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Abstract

A measurement of event shape variables in neutral current deep inelastic
ep scattering has been made at HERA with the ZEUS detector, using an
integrated luminosity of 45.2 pb~!. The variables thrust and broadening,
with respect to the photon axis and the thrust axis, as well as the jet-mass
and C-parameter, have been measured in the current region of the Breit
frame in the kinematic range 10 < Q% < 20480 GeV? and 0.0006 < z <
0.6. The ) dependence of the event shapes have been compared to QCD
predictions using Next-to-Leading Order calculations in conjunction with a
power correction model to account for hadronisation. The model is tested by
extracting the strong coupling constant a,(Mz) and a new non-perturbative

parameter, @(ur).
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Outline

In this thesis, a brief introduction to the theoretical background of Quantum
Chromodynamics and Deep Inelastic Scattering is made. The event shape
variables are defined and the theory of power corrections is introduced in
chapter 1. The ZEUS detector is described in chapter 2 with emphasis on the
components used in the analysis. Chapter 3 describes the offline reconstruc-
tion of the data and the data quality checks made. The various kinematic
reconstruction methods are evaluated in chapter 4. The cuts used to reject
background events and ensure that the event is well measured are presented.
Chapter 5 examines the method used to reconstruct the hadronic final state
and gives the hadron level definition for the event shapes. The Monte Carlo
models for the simulation of physics events are described in chapter 6. The
measurement and correction techniques employed in the analysis, and the
various systematic errors which affect the data are presented in chapter 7.
The fits to the power correction model of Dokshitzer, Webber et al. are made
in chapter 8, and the uncertainties examined. Conclusions are presented in

chapter 9.
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1 Theoretical Background 1

Chapter 1

Theoretical Background

In this chapter, a brief introduction to particle physics is presented, followed
by a discussion of the Quark Parton Model and the extended version of
this model from the theory of Quantum ChromoDynamics. Deep Inelastic
Scattering is discussed and the Breit frame of reference is introduced. The
event shapes that will be measured in this analysis are defined and discussed.
The power correction theory of hadronisation that will be compared to the
the measured data is briefly described, together with Next-to-Leading Order

predictions for the event shapes.

1.1 Particles and Interactions

The study of high energy particle physics is motivated by the desire to un-
derstand the fundamental building blocks of the universe and laws governing
their behaviour [1]. The experimental study of matter did not begin until the
early 19*" century when John Dalton categorised the existence of individual
chemical elements [2]. Subsequent discoveries by Thomson and Rutherford of

the electron [3] and the proton [4], and theoretical work by Dirac [5] formed
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the basis of the Standard Model of particle physics. Its first great success
came in 1933 with the discovery of the positron in cosmic rays [6], the es-
sential ingredient of antimatter in the Standard Model. Subsequently, many
new particles were discovered and various groups and models were proposed.

The leptons, such as the electron, were grouped into three distinct ‘gen-
erations’, while the theory of quantum electrodynamics (QED) describing
their charged interactions, was developed. This theory describes the elec-
tromagnetic interactions as the exchange of a virtual photon, <, between
the interacting charged particles. It proposes a coupling constant, a, which
governs the strength of the interactions. The theory is not exactly soluble,
but relies on perturbative expansions in the coupling constant «. Since a
has a relatively small value, (o ~ 1/137), only the first few terms need be
calculated for accurate solutions to be obtained. Initially, the formalism
used to describe QED had problems, in that one part of the model (internal
loop diagrams) caused the calculations to diverge and made determination of
observables impossible. This was solved by a technique known as renormal-
isation [7], whereby the problematic parts of the theory were factored into
the definition of . This has two practical consequences. Firstly, regardless
of how the renormalisation is performed, the coupling ‘constant’ becomes
energy dependent, thereafter referred to as a running coupling constant. Sec-
ondly, the value of the coupling cannot be determined by theory and must
be fixed by experimental observation.

The most successful early model of the observed hadronic states was pro-
posed by Gell-Mann in 1964 [8]. This grouped baryons and mesons according
to the experimentally observed quantities of charge, isospin and strangeness.
The spin-1/2 baryons, including the proton and neutron, were grouped into

an octet, whilst the spin-3/2 baryons were grouped into a decuplet. The
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model proved successful with the prediction and subsequent discovery of the
Q- [9].

The model was later reformulated as an SU(3) grouping of quarks, with
three flavours of quark initially predicted (up, down and strange). The ex-
istence of the 2~ was a problem for this model, since it comprises three
spin-1/2 strange quarks with exactly the same quantum numbers, forbidden
by the Pauli exclusion principle. An extra degree of freedom, termed colour,
was introduced to answer this problem. As colour has never been experimen-
tally observed, it was theorised that hadrons can only form from quarks in
such a way that the resulting combination is colourless. The gauge theory
used to describe strong nuclear interactions between these quarks is referred
to as Quantum ChromoDynamics (QCD), with the coupling constant a;,. In
a similar manner to QED, theoretical calculations can be made using per-
turbative techniques. The theory is also renormalisable [10], so that o, can
only be determined by experiment and is also a function of energy. This
latter point proves more problematic for QCD than for QED, since at low
energies the coupling constant, @y > 1, meaning that increasing order terms
in the perturbation series get larger rather than smaller, preventing the use

of perturbative techniques in this energy regime.

