EX4P > 8 GeV
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and |pf4P| < 0.5 in events with 0.2 < y < 0.85 using a correction procedure

similar to that used for K? decays. These numbers were then combined to give

the corrected multiplicity, —— %—Krol. A similar procedure was used to calculate
T

NjyeTs
1 dN(K°
Nyers dn

The systematic changes in the K° multiplicities after altering a selection cut
or reconstruction algorithm are plotted in figures 6.20 and 6.21. The largest
systematic error is associated with the choice of track reconstruction algorithm.
Using the CTD tracking alone gave a multiplicity higher than using the combined
VXD, CTD and RTD tracking. The effect was approximately 12% at low p7 and
decreased to 2% at high pr. As a function of n the tracking package systematic
error was 20% at backward n and decreased to 5% at forward 5. The largest
systematic error associated with event selection was the choice of the region in
ysB used to select data events. This gave rise to a 5% error at low py which rose
to approximately 10% at pr = 3.25 GeV, and an error of approximately 5%, flat
in n. Other errors due to the event selection cuts were typically less than 2%.
Systematic errors arising from the K selection cuts were typically less than 5%,
but in some cases rose to 10% at the lowest and highest n bins. The systematic
errors arising from the photon and proton structure functions were found to be
typically 5%. The +5% uncertainty in the calorimeter energy scale gave up to a

10% uncertainty in the inclusive multiplicities.
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Figure 6.22 shows NJ}sz %ﬁ;—ol for hard photoproduction events in the defined
kinematic range. The bold error bars denote the statistical error on each point
arising from data and Monte Carlo. The thin error bars denote the statistical
and systematic errors combined in quadrature. Also shown are the predictions
of the default PYTHIA direct, resolved and resolved plus direct Monte Carlo
samples, the reweighted LAC1, the P;/P, = 0.20 PYTHIA and PYTHIA with
multiple interaction samples. Both resolved and direct contributions are required
to describe the measured cross section. As noted with the uncorrected data,
the default resolved plus direct PYTHIA sample is in good agreement with the
measured inclusive multiplicity except at low pr, however, this is probably due
to integration over the region, |p(K?)| < 1.5, in which the data contains an
excess over the Monte Carlo. As observed in the uncorrected data, PYTHIA with
multiple interactions overestimates the K° multiplicity at low pr. The effect of
multiple interactions is to increase the overall ‘background’ energy in an event.
This leads to softer jets than in the default case passing the jet Er threshold,
and hence an increase in the multiplicity of soft particles.

Also shown in figure 6.22 is mw%? for hard photoproduction events in
the defined kinematic range. The bold error bars denote the statistical error
on each point arising from data and Monte Carlo. The thin error bars denote
the statistical and systematic errors combined in quadrature. As noted with
the uncorrected data, the default resolved plus direct PYTHIA sample tends to
overestimate the data at low pseudorapidity. Except for PYTHIA with multiple
interactions, all the models shown underestimate the K® multiplicity at high 7,
while PYTHIA MI overestimates the K° multiplicity at central pseudorapidities.
It is interesting to note that at backward pseudorapidities PYTHIA with P,/ P, =
0.20 best models the data.

In [21] it was found that the inclusive jet cross section in hard photoproduction
events was larger at high n than all Monte Carlo predictions, except when LAC1
was used as the photon structure function. Since most of the high 7 kaons

will have been produced in jets outside the selection region, [p4P| < 0.5, it
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is plausible that the K° multiplicity excess and the inclusive jet cross section

excess arise from a common cause.
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Figure 6.22: Inclusive K° multiplicities as a function of pr, (a), and 5, (b), in hard
photoproduction events with 0.2 < y < 0.85, containing a hadron jet with EF4P > 8 GeV and
|n#AP| < 0.5. The data (filled circles) is compared to PYTHIA samples of direct (triangles),
resolved (inverted triangles), mixed resolved plus direct (solid line), mixed P;/P, = 0.20
(dash-dotted line), mixed with the LAC1 resolved plus direct (dotted line), and with multiple
interactions (sparse dotted). The bold error bars denote the statistical error on each point
arising from data and Monte Carlo. The thin error bars denote the statistical and systematic

errors combined in quadrature.

6.10 K° Production within Jets.

We have seen that the K° 7 spectrum is only approximately described by
the default PYTHIA Monte Carlo, and that the discrepancy arises at forward
pseudorapidity. By studying kaons produced in association with the jet(s)
satisfying the event selection criteria, EY“4L > 7 GeV in |[pV¢AL| < 0.5, where
the measured inclusive jet cross section is in fair agreement with predictions
from PYTHIA [21], jet fragmentation was studied more closely than with the

inclusive multiplicity distributions. It was also hoped that problems arising from

PYTHIA s inability to describe the K° spectrum at forward pseudorapidity would



CHAPTER 6. K° ANALYSIS 114

be avoided. In this section the criteria for associating K? with jets is established.
This is used to calculate the mean K° multiplicity per jet, and the fragmentation

function into K averaged over all parton flavours.

6.10.1 K" - Jet Profiles.

The uncorrected distributions in ¢ and n of K? relative to jets with E¥CAL >
7 GeV and [pYCAL| < 0.5 are shown in figures 6.23(a) and (b). The K? were
required to satisfy the same kinematic criteria as in the multiplicity measurement,
pr > 0.5 GeV, |p| < 1.5. K? candidates with 7% 7~ mass in the windows used
to perform background subtraction for the inclusive multiplicity measurements
have been subtracted from the distributions shown in figures 6.23(a)-(c). The
most significant systematic errors in the inclusive K° multiplicity spectra were
found to be due to the calorimeter energy scale uncertainty and the choice of
tracking algorithm. Their effects have been calculated from the data sample.
Their systematic errors have been added in quadrature and are shown as the
grey bands in figures 6.23(a)-(c).

Peaks at A¢ =~ 0 and A¢ =~ £ in figure 6.23(a) suggest that K? are being
produced in association with jets, since momentum conservation means the two
jets produced in typical photoproduction events occur at opposite ¢. PYTHIA
predicts a narrower distribution of K? within jets, and a slightly lower multiplicity
in the wings of the profile than is observed in the data. For K? jet pairs with
A¢ < %, the corresponding profile in 7 is shown in figure 6.23(b). As with
the azimuthal profile, the data and PYTHIA agree well in the wings of the jet,
but PYTHIA predicts a narrower distribution than is observed within the jet at
An = 0. The K? - jet profile prediction from PYTHIA with multiple interactions
is broader than the default PYTHIA prediction, but it also overestimates the
data. As noted earlier, this is due to the increased ‘background’ energy in multiple
interaction events, leading to softer jets passing the Er threshold, and manifests
itself as a higher pedestal in the K? - jet profiles.

The distance in n — ¢ space between a K? and a jet, R = VA% + A¢?, is
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" Figure 6.23: Uncorrected distributions of K9 with respect to calorimeter jets of EYCAL >
7 GeV and |[nY¢4L] < 0.5 in ¢ (a), 7 (b) and R (c). The data (filled circles) is compared
to PYTHIA distributions of direct (dashed-line), resolved (dash-dotted line) and resolved plus
direct (solid line) mixed according to the Monte Carlo cross section, in all plots. The direct
and resolved Monte Carlo distributions have been normalised to show the fraction of the K°
multiplicity arising from the direct and resolved processes respectively. In (c) the data is also
compared with the mixed P,/P, = 0.20 (triangles), and LAC1 resolved plus direct (diamonds)
PYTHIA samples. The grey band represents the systematic error due to the systematic errors

associated with the calorimeter energy scale uncertainty and track reconstruction method.

shown in figure 6.23(c). A pronounced peak at small values of R demonstrates
that K? are being produced in association with jets. For R < 0.5 PYTHIA
predicts an excess over the data but is in good agreement with the data for
0.5 < R < 1. In the inter-jet range, 1 < R < 2, PYTHIA underestimates the
data. This is partially associated with the high 5 K? excess in the data observed in
figure 6.15 as the description of the inter-jet region improves if the R distribution
is plotted using kaons with < 0.5. The effect of the excess is less apparent in
figure 6.23(c) than in figure 6.22(b), since figure 6.23(c) is an uncorrected plot
and also because of the low K? reconstruction efficiency at high pseudorapidity.

To establish if the deficit of K? within the jet core was due to poorly
understood tracking in the jet core, the K? - jet profiles were made for jets

containing a varying number of charged particles (ie. contained within R < 1
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and assigned to the primary vertex). Figure 6.24 shows that the discrepancy
remained even when only one or two charged particles were contained in the jet.
As will be shown in chapter 7, the average number of such charged particles
contained in a jet was approximately 3. It therefore seems unlikely that the
discrepancy can be explained by a track reconstruction efficiency problem in the

detector simulation.
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Figure 6.24: Uncorrected distributions of K¢ with respect to calorimeter jets of EZ AL >
7 GeV and [nVC4L| < 0.5 for jets with only one track (left) and at most two charged particles
(right) associated with the primary vertex as functions of ¢ (top), n (middle) and R (bottom).
The data (filled circles) is compared to PYTHIA distributions of direct (dashed-line), resolved
(dash-dotted line) and resolved plus direct (solid line) mixed according to the Monte Carlo cross
section, in all plots. The direct and resolved Monte Carlo distributions have been normalised
to show the fraction of the K° multiplicity arising from the direct and resolved processes

respectively.

Changing the photon structure functions to the ACFGP, GRV NLO and
GS2 parametrisations also failed to adequately describe the data for R < 0.5.
The discrepancy also exists in the default PYTHIA sample of direct enriched
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photoproduction events shown in figure 6.25, while the P;/P, = 0.20 PYTHIA
sample provides a good description of the data for R < 1. These were selected by
requiring events to have two or more jets with EX¢AL > 7 GeV, [pVCAL| < 0.5 and
2985 > 0.75 for the two highest Er jets, as in [72]. The 2985 spectra in data and
Monte Carlo events are shown in figure 6.26. The Monte Carlo has been mixed
to provide the best fit of the :v,?BS distribution in the data. In figure 6.25 the
Monte Carlo direct and resolved events were mixed in proportion to the fraction
of events with zvgB 5> 0.75. Removing events from the Monte Carlo which were
initiated by charm quarks in the photon, in order to reduce the number of K?

from charmed particle decays, did not alleviate the discrepancy.
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Figure 6.25: Uncorrected distributions of K with respect to calorimeter jets of EYCAL >
7 GeV and [pYC4L| < 0.5 as functions of ¢ (a), n (b) and R (c) in a sample of direct enriched
events selected as described in the text. The data (filled circles) is compared to PYTHIA
distributions of direct (dashed-line), resolved (dash-dotted line), resolved plus direct (solid
line), and P,/P, = 0.2 mixed according to the fraction of events with :c,? BS > 0.75. The direct
and resolved Monte Carlo distributions have been normalised to show the fraction of the K°

multiplicity arising from the direct and resolved processes respectively.

The PYTHIA sample generated with P;/P, = 0.20 shows a reduction in the
numbers of K? over the measured phase space. So while agreement is improved
between data and PYTHIA with P;/P, = 0.2 in the jet core (R < 0.5), the

previous agreement at 0.5 < R < 1 is lost and the discrepancy at R > 1 worsens.
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Figure 6.26: Uncorrected 959 distributions of events with 0.15 < yyp < 0.7 and at least two

jets jets satisfying EY¥CAL > 7 GeV and [pY¢AL| < 0.5. The data (filled circles) is compared

to PYTHIA distributions of direct (dashed-line), resolved (dash-dotted line) and resolved plus
direct (solid line) mixed to give the best fit to the data.

6.10.2 K° Multiplicity per Jet

The differences between the K° production rates in the data and Monte Carlo
models has been quantified by measuring the K° multiplicity per jet. To
measure this we defined the criterion for associating a K? with a jet to be,
R(K] —JET)<1. The K° multiplicity per jet < ngoygr > was then
calculated as

nKO ]_
<n >= P 6.11
K°/JET NJETS BR ( )

where ngo was the number of K? assigned to a calorimeter jet, njgrs was the
number of calorimeter jets in each nY“AL bin, and BR is the total branching ratio

JET = pUCAL Lin was calculated

for K° — 7t7~. The number of K? in each 5
using the background subtraction technique of section 6.4. The uncorrected K°
multiplicity per jet is shown in figure 6.27, where it is observed that the shapes
of the data and PYTHIA are in good agreement.

The total correction factors for the separate direct, resolved, and resolved plus

direct PYTHIA Monte Carlo samples are shown in figure 6.28. The correction
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JET

factors are flat as a function of 5 with a magnitude principally determined by

the efficiency of the K° reconstruction.
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Figure 6.27: Uncorrected K° multiplicity per jet as a function of 7727, The data (filled

circles) is compared to distributions of the mixed resolved plus direct default PYTHIA sample

(solid line), the P,/P, = 0.20 mixed PYTHIA sample (dashed line), the LAC1 resolved plus

direct PYTHIA sample (dotted line) and the PYTHIA multiple interaction sample (scarce
dotted).

As for the K° multiplicities the largest systematic error associated with event
selection is due to the y;p region from which the data is selected and is typically
5%. The systematic error from the K° selection cuts was 10% in the lowest and
highest 77/ET bins dominated by the background subtraction method and 5% in
the central 7757 bins due to the A rejection cut. The dominant systematic error
is due to the difference between the VXD, CTD plus RTD and CTD only track
reconstruction algorithms. The systematic error due to CTD tracking information
is less than 10% at low n and between 10 and 20% at positive . The effect of
the UCAL energy scale uncertainty on the number of K% and jets was expected
to cancel in the K° multiplicity per jet, since it is a ratio. The systematic error

arising from the UCAL energy scale uncertainty is typically 5% in all 77E7 bins.
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Figure 6.28: KO multiplicity per jet correction factor as a function of n’ET for direct (top
left), resolved (top right) and mixed resolved plus direct (bottom left) PYTHIA Monte Carlo

samples.
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The corrected K° multiplicity per jet, for jets with EF4P > 8 GeV and
|nF4P] < 0.5, is shown in figure 6.30. The jet pseudorapidity was shown to be
accurately reconstructed in section 5.2 so n#4P = pJET = pUCAL  The hold
error bars denote the statistical error on each point arising from data and Monte
Carlo. The thin error bars denote the statistical and systematic errors combined
in quadrature. Both data and Monte Carlo predictions appear to be independent
of jet pseudorapidity. Integrating over the region |p4P| < 0.5 the mean K°
multiplicity per jet was found to be, < ngo,jpr >= 0.40 £+ 0.01%5:33 where the
first error is statistical and the second error is systematic. For PYTHIA with
the strangeness suppression factor P;/P, = 0.3 using the GRV LHO photon and
MRSA proton structure functions, one obtains < ngo ;57 >= 0.52 & 0.01, while
PYTHIA with multiple interactions predicts < ngo ;g >= 0.56 £ 0.01, both
overestimating the measured rate. Varying the photon structure function had
little effect on < ngo,ypr >. The PYTHIA prediction with P/P, = 0.2 is

< ngosypr >= 0.43 £0.01 in good agreement with the measured value.