1.2 Deep Inelastic Scattering

The first indication of the existence of quarks (or partons) within the proton
was made at SLAC in the 1960s [11]. The structure of the proton was exam-
ined in Deep Inelastic Scattering (DIS) experiments, as shown in Figure 1.1,

where a virtual photon from an electron! interacts with one of the putative

In fact, the analysis presented here uses positrons. For the theory relevant to the mea-

surement presented in this thesis, there is no practical difference between using electrons
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e’'(k’)

Y(q)

Proton (p)

. 3> Remnant

quark

Figure 1.1: Lowest order (QPM) description of a DIS event.

partons within the proton. The process is characterised by two kinematic

quantities, Q% and z

Q@ =—-¢=—(k-k) (1.1)
_ -«

where the four momenta of the incoming electron, incoming proton, ex-
changed photon, and outgoing electron are denoted k, p, ¢ and k' respectively.
Q? is the momentum transfer from the electron to the struck parton and, at
lowest order, z can be interpreted as the fraction of the proton’s momentum
carried by the struck parton. The interaction occurs in a very short time,
inversely proportional to the virtuality of the exchanged photon, ¢t ~ 1/Q,
which means that the struck parton behaves as if it was a free particle within
the proton; the remainder of the proton, termed the proton remnant, does
not take much part in the interaction. An additional kinematic variable y is

conventionally defined as
— IP (1.3)

and positrons, so the two terms are used interchangeably.
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and be interpreted as the relative momentum transfer from the electron to
the proton in the proton’s rest frame. It is related to the other variables via

the HERA centre-of-mass energy s by

Q?=z.y.s. (1.4)

The structure of the proton is parameterised by three functions Fi(z),
F>(z) and zF3(z). Fy(z) was observed at SLAC to be essentially independent
of @? at a given z [11]. This was called scaling and was taken to indicate
point-like substructure in the proton.

The measured differential cross section for neutral current DIS mediated
by photon exchange (i.e. @* << M2,) can be expressed in terms of the

structure functions as

d;ld;z - f;; [Y'zFi(2) + (1 - y) Fa(2)] (1.5)

Here, only the propagator for photon exchange ~ 1/Q* is considered, and
QED radiative corrections are ignored. zF3(z) is a pure parity violating
term, only present for an electroweak propagator with Q? ~ M2, and is not
discussed here.

For spin-1/2 partons, the structure functions F} and F, are related by

the Callan-Gross relation [12], as

allowing Equation 1.5 to be simplified as

d’c  2ma?
d2dQ? ~ 208

(14 (1 - y))Fa(a)] (1.7)

The structure function, F»(z), can be interpreted as a sum over the momen-

tum probability density functions, ¢;(x) of all the quark flavours, and §(z)
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of all the antiquark flavours within the proton, expressed as

Fy(z) = Zef(m%‘(x) + z;(7)) (1.8)

where e; is the charge on quark flavour ¢, and the sum 7 runs over all flavours
of quark in the proton. This model forms the Quark Parton Model (QPM)
of the proton.

1.3 QCD and Deep Inelastic Scattering

If the QPM were an adequate representation of the structure of the proton,

then the momentum sum rule for quarks would hold with

/01 (%x)) dz = 1. (1.9)

However, the early measurements of F, showed that only ~ 50% of the
proton’s momentum is carried by the quarks. The remaining momentum is
carried by spin-1 particles called gluons, which are identified as the mediating
particle of the QCD interaction. The QCD-modified picture of the proton
then comprises the three valence quarks of the QPM, interacting via gluons.
These gluons can split to form ¢ pairs of all flavours, known as sea quarks.
The contributions from the different flavours are suppressed according to
their mass, so that the majority of sea quarks are the lightest ones, the up,
down and strange quarks. The consequence of these gluons on the structure
functions is a logarithmic dependence on Q?; this scaling violation was first
observed at SLAC after the measurements were extended to low z (z < 0.1)
[13] and is due to the dominance of gluons at low z.

The leading order corrections to the QPM as a result of gluons are shown
in Figure 1.2, where the quark can radiate a gluon before or after being struck

by the exchanged photon (QCD Compton, QCDC), or where a gluon in the
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Figure 1.2: The O(a;) processes in DIS. a) Final state QCD Compton, b)

Boson-Gluon Fusion.

proton may fluctuate into a g¢ pair which then interacts with the exchanged
photon (Boson-Gluon Fusion, BGF). These processes are known as (2 + 1)
processes (two outgoing partons and one proton remnant.)

The strength of the interaction in QED is limited by electromagnetic
screening as the exchanged photons fluctuate into a e*e™ pair; this leads to
a reduction of the coupling constant at large distances and the observed 1/r?
dependence with distance. The significant difference between QCD and QED
is that QCD is a non-Abelian gauge theory. This means that the propaga-
tors themselves, the gluons, carry the colour charge, so that self-interactions
are possible. Since there are 8 gluons which carry approximately double
the colour-charge of a quark, the gluon-gluon self-interactions dominate and
this self-interaction leads to an ‘anti-screening’ effect which gives the oppo-
site behaviour with distance for QCD, i.e. the interaction strength increases
with increasing distance. To leading order, the coupling constant that mea-

sures the strength of the gluon-gluon and quark-gluon interaction, a;, can
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be expressed as

1
ol - f—;ln(#?a//\éco) (1.10)

where pg is the renormalisation scale; that is, the scale at which divergences

in the theory are factored into the definition of the strong coupling. The
conventional choice for DIS is to set u% = Q%. Sy is the first component of

the B function which describes the running of o, with Q? as

o Oa o Oaig

Hrg2 = Q 9% Blas) (1.11)

The g function expansion in ¢, is given by

Blas) = —ay gﬂn (Z—;)W (1.12)

where the first two [, coefficients are

2N
Bo=11— Tf (1.13)
N
By =102 - % (1.14)

Here Ny is the number of active quark flavours, dependent on the energy of
the interaction. In Equation 1.10, Agcp is the value of @ at which quarks
can be considered to be approximately free particles in the interactions. For
Q >> Agep, as(Qz) is small and the quarks and gluons can be considered
as quasi-free particles; this property is referred to as asymptotic freedom.
Since a;(Q?) is relatively small, perturbative methods are applicable, and
calculations can be expanded as powers in a;(Q?) i.e. logarithmic terms in
(@2/A%).

As the struck parton moves away from the proton remnant, the interac-
tion is dominated by clouds of virtual gluons. In the relativistic limit, the
probability for a parton to radiate another parton is given by the Altarelli-

Parisi splitting functions [14], an example of which is

Paqq(2) = % (114;22) (1.15)
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which gives the probability for a quark of momentum p, to radiate a gluon of
momentum (1 — z)p. This leading order correction to the QPM corresponds
to the inclusion of the QCD Compton process illustrated in Figure 1.2 a).
The cross section, in terms of the transverse momentum of the emitted gluon,

p%, now includes a term of the form
p%(maz) dp%

~ P /
o q*qg(z) 0 p%

This has a divergence as p2 — 0, which corresponds to the emission of a

(1.16)

collinear gluon. The divergence can be regularised by defining a factorisa-
tion scale, u% at which the divergent part of the integral is factorised into
the definition of the structure function, with the penalty that the structure
functions now explicitly depend on the choice of factorisation scale. In DIS,
this scale in conventionally chosen to be u% = Q2. The singularity of Equa-
tion 1.15 as z — 1, corresponding to the emission of a soft gluon in the
real diagram, is cancelled by a term from the corresponding virtual diagram.
Similar terms in the cross section appear as a result of the inclusion of BGF
in the calculation. There are two consequences of including the O(a;) dia-
grams. One is the dependence of the structure function on @Q?%, due to the
extra gluon emissions, so that Fy(z) — F3(x,Q?%). The other is that the
QPM Callan-Gross relation, given in Equation 1.6, no longer holds, leading

to a longitudinal structure function, Fy, which is non-zero, defined as
Fg - 233'F1 = FL (117)

Excluding parity violating terms and considering only the photon propagator,

the cross section is then given by

2 2
d;idZy = 2;84 (14 (1 = 9)) Bz, Q) - y*Fi(z, Q%) (1.18)

As the outgoing quark showers to produce gluons, its virtuality decreases,

leading to an increase in the effective value of a;. For Q ~ Agep ~ 0.3 GeV,
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the coupling is very large, and the quarks and gluons are bound together to
form colourless hadrons in a process termed hadronisation. The increase in
the stored energy of the field as the distance increases and the interaction
energy decreases is called confinement. In this low energy and large distance
region, since « is large, perturbative methods are not applicable in the

calculations, and non-perturbative techniques must be employed instead.

1.4 Breit Frame

The interactions in DIS occur between the exchanged photon and one of the
partons within the proton, as shown in figure 1.3a) for the QPM situation.
The photon direction in the laboratory frame is not convenient for analysis,
therefore this frame of reference is not the most appropriate frame in which to
study the hadronic final state. Additionally, DIS has the complication of the
proton remnant, so it is important to find a frame of reference in which the
hadronic system of interest suffers minimal contamination from the proton
remnant.

A suitable frame to use is the Breit frame [15], which is defined as the
frame where the four momentum of the exchanged virtual photon is purely
spacelike, with ¢ = (0,0, 0, —Q). Figure 1.3b) shows the same DIS interaction
in the Breit frame. The Breit frame separates into two parts, the current
region, into which the struck quark goes with p, < 0, and the target region,
into which the proton remnant goes. In the QPM model, the struck quark
comes in with momentum p, = /2, interacts with the exchanged boson, and
leaves with equal and opposite momentum p, = —@Q/2. The proton remnant
has momentum p, = (1 — 2)@/2z. The use of the Breit frame simplifies the

kinematics considerably, allowing the QCD dynamics to stand out (i.e. any
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Figure 1.3: a) QPM model for the laboratory frame. b) QPM model boosted

to the Breit frame.
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Figure 1.4: a) The shaded part indicates one hemisphere of an ete™ event.
b) The shaded region indicates the current region of the Breit frame in DIS.