6.10.3 K° Fragmentation Function

For K? assigned to jets as in section 6.10.2, the longitudinal momentum fraction
of the jet carried by the K° was calculated according to the definition,
, = PryomT (612)
E
JET
where pgo was the 3-momentum of the K°, and pjgr and Ejgr the 3-momentum
and energy of the jet to which the K? was assigned. The uncorrected K°

fragmentation function was then calculated from

1
DKO _ N ko (z)
(z) NJETS AzBR

where Njgrs is the total number of calorimeter jets with EIQCAL > 7 GeV and

(6.13)

[nYC4E| < 0.5, ngo(z) was the number of K candidates with pr > 0.5 GeV,
In| < 1.5 and in the jet momentum fraction range z to z + Az calculated using
the background subtraction technique of section 6.4. BR is the total branching

fraction for K — ntr~.
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Figure 6.30: K° multiplicity per jet as a function of 7727 in hard photoproduction events

with 0.2 < y < 0.85, containing jets with EF4P > 8 GeV and |74P| < 0.5. The data

(filled circles) is compared to distributions of the mixed resolved plus direct default PYTHIA

sample (solid line), the P,/ P, = 0.20 mixed PYTHIA sample (dashed line), the LAC1 resolved

plus direct PYTHIA sample (dotted line) and the PYTHIA multiple interaction sample (scarce
dotted).

The uncorrected K? fragmentation function is shown in figure 6.31. There is
good general agreement between the uncorrected data and PYTHIA Monte Carlo
predictions. The data and Monte Carlo points are plotted at the mean z value
within each bin. The shape of the fragmentation function in the Monte Carlo
and data at z < 0.05 is affected by the requirement that pr(K_) > 0.5 GeV.

The accuracy and resolution of the reconstructed K? jet momentum fraction
is shown in figure 6.32 by calculating z,eco — Ztrue- There is a small shift of +0.02
in the reconstructed jet momentum fraction relative to the true jet momentum
fraction. A shift in the reconstructed jet momentum fraction is expected because
the jet energy measured by the UCAL is lower than the true value because of
effects described in section 5.2, while the tracking provides a K? momentum

measurement free of any such bias.
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Figure 6.31: Uncorrected K° fragmentation function. The data (filled circles) is compared
to distributions of the mixed resolved plus direct default PYTHIA sample (open squares), the
P,/P, = 0.20 mixed PYTHIA sample (open triangles) and PYTHIA with multiple interactions

(open diamonds).

The shift in the reconstructed jet momentum fraction was proportional to the
true jet momentum fraction, as shown in figure 6.32. Applying a 10 % reduction to
the reconstructed jet momentum fraction gave the momentum fraction resolution
shown in figure 6.33 which shows a negligible shift. The difference in the K°
fragmentation function calculated with and without correcting the jet momentum
fraction carried by the K? for the CTD-UCAL energy scale difference is included
in the systematic error evaluation.

A bin-by-bin correction procedure for determining the corrected K° frag-
mentation function in events containing a hadron jet with E#4P > 8 GeV,
|nF4P| < 0.5 as discussed in section 6.6 was applied. The total correction factors
for the separate direct, resolved and resolved plus direct PYTHIA Monte Carlo
samples are shown in figure 6.34.

The systematic errors due to event selection cuts were typically less than 5%

in any bin except for high 2 where the y;p systematic error reached 40%. The
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Figure 6.32: The jet momentum fraction resolution (left) and jet momentum fraction
resolution as a function of true jet momentum fraction (right) without taking into account

the energy scale difference between the tracking and UCAL.

1 Illlllllllllllllll

0.2 0.2 0.4 06 0.8 1

-0.25

F Mean 0.3373e-02 | 8 0.25
140 - | rMs 0.2962E-01 Ng 02k
120 1 0.15 -
- 0.1
100 3 Néo.osa - | |
80 0 |
60 -0.05 - l
40 E -0.1 -
F -0.15
20 - ‘J 0.2
0 C | 1 | 1 1 [ i
0

|
o
N
o

Zrecon

Figure 6.33: The jet momentum fraction resolution (left) and jet momentum fraction
resolution as a function of true jet momentum fraction (right) taking into account the energy

scale difference between the tracking and UCAL.

systematic errors due to the K° selection cuts were typically less than 5% up
to z < 0.3. At high z the impact parameter cut and A rejection cut were the
dominant systematic errors, of the order of 15-20%. The A rejection systematic

error in the final 2z bin was 1000%, this was due to statistical fluctuations.
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Figure 6.34: K° fragmentation function correction factors as a function of z for direct (top
left), resolved (top right) and mixed resolved plus direct (bottom left) PYTHIA Monte Carlo

samples.

The systematic error from correcting the data with different photon and proton
structure functions was typically less than 5% but reached 20% at high 2. The
track reconstruction algorithm was found to be the dominant systematic error at
low z contributing at most 75%, but typically 15 - 40%. The systematic error
arising from the uncertainty in the calorimeter energy was less than 5% at low z
and increased to 30% in the final z bin. Correcting the calculated jet momentum
fraction for the difference in energy scale between the CTD and UCAL produced
an uncertainty of typically 5% which increased to 30% at high =.
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Figure 6.35: Systematic errors in DKU(Z).
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The corrected K° fragmentation function is compared to the predictions of the
default, P,/ P, = 0.20 and multiple interaction PYTHIA Monte Carlo samples in
figure 6.36. The data and Monte Carlo points are plotted at the mean z value
within each bin, without taking into account any shift in z arising from the CTD-
UCAL energy scale difference. The bold error bars denote the statistical error
on each point arising from data and Monte Carlo. The thin error bars denote
the statistical and systematic errors combined in quadrature. The results from
Binnewies et al. [2] are shown as the two curves. The flavour of the scattered
partons is not known and the choice of LO and NLO is not well defined in
the present context. The curves represent the limits of the range of LO and
NLO D*°(z) values at a scale of 8 GeV. The lower curve corresponds to NLO
g fragmentation for z < 0.45 and d quark fragmentation for z > 0.45. The
upper curve corresponds to LO d, ¢ and u quark fragmentation for z < 0.15,
0.15 < z < 0.40 and z > 0.40 respectively. The data lies between PYTHIA with
default fragmentation parameters and P,/P, = 0.20 at z < 0.3, while there is a
tendency for the data to lie below both PYTHIA samples at z > 0.3. Similar
conclusions are reached when comparing the data with the results of [2].