The unshaded part with the extended phase space is the target region.

deviation from p, = —Q/2, and p; = p, = 0 is due to QCD effects.) The
frame also achieves the maximal separation between the struck quark and
the proton remnant. Theoretically, the target region is not well understood
and experimentally the majority of it is lost down the beam pipe, so the
measurements in this analysis are confined to the current region.

Figure 1.4 shows the phase space for the current region of the Breit frame

compared to one hemisphere of an ete™ event; in the QPM, they are identical,
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with momentum +/s/2 = Q/2 available to the quark, where /s is the ete”
centre-of-mass energy. The basic similarity allows comparison between the
time-like process in ete~ and the space-like process in DIS. At higher orders,
the analogy does not hold due to initial state QCD Compton and BGF,
processes which are not present in ete™ interactions.

The O(a;) processes, QCDC and BGF, can produce two partons in the
final state which have large transverse momentum. The QCDC and BGF
processes require two more scaling variables to define the event. Integrating

over azimuthal angle ¢ gives

Q? Q?

T = waq QZtm? (z<2,<1) (1.19)
P.p‘ ]- *
zp = —P—Jj—t = 5(1 —cosfi,) (0<2<1) (1.20)

where m is the invariant mass between the two jets, assuming the jets them-
selves are massless, and p’ = £P is the momentum of the incoming parton.
The momentum of the outgoing jet under consideration is denoted pj.;, where
0. is the polar angle of the jet. There are three possible event topologies
(topologies II and III are approximately equivalent) as illustrated by Figure
1.5; it is possible for both or neither of the jets to be found in the current
region. The cross sections for the two O(a;) processes go as

doPOF o — 1 (1.21)

zp(1 — )
1

(1 —zp)(1 - 2)
As previously stated, the collinear singularity from the real O(a;) diagrams

do9CPC (1.22)

as z, — O or 1 is cancelled by an equal singularity in the corresponding virtual
diagram. The z, — 1 singularity from soft initial state QCDC results in an

enhancement for low invariant masses m, where both jets are found in the
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Zp

0 I Xp

Figure 1.5: The three possible event topologies in the (z,, z,) plane. Region
I has both jets in the current region. Region II and II have one of the jets in

the target region. Region IV has both jets in the target region.

current region (topology I). Hard initial and final state QCD radiations lead
to the population of regions II and III. The suppression of large invariant
masses by (1 — z,) is not present in BGF, and jets with large invariant
masses can dominate, leading to population of topology regions II, IIT and
IV. At low z, the contribution from BGF, and hence topology IV, becomes
more significant.

The transformation from the laboratory frame to the Breit frame is per-
formed by a Lorentz boost followed by a rotation to align the virtual photon
axis with the negative z-axis of the Breit frame. The frame travels with ve-
locity ﬁ with respect to the laboratory frame, with B and v calculated from

the exchanged photon and the incoming proton four-vectors, ¢ = (o, §) and
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p = (po, P) respectively.
/5; _ q+2xp
do + 2$p0

y=y1-1A (1.24)

The particles’ four momenta A = (A, @) then transform as

(1.23)

Ay = 7(Ao - A.d) (1.25)

a = (& - AcB) (1.26)

where a prime denotes the momenta in the Breit frame.

1.5 Event Shapes

Event shapes are observables which describe the topology of an event. Var-
ious properties of the topology can be measured, for example, the extent of
collimation of the jet of particles or the broadness of the jet. Event shapes
have been investigated in e*e~ experiments [16], and can be used to extract
the strong coupling constant, a;;. Due to the similarity between the current
region of the Breit frame in DIS and one hemisphere of an ete™ event, most
of the event shapes defined in ete™ are also applicable to DIS. The thrust?
is defined as

¥ |p-|
r=1—Tr =1 —max
g r i XAl

where p’ denotes the three-vector with components p' = (p;, py, p.), and the

(1.27)

sum is over all objects in the current region. The calculation must be iter-

ated until the axis which maximises the total longitudinal momentum, 77,

2The thrust is denoted by T in Equation 1.27 with T — 1 for collimated events. T,
where 7 = 1 — T, is often plotted, however, since this has the same behaviour as other

event shapes, i.e. it tends to zero as the events become more collimated.
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is found. This axis is referred to as the thrust azis;  is a unit vector along
the thrust axis. For completely collimated events, 7+ — 0, increasing to
7r — 1/2 for isotropic events. The broadening is defined as
5 Xt
By — 27X
2% 9]

and is measured with respect to the already defined thrust axis. It is there-

(1.28)

fore the total transverse momentum with respect to this axis, and takes a
maximum value of 1/2 for isotropic events, falling to zero for completely
collimated events.

Since the Breit frame has a defined physical axis, that of the spacelike
photon, two extra event shapes can be defined in DIS, namely the thrust and

broadening with respect to the photon axis, defined respectively as

=1-7,=1-— =1- 1.29
T" " > [# > [7] (1.29)

To2xpl 2% A

where 7 is the unit vector along the photon axis.