The definition of z used in the fragmentation function measurement was
slightly different from that used by Binnewies et al. In their calculation, z
had been defined by the et e~ experiments which they used to calculate their
fragmentation functions. The fragmentation function analysis presented in this

thesis was repeated using the corresponding definition,

E
' K (6.14)

z =
E;er

to investigate the effect of the z definition. The resulting fragmentation function,

DX (2", is shown in figure 6.37, where it is compared to the the results of [2] and
the fragmentation function, DX°(z), determined using z = p—%’gﬂ
JET

bars on the data points represent the systematic errors added in quadrature,

. The error

calculated in the same manner as before. One expects z' > z since z ~ 2’ cos ¥,
where 8 is the angle between a kaon and the jet to which it is assigned and

therefore the maximum of D¥°(2') occurs at 2z’ = 0.12 while the maximum of
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DX°(z) was at z = 0.07. The error on the point at 2z’ = 0.04 is so large because of
the pr(K?) > 0.5 GeV cut. The agreement between data and the calculations of

Binnewies et al. is improved by using the momentum fraction defined according

to 2/,
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Figure 6.36: The K° fragmentation function in hard photoproduction events with 0.2 <
y < 0.85, containing jets with EF4P > 8 GeV and |n#4P| < 0.5. The data (filled circles)
is compared to distributions of the mixed resolved plus direct default PYTHIA sample (open
squares), the P;/P, = 0.20 mixed PYTHIA sample (open triangles) and PYTHIA with multiple
interactions (open diamonds). The range covered by the prediction of [2] lies between the solid

lines.

6.11 Summary Of K° Results

1 dN(K°

As stated in section 6.9, Nyprs  dp
T

is well described by the default resolved

plus direct PYTHIA sample. However, the m dN dnK° measurement shows that
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Figure 6.37: The K° fragmentation function in hard photoproduction events with 0.2 < y <
0.85, containing jets with E4P > 8 GeV and |7#4P| < 0.5. The result obtained using the

definition 2’/ = —E—JI’;%- (open circles) is compared with the range covered by the prediction of [2].
Py 0-PIET

The result obtained using the definition z = —f;—— is depicted by the filled circles.
JET

PYTHIA achieves this by overestimating the K° multiplicity at backward pseudo-
rapidities and underestimating the K°® multiplicity at n > 0.5. The m'ﬂv dfo
distribution at 7 < 0.5 is modelled better by PYTHIA with P,/P, = 0.20, while
PYTHIA with multiple interactions provides the best description of the data at
n > 0.75.

The uncorrected distributions of kaons relative to jets in ¢, 7 and R all show
that the default PYTHIA Monte Carlo predicts narrower jets than is observed
in the data. The difference in jet shape between the data and PYTHIA is

not attributable to a problem with the track reconstruction efficiency in the

detector simulation, and is not solved by changing the photon structure function.
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Integrating over the region |74P| < 0.5 the mean K° multiplicity per jet was
found to be, < ngo ypr >= 0.40 £ 0.01 ¥305. The K° multiplicity per jet is
overestimated by the default PYTHIA and PYTHIA with multiple interactions.
PYTHIA with P,/P, = 0.2 provides the best description of the K° multiplicity
per jet.

There is good agreement between the K° fragmentation function measured in
the data and predicted by the default and P,/P, = 0.20 PYTHIA Monte Carlo
samples, while PYTHIA with multipleinteractions predicts a softer fragmentation

function than is observed in the data. The data and results of [2] are in good

agreement.



Chapter 7

Charged Particle Analysis

The previous chapter has shown that PYTHIA predicts a larger production rate
of strange mesons than in the hard photoproduction data. This stems from the
poor description of the jet shape provided by JETSET with default hadronisation
parameters. An analysis of charged particle production analogous to the K°
analysis has been made in order to determine if the conclusions are peculiar to

K?° production, or are general properties of hard photoproduction events.

7.1 Charged Particle Selection

As for the K analysis, charged particles with pr > 500 MeV and |p| < 1.5
associated with the primary vertex were used in this analysis. The pseudorapidity
of charged particles was calculated from their fit parameters at the primary vertex.
The CTD acceptance and systematics are well understood in this region since such
tracks leave the CTD without completing a loop of the helix and therefore do not
suffer splitting effects which occur when reconstructing low pr tracks.

The reconstructed charged particle data was corrected with, and compared
to, ‘true’ charged particles generated by PYTHIA in the same pr and 7 region

as the reconstructed particles. The true charged particles were either,

e A stable charged particle generated at the primary vertex, or,

132
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e A daughter of a particle with lifetime 7 < 1078 s, or,

e A K* or 7% generated at the primary vertex, which decayed weakly (but
not their daughters).

Thus, decay products of K° and A were not included in the ‘true’ distributions.
This is in contrast with the data which was used in the derivation of fragmentation
functions by Binnewies [1], where daughters of K? and A decay were included
in the true charged particle distributions. The reconstructed charged particle
distributions were corrected back to the true distributions using the same method

and Monte Carlo sample as the K° analysis.

7.2 Uncorrected Charged Particle Inclusive Mul-
tiplicities

The uncorrected charged particle inclusive multiplicities as a function of pr and 5
in hard photoproduction events with 0.15 < y;p < 0.7, containing a calorimeter
jet with EY9AL > 7 GeV and [pV9AL| < 0.5 are shown in figures 7.1(a) and (b)
respectively. The default, the P;/P, = 0.20 and the LAC1 PYTHIA resolved

plus direct samples all describe the uncorrected NJIIETS %@? spectrum well. As
noted in the K° analysis, PYTHIA with multiple interactions overestimates the
charged particle multiplicity at low pr

As in the K° analysis, there is some difference between the shape of the

uncorrected w~— 2 inclysive multiplicity in the data and predicted by

Nygrs dn

PYTHIA. For n < 0.75 the shapes of the data and PYTHIA agree to within
+10 %, but the data shows a 20 % excess at n > 0.75. Since this effect occurs
at forward pseudorapidity, it is plausible that it originates from the same cause
as the K° and inclusive jet cross section excess observed in [21]. The prediction
of PYTHIA with multiple interactions is in better agreement with the data at
n > 0.75, however it overestimates the charged particle multiplicity at central

pseudorapidities.



CHAPTER 7. CHARGED PARTICLE ANALYSIS 134

ZEUS 1994 ZEUS 1994
o e 5
©
3 X (b)
e (0) ® Uncorrected ZEUS Data H 45[
& PYTHIA \;
e PYTHIA P,/P, = 0.20 % M3
Ho —— PYTHIA LACI z..F i
= N335
2 [ b= PYTHIA MI - S []
§ A PYTHIA Direct 3F ¥ o,
L ¥ PYTHIA Resolved 25 v $
a °F v
. v 2 L o vo[ee
10-1* A v 151 v v L—.'..."....."' ]
v
N 1
v T
0.5 a 4 .
a A
10 1 1 1 1 1 [ 0 A [ | 1 al s | .

Figure 7.1: Uncorrected charged particle inclusive multiplicities as a function of pr, (a), and

7, (b) in hard photoproduction events with 0.15 < yyp < 0.7, containing a calorimeter jet with

EYCAL > 7 GeV and |nV¢4L| < 0.5. The data (filled circles) is compared to PYTHIA samples

of direct (triangles), resolved (inverted triangles), mixed resolved plus direct (solid line), mixed

P,/ P, = 0.20 (dash-dotted line), mixed with LAC1 photon structure function(dotted line) and
PYTHIA with multiple interactions (scarce dotted).

7.3 Correction Procedure

The default PYTHIA Monte Carlo sample was used to determine correction fac-
tors with which to calculate the inclusive multiplicities. A bin-by-bin correction
procedure similar to that outlined in section 6.6 was applied in the multiplicity
determination.

Figure 7.2 shows the reconstruction efficiency for charged particles on the
primary vertex as a function of pr and 5. The efficiency is constant at 95 % as
a function of pr. The track reconstruction efficiency is 97 % for tracks at n = 0,
and decreases to 92 % for tracks at large |n|. Lower track reconstruction efficiency
for particles at large |n| is expected since these particles have shorter tracks in

the CTD and therefore less hits than more centrally produced particles.
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Figure 7.2: Charged track reconstruction efficiency as a function of pr (left column) and
n (right column) for direct (top row), resolved (middle row) and mixed resolved plus direct

(bottom row) PYTHIA Monte Carlo samples.
7.4 Charged Particle Inclusive Multiplicities

The charged particle multiplicities as a function of pr and n and their systematic
errors were calculated analogously to the K° multiplicities. The difference
between positive and negative charged particle distributions were considered as
an additional systematic error.

The systematic changes in the charged particle multiplicities after changing a
selection cut or reconstruction algorithm are plotted in figures 7.5 and 7.6. The
dominant systematic errors were the choice of track reconstruction algorithm and
the calorimeter energy scale. Using the CTD tracking alone gave an inclusive
multiplicity higher than using the combined VXD, CTD plus RTD tracking.
The effect was approximately 5% at low pr, decreased to 2% at high pr, and
was approximately flat in 7, at 4%. The effect of the +5% uncertainty in the
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Figure 7.3: Trigger efficiency as a function of pr (left column) and 7 (right column) for direct
(top row), resolved (middle row) and mixed resolved plus direct (bottom row) PYTHIA Monte

Carlo samples.

calorimeter energy scale was negligible at pr = 0.5 GeV, but increased to 7% at
pr = 3.25 GeV. The calorimeter energy scale uncertainty gave a systematic error
of at most £3% in the charged particle  spectrum. The systematic errors arising
from event selection and the choice of photon and proton structure functions were

found to be at most 1 %.
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Figure 7.4: Correction factor as a function of pr (left column) and 7 (right column) for direct
(top row), resolved (middle row) and mixed resolved plus direct (bottom row) PYTHIA Monte

Carlo samples.
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Figure 7.7 shows the corrected inclusive multiplicities, mi%g?a’%ﬂ,
N—J}ET—S%P for charged particles in hard photoproduction events defined in
section 5.2. The bold error bars denote the statistical error on each point arising
from data and Monte Carlo. The thin error bars denote the statistical and
systematic errors combined in quadrature. Also shown are the predictions of
the PYTHIA resolved, direct and resolved plus direct samples generated with
the default conditions and structure functions defined in section 2.4. In addition,
the predictions of PYTHIA with P,/P, = 0.20, with the LAC1 photon structure
function, and with multiple interactions are shown.

Since similar correction factors have been applied to the uncorrected data and
Monte Carlo, similar conclusions are reached when comparing the corrected plots.
In general, the charged particle pr and 5 spectra are equally well described by
the default, P;/P, = 0.20 and LAC1 reweighted resolved plus direct PYTHIA
samples. However, at n > 0.75 the PYTHIA samples underestimate the data
by approximately 20 %. This effect is probably related to the inclusive jet
cross section excess observed by ZEUS [21]. PYTHIA with multiple interactions
provides a good description of the charged particle multiplicity at n > 0.75,
however it predicts a larger charged particle multiplicity at low pr than is observed

in the data, and generally overestimates the charged particle multiplicity at

n < 0.75.

7.5 Charged Particle Production within Jets

7.5.1 h* - Jet Profiles

The uncorrected distributions in ¢ and n of charged particles relative to jets
with E¥CAL > 7 GeV and |pY9AE| < 0.5 are shown in figures 7.8(a) and (b).
Similar features to the K° - jet profiles are observed; PYTHIA has an excess
over the data in the jet core, and shows a small deficit with respect to the data
in the region outside the jet. The jet profile as a function of the distance R

between a charged particle and jet axis is shown in figure 7.8(c). The PYTHIA
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Figure 7.7: Corrected charged particle inclusive multiplicities in pr, (a), and 7, (b), in hard
photoproduction events with 0.2 < y < 0.85, containing a hadron jet with Er > 8 GeV and
|7} > 0.5. The data (filled circles) is compared to PYTHIA samples of direct (triangles), resolved
(inverted triangles), mixed resolved plus direct (solid line), mixed P,/P, = 0.20 (dash-dotted
line), LAC1 resolved plus direct (dotted line), and PYTHIA with multiple interactions (scarce
dotted). The bold error bars denote the statistical error on each point arising from data and
Monte Carlo. The thin error bars denote the statistical and systematic errors combined in

quadrature.

Monte Carlo with default settings predicts an excess over the data in the jet
core, R < 0.4. Compared to PYTHIA, the data shows a slight excess outside
the jet core. Approximately 50 % of this excess is associated with the high
pseudorapidity charged particle excess, the remainder being due to the difference
in the jet shapes.

The systematic effects of the calorimeter energy scale uncertainty and the

track reconstruction algorithm on the shape of the jet profile were considered

1 dN(h*)

Nygrs dph

as they were found to be the dominant systematic errors in the

+
1__dN(h%) measurements.
Njyeprs dn

and Changing the track reconstruction algorithm
increased the charged particle multiplicity by approximately 5 % over the whole
jet profile. The +5 % calorimeter energy scale uncertainty gave rise to a +6 %
uncertainty in the charged particle multiplicity in the jet core which became

negligible in the inter-jet region. The systematic errors arising from these effects
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Figure 7.8: Uncorrected distribution of charged particles with respect to calorimeter jets in
hard photoproduction events with 0.15 < yyp < 0.7, EZ€4L > 7 GeV and |nYC4L| > 0.5 in
# (a) and 5 (b) and R (c). The data (filled circles) is compared to PYTHIA distributions of
direct (dashed-line), resolved (dash-dotted line), resolved plus direct (solid line) and PYTHIA
with multiple interactions, mixed according to the Monte Carlo cross section in all plots. The
direct and resolved Monte Carlo distributions have been normalised to show the fraction of the
charged particle multiplicity arising from the direct and resolved processes respectively. In (c)
the data is also compared with the mixed P, /P, = 0.20 (triangles), and LACI resolved plus
direct (diamonds) PYTHIA samples. The grey band represents the systematic error arising

from the calorimeter energy scale uncertainty and tracking algorithm.

have been added together in quadrature and are depicted by the grey band in
figure 7.8. Neither of these systematic effects could account for the difference
between jet profiles in the data and PYTHIA Monte Carlo models tested. The
discrepancy in the jet profiles between data and PYTHIA remained when the
photon structure function was changed. As in the K° analysis, the jet profiles
in the direct enriched sample of dijet events shown in figure 7.9 were in better
agreement with the P;/P, = 0.20 PYTHIA sample at R < 1, than the default
PYTHIA sample.
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Figure 7.9: Uncorrected distributions of charged particles with respect to calorimeter jets of
EZCAL > 7 GeV and |nUCAL| < 0.5 as functions of ¢ (a), 7 (b) and R (c) in a sample of
direct enriched events selected as described in the text. The data (filled circles) is compared to
PYTHIA distributions of direct (dashed-line), resolved (dash-dotted line), resolved plus direct
(solid line) and P, /P, = 0.20, mixed according to the fractions of events with x,?BS > 0.75, in
all plots. The direct and resolved Monte Carlo distributions have been normalised to show the

fraction of the K° multiplicity arising from the direct and resolved processes respectively.