The particles used in the definitions are defined as massless particles,
ie. E? = |p|* = p2 + p? + p2. In the case of real particles, the energy is
rescaled to the momentum after the boost to the Breit frame. This is done
since comparisons are made with perturbative predictions + power correction
theory, both of which deal with massless partons [17].

There are two variables that characterise the correlation between combi-

nations of particles, and are not defined with respect to any axis, the jet-mass

e M ()= (S’ = (SIp))” = (S lps))”
4(Z |p1)? 43 |p))2

and the C-parameter

(1.31)

C = 3(A1Aa + Aads + A As) (1.32)
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where ); (1 = 1,2, 3) are the eigenvalues of the linearised momentum tensor,

O*¥, defined as

o — (:;S plzp v}/ |Ipzl) (1.33)

where u,v = 1,2,3 denote the tensor components. Alternative definitions
of the jet mass and C-parameter, more convenient in terms of numerical

calculation and understanding, are

pO 4(2 I —c' 2 Z |pZ“pJ — COS 62]) (134)

and

C= EH 2 Z |7:]|7;] (1 — cos® 6;;) (1.35)

where the sum is the square sum (1.e. each combination counts twice) over
all combinations of p; and p;, and 6;; is the opening angle between the pair
of particles ¢ and j.

The shape definitions all have the characteristic property that they are
collinear safe to varying degrees. This means that emitting an infinitely soft
and collinear particle from one of the other particles does not change the value
of the event shape (ie. splitting a particle p, — ps+p. where |p.| — 0 will not
significantly change the result.) It is the fact the longitudinal momenta enter
linearly that makes the definitions generally collinear safe (the broadening
suffers slightly here, since this property does not hold exactly for pr.)

Figure 1.6 show the different possible values that the event shapes can
take, from three different event topologies. In a) the event is collimated with
respect to the photon axis, which minimises all variables. In c) the event is
isotropic and all the event shapes take on maximum values. In b) the event
is again collimated, but with the difference that the axis of collimation is not
the Breit frame axis, but the ‘natural’ one as determined by the distribution

of the particles. In a) the collimated particles, and hence the direction of the
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a) b) c)

—

7y = 0 (min) 7y — 1 (max) 7, = 1 (maz)
B, — 0 (min) B, — 1/2 (max) B, — 1/2 (maxz)
7 — 0 (min) 7 — 0 (min) 7 — 1/2 (maz)
Br — 0 (min) Br — 0 (min) Br — 1/2 (maz)
po — 0 (min) po — 0 (min) po — 1/4 (maxzx)
C — 0 (min) C — 0 (min) C — 1 (maxzx)

Figure 1.6: The values of event shapes for example event topologies in the
current region. a) shows collimated particles along the photon axis, b) shows
collimated particles but not associated to the photon axis, and c) shows an

isotropic distribution of particles.

thrust axis, are all along the photon axis, therefore 7., = 7 and B, = Br.
In case b) the particles are still very collimated, with 77 — 0 and Br — 0,
but since the collimation is not with respect to the photon axis, 7, — 1 and
B, — 0.5.

Despite the apparently different original definitions, as given in Equations
1.31 and 1.32, the jet-mass and C-parameter are very similar, as shown in
Equations 1.34 and 1.35. Both depend on the angle between all possible pairs
of particles, and neither are defined with respect to any axis.

The jet-mass is a measure of the mean scaled invariant mass between pairs

of particles. As such, it increases monotonically with increasing angle as an
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event becomes more isotropic. The minimum value is zero, corresponding to
a completely collimated event, rising to 0.25 for two particles back to back
in the current region (and hence contained in the z-plane.)

The C-parameter rises monotonically with angular separation, with the
(1 —cos?) term reaching a maximum at an angle of 90°, falling away symmet-
rically around 90°. This property means that it is sensitive to the coplanarity
of an event. A completely coplanar event has C = 0 and a completely acopla-
nar event has C' = 1. It is interesting to note that values of C' > 3/4 can only
come from a configuration when there are three or more particles, and that
there is a considerable phase space drop-off in the values of C-parameter for
C > 3/4.

Two other points form part of the definition of the event shapes

e To be completely infrared safe (i.e. so that the Next-to-Leading Order
calculation discussed in the next section does not diverge), a cut on the
total energy of the particles in the current region is applied [18], given
by

Euim > CQ (1.36)

where ( = 0.1 for the nominal analysis. Any events failing this cut are
not considered for calculation of the event shapes. Recent theoretical
discussion [17] has suggested raising the cut to ( = 0.25 for a best
comparison to the power correction theory; the effect of this will be

examined in more detail in chapter 8.

e Since most of the event shapes are ambiguous or undefined for less
than two particles, only events with two or more particles in the current
region are used for the calculation of the event shapes and the definition

of the hadronic final state.
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1.6 Next-to-Leading Order Calculation

In order to study and test the validity of the power correction theory dis-
cussed in the next section, calculations up to O(a?) are required for the QCD
matrix elements. Although the Monte Carlo event generators used to correct
the data are only available up to leading order in a,, there exist parton level
calculations up to Next-to-Leading Order (NLO) [19].