7.5.2 h* Multiplicity per Jet

As in the K° analysis, charged particles were assigned to jets if they satisfied
R(h* — JET) < 1. The charged particle multiplicity per jet was calculated as

nNpt

(7.1)

< Nux/JET >=
NJETS

where ny+ is the number of reconstructed charged particles which were assigned
to a calorimeter jet and nyprs was the number of calorimeter jets in each 5757 =
nYCAL bin. The uncorrected charged particle multiplicity per jet for data and
PYTHIA is shown in figure 7.10. The shapes of the data and Monte Carlo
predictions are in good agreement, confirming again that the Monte Carlo can be
used to correct the data using a bin-by-bin method.

The total correction factors for the separate direct, resolved and mixed
resolved plus direct PYTHIA Monte Carlo samples are shown in figure 7.11.

JET

The correction factors are flat as a function of g and are close to unity.
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Figure 7.10: Uncorrected h* multiplicity per jet as a function of #?ET. The data (filled

circles) is compared to distributions of the mixed resolved plus direct default PYTHIA sample

(solid line), the P,/P, = 0.20 mixed PYTHIA sample (dashed line), the the LACI reweighted
PYTHIA sample (dotted line) and PYTHIA with multiple interactions (scarce dotted).

As for the charged particle pr and n spectra the largest systematic error
associated with event selection is due to the ysp region from which the data
is selected. However, this effect dominates only in the highest two n/ET bins,
contributing approximately 2% to the systematic error in these bins. The
dominant systematic error is due to the tracking algorithm. Using only the
CTD tracking information causes a systematic error of 2-4% which decreases
with 7767, The effect of the UCAL energy scale uncertainty on the number of
charged particles and jets was expected largely to cancel in the charged particle
multiplicity pér jet, since it is a ratio. This is indeed the case; the systematic
JET

error arising from the UCAL energy scale uncertainty is less than 2% in all 5

bins.
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Figure 7.11: A% multiplicity correction factor as a function of #?/Z7T for direct (top left),

resolved (top right) and mixed resolved plus direct (bottom left) PYTHIA Monte Carlo samples.
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The corrected charged particle multiplicity per jet in the data is compared
to the default, P;/P, = 0.20, LACI1 photon structure function and multiple
interaction PYTHIA predictions in figure 7.13. The jet pseudorapidity was shown
to be accurately reconstructed in section 5.2 so nfT40 = /BT = pUCAL The bold
error bars denote the statistical error on each point arising from data and Monte
Carlo. The thin error bars denote the statistical and systematic errors combined
in quadrature. The data is essentially flat, while the Monte Carlo predictions
exhibit a slow rise as 777 increases. As shown in [21] the n7ET cross section is
dominated by the resolved process at forward 77ET. The rise in < np+ JIET > 18
possibly due to the increased proportion of gluon jets produced in the resolved
interactions. Integrating over the region |p4P| < 0.5, the mean charged particle
multiplicity per jet was found to be, < npt/ypr > = 3.11 £ 0.0610:1) where the
first error is statistical and the second error is systematic. The default PYTHIA
prediction was < npt g7 > = 3.32 £ 0.04. Changing the photon structure
function from GRV to LACI gave a slightly lower value of < n+ /557 > = 3.26%
0.03, while decreasing the strangeness .suppression factor to P,/P, = 0.2 led to
a value of < npx gy > = 3.39 £ 0.04. PYTHIA with multiple interactions

predicted < np+ 5pr > = 3.43 £ 0.04.

7.5.3 Charged Particle Fragmentation Function

The fragmentation function into charged particles has been determined using
a similar method to the K° fragmentation function. Charged particles were
assigned to jets using the criterion of section 7.5.2. The longitudinal jet momen-
tum fraction carried by charged particles and the charged particle fragmentation

function were calculated according to the definition,

Pn*-PJET
— Dt PJET 7.2)
Fipr (
and,
1
D (z) = 222) (7.3)

" Nigrs Az
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Figure 7.13: A% multiplicity per jet as a function of 727 in hard photoproduction events
with 0.2 < y < 0.85, containing jets with EX4P > 8 GeV and |[p#4P| < 0.5. The data (filled
circles) is compared to distributions of the mixed resolved plus direct default PYTHIA sample
(solid line), the P;/P, = 0.20 mixed PYTHIA sample (dashed line) and the LAC1 resolved
plus direct PYTHIA sample (dotted line). The bold error bars denote the statistical error on
each point arising from data and Monte Carlo. The thin error bars denote the statistical and

systematic errors combined in quadrature.

where Njgrs is the total number of jets with EJET > 7 GeV and |n'FT| < 0.5,
np+(z) was the number of charged particles fitted to the primary vertex with
pr > 0.5 GeV, |p| < 1.5 and in the jet momentum fraction in the range z to
z 4 Az.

The uncorrected charged particle fragmentation function is shown in fig-
ure 7.14. The data and Monte Carlo points are plotted at the mean z value
within each bin. There is good general agreement between the uncorrected data
and PYTHIA Monte Carlo predictions. The shape of the fragmentation functions
determined from the Monte Carlo and data are affected at z < 0.05 by the
requirement that pr(h%) > 0.5 GeV.

The accuracy and resolution of the reconstructed charged particle jet mo-
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Figure 7.14: Uncorrected charged particle fragmentation function. The data (filled circles)
is compared to distributions of the mixed resolved plus direct default PYTHIA sample (open
squares), the P,/ P, = 0.20 mixed PYTHIA sample (open triangles) and PYTHIA with multiple

interactions (open diamonds).

mentum fraction is shown in figure 7.15 by calculating z,eco — Ztrue. There is a
small average shift of +0.02 in the reconstructed jet momentum fraction relative
to the true jet momentum fraction. This is compatible with the shift in the jet
momentum fraction carried by K?. A shift in the reconstructed jet momentum
fraction is expected because the jet energy measured by the UCAL is lower than
the true value because of effects described in section 5.2, while the CTD provides
a momentum measurement free of any such bias.

The shift in the reconstructed jet momentum fraction was proportional to the
true jet momentum fraction, as shown in figure 7.15. Applying a 10 % reduction to
the reconstructed jet momentum fraction gave the momentum fraction resolution
shown in figure 7.16. As in the K° analysis the difference in correcting or not
correcting the fragmentation functions for the CTD-UCAL energy scale difference
has been included in the systematic errors.

The resolution in jet momentum fraction, o,, as a function of jet momentum
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fraction is given in table 7.1. The charged particle fragmentation function was

calculated in bins of width approximately 2¢,.

A bin-by-bin correction procedure for determining the corrected h* fragmen-

tation function in events containing a hadron jet with EFAP > 8 GeV, |pf4PD|
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z o,

0.<z<0.2 |0.02
02<2<0.4(0.05
04<2<0.6]0.08
06<2z<0.8] 0.1
08<2z<1. |0.12

Table 7.1: Resolution in jet momentum fraction.

as discussed in section 6.6 was applied. The total correction factors for the
separate direct and resolved and mixed resolved plus direct PYTHIA Monte
Carlo samples are shown in figure 7.17. The 2z dependence of the correction
factors arises from bin-to-bin migrations caused by the CTD-UCAL energy scale
difference, since modifying the reconstructed z for the effect of the CTD-UCAL
energy scale difference gave correction factors which were flat as a function
of z. Despite this effect, the good agreement between the uncorrected data
and Monte Carlo distributions gives confidence in the validity of the bin-by-
bin correction procedure. Furthermore, the systematic error determination used
different correction methods which ignored and accounted for the CTD-UCAL
energy scale difference. These two methods gave compatible results and thus
confidence in the bin-by-bin correction procedure.

The systematic errors due to event selection cuts were all found to be small; no
more than 2% in any bin. Correcting the data with different photon and proton
structure functions each contribute approximately 2% to the systematic error.
The track reconstruction algorithm was found to be the dominant systematic
error at low z contributing at most 8%, but typically 5%. The uncertainty in the
calorimeter energy scale produces a 2% systematic error at low jet momentum
fraction which increases to 30% in the final z bin. Correcting the calculated
jet momentum fraction for the difference in energy scale between the CTD and

UCAL produced an uncertainty of typically 5% which increased to 30% in the
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Figure 7.17: h* fragmentation function correction factors as a function of z for direct (top
left), resolved (top right) and mixed resolved plus direct (bottom left) PYTHIA Monte Carlo

samples.

final z bin.

The corrected charged particle fragmentation function is compared to the
predictions of the default PYTHIA, P;/P, = 0.20, PYTHIA with multiple
interactions and the results of [1] in figure 7.19. The data and Monte Carlo
points are plotted at the mean z value within each bin, without taking into
account any shift in z arising from the CTD-UCAL energy scale difference.
The lower curve corresponds to NLO u quark fragmentation for z < 0.25 and
¢ quark fragmentation for z > 0.25. The upper curve corresponds to LO s quark
fragmentation for z < 0.35 and v = d quark fragmentation for z > 0.35. Good
agreement in the charged particle fragmentation function is observed between the
data and both PYTHIA Monte Carlo samples. The data and results of [1] are in
good agreement for z < 0.3, while the data lies slightly below the results of [1] for
higher jet momentum fraction. Part of the discrepancy may be attributable to
the difference in definition of final state charged particles adopted in this analysis

and in [1].
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Figure 7.18: Systematic errors in D" (z).
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As in the K° analysis the effect of the different definitions of jet momentum
fraction, z, between this analysis and the calculation of Binnewies et al. has been
investigated. Figure 7.20 shows fragmentation functions D**(z) and D**(2/)
using similar definitions of z and 2’ as in the K° analysis. Also shown in figure 7.20
is the range covered by the calculations of Binnewies et al. The measured D**(z')

is clearly in better agreement with Binnewies et al.

ZEUS 1994

N

©
S 4 e ZEUS Dato

E o O PYTHIA

Lo "

" A PYTHIAP,/P, = 0.20
< o PYTHIA MI

— Binnewies et al. Q = 8 GeV
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Figure 7.19: The charged particle fragmentation function in hard photoproduction events
with 0.2 < y < 0.85, containing jets with EZ40 > 8 GeV and |pfT4P| < 0.5. The data (filled
circles) is compared to distributions of the mixed resolved plus direct default PYTHIA sample
(open squares) and the P;/P, = 0.20 mixed PYTHIA sample (open triangles). The range

covered by the prediction of [1] lies between the solid lines.

7.6 Final Charged Particle Results

As stated in section 7.4 the inclusive multiplicities NJIIETS d]\iz()’z;i) and NJ;TS de(:i)

are equally well described by the default, P;/P, = 0.20 and LAC1 reweighted

dN(hE
dn

resolved plus direct PYTHIA samples. However, the m measurement

shows that these samples underestimates the charged particle cross section at
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Figure 7.20: The charged particle fragmentation function in hard photoproduction events
with 0.2 < y < 0.85, containing jets with Ef4P > 8 GeV and |n¥4P| < 0.5. The result

obtained using the definition 2’ = —EE—}% (open circles) is compared with the range covered by

the prediction of [35]. The result obtained using the definition z = 22£P2ET g depicted by the
JET
filled circles.

n > 0.75. Using the GS2 and ACFGP photon structure functions gave charged

particle cross sections very similar to the default PYTHIA Monte Carlo. PYTHIA

| with multiple interactions provides a good description of the particle multiplicity

at n > 0.75, but predicts a larger charged particle multiplicity at low pr than is

observed in the data, and generally overestimates the charged particle multiplicity
at n <0.75.

The observation of section 7.5.2, that the charged particle multiplicity per

jet is lower in the data than in any of the Monte Carlo models considered

HAD|

is unchanged. Integrating over the region |p < 0.5 gave a value of
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< nptygpr > = 3.11 4+0.067013. As with the K© analysis, the excess multiplicity

was located in the jet core.

There is good agreement between the charged particle fragmentation function
measured in the data and predicted by the default and P;/P, = 0.20 PYTHIA
Monte Carlo samples, while PYTHIA with multiple interactions predicts a softer
fragmentation function than is observed in the data. The data and results of [1]

are in good agreement.



Chapter 8

Summary and Conclusions

This thesis has presented the first analysis of charged particle and K° production
in hard photoproduction jets at HERA. K° and charged particle multiplicities in
the kinematic regions —1.5 < p < 1.5 and pr > 0.5 GeV have been measured as a
function of pr and 7 respectively. The K° and charged particle mean multiplicities
per jet and fragmentation functions have also been measured. The measurements
have been corrected back to the kinematic range EJFT > 8 GeV, |p/ET| < 0.5,
Q? < 4 GeV? 0.2 < yyp < 0.85, corresponding to a yp centre of momentum
energy of 60 < W < 255 GeV. These measurements complement results already
obtained by ZEUS and H1 on K° and charged particle production in DIS [73, 74]
and inclusive photoproduction [75, 76].

A method of calibrating the ZEUS CTD which incorporated correlations
between the calibration constants was developed. Monte Carlo tests showed
this procedure provided an accurate global calibration of the CTD. The single-
hit resolution obtained by this method for 1994 data was typically 290 pm,
comparable to that obtained by the standard calibration procedure.

An algorithm for reconstructing K2 — #+ 7~ decays was developed. The
reconstruction algorithm was shown to be accurate and a clear K? signal was
observed. Detector effects and reconstruction efficiencies in the data were taken
into account by applying a bin-by-bin correction procedure and systematic errors

were evaluated. The main systematic errors arose from the choice of tracking
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algorithm and uncertainty in the calorimeter energy scale.

The corrected data has been compared to PYTHIA Monte Carlo predictions
with default hadronisation, with the strangeness suppression factor, P;/P, =
0.2, default hadronisation reweighted to the LAC1 photon structure function
and with multiple interactions. The default PYTHIA Monte Carlo was found

to describe the NJ;TS%%{—OZ spectrum well, while the P,;/P, = 0.2 PYTHIA
1 dN(K°
Njers dp%

examining the 1 dN(KO) spectrum showed that PYTHIA overestimated this

Nygrs dn

Monte Carlo predicted a lower spectrum than the data. However,
at backward pseudorapidity, but underestimated it at forward pseudorapidities.
The P;/P, = 0.2 PYTHIA Monte Carlo prediction for m'm dfo was in good
agreement with the data at backward psuedorapidity but also did not describe
the forward psuedorapidity region. The discrepancy in the forward direction is
believed to arise from the same cause as the forward jet cross section observed in
earlier ZEUS and H1 measurements, which have proved difficult to simulate with

currently available Monte Carloes. Using the LAC1 photon structure function

which describes fairly well the inclusive jet cross section at forward psudorapidity

. T dN(K° dN(K°
does not however improve the descriptions of the Nulsz p NJ;TS in
spectra. PYTHIA with multiple interactions provided a better description of the

1  dN(K°
Nygrs dp%

forward psuedorapidity region but failed to describe the spectrum
at low pr. H1 recently measured di(%{il in inclusive photoproduction [75, 76] and
found good agreement with the PYTHIA Monte Carlo using P,/P, = 0.20 at
n < 0.5, and observed an excess in the data over the P,/P, = 0.20 Monte Carlo
at large 7, even after inclusion of multiple interaction effects.