The calculations include a large number of new process diagrams, for
example, Figure 1.2 but with an extra gluon emission, or with the final
state gluon splitting into a quark-antiquark pair. Additionally, virtual loop
corrections to the diagrams in Figure 1.2 are considered, for example, a gluon
connecting the incoming and outgoing quark lines. These virtual diagrams
contain the divergences which are used to cancel the divergences in the real
diagrams. The major difficulty in the calculation of observables to O(a?) is
the presence of singularities in the integral, combined with the fact that the
integral is too complex to perform analytically. The individual integrals are
divergent, and only after they have been combined is the result finite. This
is a problem for numerical integration methods.

To reconcile the problem requires a method that allows the divergent
parts of the integral to be treated analytically, while the full complexity
of the integral is treated numerically. There are two methods for this, the
phase space slicing method [20] and the subtraction method [21]. Both permit
arbitrary (2 + 1) observables to be evaluated. Two NLO programs are used
in this analysis, DISENT [22] and DISASTER++ [23]. Both are based on
the subtraction method, so this method is discussed. The general form of a

NLO cross-section is

0=3 fa® (010 + 02" (1.37)
a=1
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where the sum a runs over all m partons in the final state, and ® denotes
the convolution of the parton density function f, with the LO and NLO

LO 'is comparatively straightforward

cross sections. The LO cross section, ¢
to calculate; the integrals given in section 1.3 are generally finite or can be
analytically regularised. To evaluate the NLO cross section, o™V©, requires
the calculation of two cross sections which are individually divergent. The
solution is to invent a ‘fake’ cross section which can be added to one of
the cross sections and subtracted from the other, such that the fake cross
section cancels point by point in phase space the singular behaviour of the
two divergent real cross sections. Clearly this ‘fake’ cross section must be
chosen very carefully, so as to be able to match the singular behaviour of
the two different functions. The actual constraints to which this fake cross
section must conform are given in [21].

Since the NLO calculation is O(a?2), the maximum number of partons in
the current region from which to build an event shape is three, which may be
small compared to the average number of hadrons expected in an observed
DIS event. However, the majority of the extra hadrons come from collinear
or soft branching, and since event shapes are collinear and infrared safe, they
are insensitive to these branchings and emissions (to a first approximation),
and depend mostly on the hard large-angle emission of the partons.

A comparison between DISENT and DISASTER++, running under the
Common NLO Library scheme [24], was presented at the HERA Monte Carlo
Workshop [25]. This study, and subsequent studies at the workshop showed
that all collinear safe event shapes agreed at the < 1% level, but found a large
discrepancy between the two programs for the jet-broadening with respect
to the photon axis, especially at low Q2. A more detailed study examined

smaller discrepancies for the thrust [26]. DISASTER++ agrees better with
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resummed analytical calculations for thrust [26], so is assumed to be more
accurate than DISENT3. However, since DISASTER++ takes up to a factor
of ten times longer to run a given simulation, the decision to use DISENT as
the main NLO program was made, with a set of runs from DISASTER++

as a cross-check.

1.7 Power Corrections

There has been much recent work in the understanding of the non-perturbative
process of hadronisation using aspects of perturbation theory as a starting
point {27]. The motivation for the analysis presented here is to test the va-
lidity of one of these approaches, namely the model of Dokshitzer, Webber et
al. [28]. This model exploits the fact that the perturbative series expansion
is not expected to converge, even if calculated to all orders of «,. This is
as a result of chains of fermion loops inserted into gluon lines as shown in
Figure 1.7; these renormalons result in factorial divergences which cause the
entire series to diverge. These divergences of the perturbative series are used
to describe the leading terms of the non-perturbative hadronisation stage, as
described in [28].

The model can be investigated by comparing a NLO parton level predic-
tion with the data. The difference in the distributions is due to the hadroni-
sation correction and can be used in a fit to test the power correction model
for hadronisation. In DIS, the power correction for the differential distri-
butions have not generally been calculated yet*. Therefore, the test of the

theory in this thesis investigates the mean values of the event shapes, for

3The resummed calculations for the broadening are not yet available.
4 Although, recent resummed calculations in [26] present differential distributions for

thrust.
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Figure 1.7: Bubble diagram with fermion loops (renormalons) inserted into

the gluon lines.

which theoretical predictions are available. The hadronisation corrections to
the mean values of the event shapes considered here are observed to go as
~ 1/QP where p = 1, and are therefore termed power corrections.

In general, denoting the mean value of the corrected data as (F') and the
O(ca?) parton level prediction for the mean as (F) v, the power correction

term, (F)__ . comes in additively as

(F) = (F)nro + (F)pow (1.38)

The power correction term from the renormalon calculation, (F'),,,, in-
troduces a new non-perturbative phenomenological constant, &g, defined as
the mean value of the strong coupling below some low energy infrared match-
ing scale, conventionally chosen as u; = 2 GeV. @y is defined by

- 1 I 9
() = — [ a(ud)dpn (1.39)
pr Jo
where g is the renormalisation scale, generally taken to be u% = @Q?. The
value of u; is interpreted as the scale below which the perturbative approach
is not valid. The general power correction from this approach is
8MA,
THR

(1.40)
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Variable | ar |
Ty 1
TT 1
B, See text
Br See text
Po 1/2
C 3r/2

Table 1.1: ar factors for the event shape variables.

which has the required 1/Q dependence®. The variable-dependent coefficient
ar is discussed below. The initial calculation of the theory was carried out to
1-loop accuracy only; this calculation had some ambiguity problems which
were solved by extending the calculation to 2-loops. The difference between
the calculations turns out to be a universal factor of M =~ 1.49, called the
Milan factor [29]. The universal term from the renormalon calculation, 4;,

is given by

A= 2 L) - i) = 22 (10 (22) 4 55 +1) a2um)| )
where Cp = 4/3 and K = 67/6 — 72/2 — 5N;/9. N is the number of active
quark flavours which is taken to be 5, appropriate for the Q? scales under
consideration at HERA. f; is as defined in Equation 1.13. The constant, &g,
is used to replace the low-energy part of the mean shape variable while the
remainder is the subtraction of the integral, up to py, of the perturbative ex-

pression for the average shape. Above this limit, the perturbative expression

is taken to be applicable.

5Under the assumption that the renormalisation scale ugr = Q. For convenience, the
term ‘Q)-dependence’ will be used throughout, since for all fits except the renormalisation
scale determination, ugp = @. For the renormalisation scale determination, ur # @ is

used in the fits.
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The constants ar are given for each of the event shape variables in Table
1.1. A simple constant factor for the broadening with respect to the photon
axis has been shown to be insufficient [30]. After a theoretical re-evaluation,
a new, more complicated factor for the broadening has been proposed [31]
_ 7T 3 Bo
- 2\/2CFOZCMW(N_R) 4 12Cr

ar + 10+ OQ1) (1.42)

where 7 = —0.614 is a constant of integration, tir = ure=%*, and B, has
been evaluated with Ny = 3 appropriate for low energy hadronisation. In
addition, there are z-dependent terms of O(1) which are not included in
Equation 1.42 since they have not yet been calculated theoretically. These
missing terms may be significant at low z where the incoming quark has some
transverse momentum. The standard MS renormalisation scheme relates

as(pur) = ogs(r) to the more physical acyw (pr) by the conversion factor

QoMW = aM—S(l + KO;L—W—ST) (143)

The expression for broadening with respect to the thrust axis is similar to

Equation 1.42 [31]

3
i +3_ b (1.44)

apF =
2/Cracuw(ir) 4 6CF

noting that there are no z-dependent terms of O(1) for Br.

In the fitting process the value of a;(Mz) is used as the input and is
evolved to a,(Q) using the expression

as(Q) = o(My)

1+ a(Mz) L () (143)

where the 2-loop form for L™ is

L@ (%) - (f_;’r + 8_%) In (Miz) (1.46)



1.8 Summary 25

where By and B, defined in Equations 1.13 and 1.14, are evaluated for 5
flavours, appropriate for scales at the mass of the Z°.

In chapter 8, the corrected data will be used along with a prediction
of (F)yLo from DISENT and DISASTER++, to fit to Equations 1.38 and
1.40. The values of a;(M,) and @g(ur = 2 GeV) will be extracted and used

to determine the validity of this theoretical approach.

1.8 Summary

The QPM and the theory of QCD were introduced with reference to DIS.
The two O(ay) processes, QCD Compton and Boson-Gluon Fusion, were
discussed with respect to the hadronic final state. The Breit frame and
current region were introduced and the event shapes to be measured in the
analysis were defined and discussed. NLO calculations of the event shapes
were considered and the theory of power corrections was outlined. This

theory will be fitted to the data in order to determine its validity.



2 HERA and the ZEUS Detector 26

Chapter 2

HERA and the ZEUS Detector

A brief introduction to HERA is given, outlining the relevant components.
This is followed by a general overview of the ZEUS detector and a detailed

description of the detector components used in this analysis.

2.1 HERA

The Hadron Elektron Ring Anlage (HERA) is the world’s first electron-
proton collider and was constructed at Deutsches Elektronen-Synchrotron
(DESY). Its construction was completed in October 1991 and it has been
taking data since June 1992. The 6336 m long accelerator is situated under
the Volkspark in Hamburg, Germany, as shown in Figure 2.1. The HERA
ring consists of two independent storage rings, one for 820 GeV protons, the
other for 27.5 GeV electrons, yielding a centre-of-mass energy of /s ~ 300
GeV. The two counter-rotating beams are brought into a single beam pipe
and collided at two interaction points. Two general purpose experiments,
H1 [32], in the DESY North Hall, and ZEUS [33], in the DESY South Hall,

are positioned so as to observe the collisions at these interaction points. The
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ITI are then injected into PETRA II where 70 bunches are collected and
accelerated to 40 GeV. These are then ready for injection into HERA where
210 bunches are collected and accelerated to the final proton beam energy
of 820 GeV. The beam is held in alignment and steered by liquid-helium
cooled superconducting quadrupole magnets operating at a temperature of 4
K with a field of 4.65 T. A schematic of the HERA injection system is given
in Figure 2.2.