By examining the distributions in ¢ and 5 between K? mesons and jets,
K? were shown to be produced in association with high Er jets and the mean
K° multiplicity per jet has been measured. The default PYTHIA Monte Carlo
predicted a mean K° multiplicity per jet 20 % greater than measured in the
data. This discrepancy was present in both direct and resolved photoproduction

events, could not be attributed to tracking efficiency problems between the data

and Monte Carlo and could not be accounted for by changing the photon structure
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function. The uncorrected K? - jet profiles showed that the jets in the data were
broader than those predicted by the PYTHIA Monte Carloes considered. An
excess over the data in the mean K° multiplicity per jet was observed in the jet
core (R < 0.4) while a deficit was observed in the wings of the jet (0.4 < R < 1).
The mean K° multiplicity per jet predicted by the P,/ P, = 0.2 Monte Carlo was
in good agreement with the data, however the effect of lowering P,/P, was to
renormalise the K° - jet profile such that better agreement was obtained in the
jet core at the expense of the wings of the jet, and the region outside the jet
affected by the high pseudorapidity K® excess. Simply lowering the strangeness
suppression factor does not therefore provide a complete solution to the difference
in the mean K° multiplicity per jet between PYTHIA and the data.

Corresponding distributions for charged particles have been studied. The
charged particle pr, n spectra were in reasonable agreement with the default
PYTHIA prediction. However, an excess was observed in the charged particle
n spectrum as in case of the K° 5 spectrum. Except for the high 7 region, the
data was also in reasonable agreement with the pr and 7 spectra predicted by
the P,/P, = 0.2 and LAC1 reweighted PYTHIA samples. As with the K° pr
and 7 spectra, PYTHIA with multiple interactions provided a better description
of the forward psuedorapidity region but failed to describe the charged particle
multiplicity at low pr. As with the K? - jet profiles, the distributions of charged
particles relative to the jet axes were found to be narrower in the PYTHIA Monte
Carlo models considered than in the data. The difference in jet shape led to a
10 % difference in the charged particle multiplicity.

The K° and charged particle fragmentation functions were in reasonable
agreement with both the default and P;/P, = 0.2 PYTHIA predictions, and also
with the spread of values corresponding to a QCD calculation of LO and NLO
fragmentation functions of different flavours of final state partons [2, 1]. PYTHIA
with multiple interactions predicted fragmentation functions which were softer
than those observed in the data. Since the JETSET hadronisation model and

QCD fragmentation functions are primarily based on measurements made at e*t
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e~ experiments this thesis provides evidence for the universality of quark and
gluon fragmentation.

The PYTHIA Monte Carlo with its default hadronisation parameters has
been found to describe charged particle production more accurately than K°
production. An investigation of the effects of different hadronisation parameters,
or of multiple interactions on the predictions of PYTHIA should improve the

description of the data.



Appendix A

Secondary Vertex Reconstruction

A.1 Tracking Parametrisation

The K? reconstruction algorithm used tracks reconstructed by the VCTRAK
package. VCTRAK provided tracks parametrised in terms of the following

variables.

1. ém, the azimuthal angle of the tangent to the track at its point of closest

approach to the line z = y = 0.
2. @/R, where Q was the charge and R the local radius.
3. ¢, the distance of closest approach of the track to the line z = y = 0.

4. Zy, the z-coordinate of the track at its closest approach to the line z =

y=0.
5. cot @y, where 6y was the polar angle of the track.

The track parameters are depicted in figure A.1

A.2 Secondary Vertex Coordinate

The centre of curvature of each charged track was calculated according to
Xec = (e— R)cosgg (A1)

161



APPENDIX A. SECONDARY VERTEX RECONSTRUCTION 162

Figure A.1: VCTRAK track reconstruction parameters.
Yo = (e— R)sin ¢y (A.2)

From these coordinates the length, D, and the direction of the line joining the
centres of curvature of a charged track pair was calculated. Non-intersecting track

pairs were rejected by testing if any of the following conditions were true,

D > |Ri|+ Ry (A-3)
IR > D+|R| (A.4)
|Ro| > D+ |Ry (A.5)

The angle subtended by half of the chord joining the two candidate secondary

vertices at each track’s centre was calculated using

: _ f(R1,R,D : __ f(R1,R2,D) A.6
sincn = “Gpgh7T Silez = Gppys (A.6)

f(B1, By, D) = (|Ba| — |Re|+ D)(|Ba| + |R:| = D)
(] + D — |Ba|)(|Ba| + | R2| + D)

(A.7)

The quadrants of o; and «; were determined using the cosine rule. The candidate

secondary vertex coordinates in the zy-plane were calculated for each track from

Xv, = Xc¢, + |Ri|cos(f; £ o) (A.8)

t

Yv = Yc'- + |R¢| Sin(ﬁ,' + ai) (A.g)

T



APPENDIX A. SECONDARY VERTEX RECONSTRUCTION 163

It was checked that the candidate secondary vertex coordinates evaluated using
both tracks were in agreement. The azimuthal angles of the tangents to each

track at the candidate vertices were given by

pu=Pp1ta— 3?7( (A.10)
$2i=Brt o — % (A.11)

where the first(second) index denotes the track(candidate vertex). Assuming
uniform motion in the z-direction, tracks follow straight lines in the zs-plane

where s denotes the path length along a track. s was calculated from

s; = Ri(¢ji — om,) ’ (A.12)

where ¢p; denotes the azimuthal angle of the tangent to track j at its point of
closest approach to the z axis. Then the z coordinate of track j at secondary

vertex ¢ is given by,
Si

Zv. = 2y A.l
Y; H; + tanﬂj ( 3)

J

A.3 K? Momentum Reconstruction.

Since the momentum components of each track at the track starting point were
known, and the tracks were assumed to undergo uniform circular motion in the
zy-plane and uniform motion along the z-direction, the momentum components

of each track at each secondary vertex were given by,

start start

Prii = PPHCos uiy pyri = PIETIsin by pari = PO (A.14)

The K? momentum was given by the sum of the track pairs momentum compo-

nents.



Appendix B

Second Analysis

A second independent analysis was performed [77]. The main differences between

the analysis presented in this thesis (Analysis 1) and the second analysis were:

1. Positron finder. Analysis 1 used the ELEC5 et finder. Analysis 2 used
SINISTRA, and corrected the et energy for the effects of dead material in

front of the calorimeter.

2. The effects of noisy UCAL cells were suppressed in Analysis 2 by application
of the NOISE94 subroutine.

3. Analysis 2 used the VOFIND subroutine to reconstruct K° and A decays,

and a different window range for background subtraction from the K? signal.

The results of the analysis presented in this thesis and the second analysis are
compared in figures B.l1 and B.2. Good agreement between the analyses is

observed.
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Figure B.1: Comparison of results from two independent analyses. The results presented in

this thesis are shown as the ‘1st Analysis’. The results of [77] are shown as the ‘2nd Analysis’.
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Figure B.2: Comparison of results from two independent analyses. The results presented in

this thesis are shown as the ‘1st Analysis’. The results of [77] are shown as the ‘2nd Analysis’.
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