HERA 0t
Experimentierhalle
NORD/H1 779 m
Volkspark-Stadion
Elektronen * N N
Protonen Experimentierhalle
v Magnet- Positronen- Ost
Wl Test-Halle Linac /3
\J
"W\ Experimentierhalle
Wxx:)selr HERA
PETRA II
Experimentierhalle
SUD/ZEUS
Protonen-Bypass

Figure 2.2: Schematic view of the HERA and PETRA accelerator rings. The

enlarged section shows the injection system.

2.1.2 Positron acceleration

Positrons with an energy of 500 MeV are collected from a linear accelerator
and stored in the PIA (Positron Intensity Accumulator) storage ring until a
bunch of approximately 60 mA is accumulated. These are then injected into

LINAC II and accelerated to 220 MeV whereupon they are transferred to an-



2.2 ZEUS 29

other linear accelerator, LINAC III. After acceleration to 450 MeV, they are
injected into the DESY II ring and accelerated to 7.5 GeV, for injection into
PETRA. 70 bunches are accumulated in this way, with the final 96 ns HERA
beam spacing, and accelerated to 14 GeV. Three batches of these 70 bunches
are injected into HERA for acceleration to the final positron beam energy of
27.5 GeV. In contrast to the superconducting magnets for the proton beam,
the positron beam is steered using magnets operating at normal tempera-
tures with a field of 0.17 T. This is a relatively low field and minimises the
synchrotron radiation losses from the electron beam. The maximum energy
attainable by the positron beam is limited by the synchrotron radiation losses
of the beam as it is steered around the ring. Figure 2.3 shows the delivered
HERA luminosity from 1994-1997, a total of 800 days of running. The lumi-
nosity delivered per year increased as experience was built up in operating

the machine.

2.2 ZEUS

2.2.1 Overview

The ZEUS detector was designed as a general purpose detector to study ep-
scattering. The differing types of events studied at HERA imposed various

constraints on the design of the detector:

e The asymmetry between the proton and electron momenta boosts the
centre-of-mass (CMS) frame in the forward direction with respect to

the laboratory frame and requires an asymmetric detector design.

e The key signature of a neutral current DIS event is the scattered DIS

electron. The detector must be able to identify both the angle and
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analyses, where the outgoing neutrino is undetected, this is the only

practical method of reconstructing the kinematics.

e A good tracking detector is required to help identify the scattered elec-
tron and to reconstruct precisely the event vertex. It will also improve
identification of the hadronic final state. Tracks can be matched to
calorimeter deposits and where a match exists, the information from

the track can be used to augment the calorimeter information.

e A large magnetic field is required to measure accurately the momentum
of high-momentum charged tracks. The field must be sufficiently con-
tained so as not to interfere with the photomultipliers of the calorimeter

which do not function correctly under large magnetic fields.

e The detector must be able to work in the high background conditions
present in HERA running, being able to efficiently discard background
events produced by the proton beam, and cope with the relatively short
beam crossing of 96 ns. The design must also incorporate protection
of the detector from the relatively high radiation proton background
and to shield the tracking detectors from the synchrotron radiation

produced by the electron beam.

e For the measurement of luminosity by the Bethe-Heitler process [36]
and for the measurement of very low-Q? photoproduction events, a

detector to tag very low angle electrons and photons is required.

The ZEUS coordinate system is a right-handed orthogonal system with its
origin at the nominal HERA interaction point (IP). The positive z-axis points
down the proton direction and is termed the forward direction. The positive

X-axis points towards the centre of HERA, and therefore the positive Y-axis
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(TRD). The TRD uses stacks of polypropylene fibre radiator followed
by a drift chamber. The RTD comprises a single drift chamber of the
same design as the FTD. In this analysis only the CTD is used to
reconstruct tracks and the event vertex, so the other tracking detectors

are not discussed further.

e The superconducting solenoid provides a magnetic field of 1.8 T for
the inner detectors using an operating current of 5000 A. It is supplied
with liquid helium at 4 K from the same cryogenic plant as the HERA
superconducting magnets. There is a compensating superconducting
solenoid behind the rear calorimeter, to correct for the influence of the

magnetic field on the beams.

e The high resolution uranium calorimeter (CAL), which measures the
energy of both hadronic and electromagnetic particles by absorption,

is discussed in more detail below.

e The Hadron-Electron Separator (HES) is installed inside the FCAL
and RCAL and consists of 3 cm X 3 cm silicon diodes to improve
the position resolution of the calorimeter and help in distinguishing

hadronic and electromagnetic showers.

e The Small Rear Tracking Detector (SRTD) is designed to improve the
position resolution of low-angle scattered electrons. It is positioned on
the front face of the RCAL around the beampipe and measures 68 cm
X 68 cm. It consists of two planes of scintillator strips, which have a
superior position resolution to that of the calorimeter, of the order of

5 mm in x and y.

e The yoke and Backing Calorimeter (BAC) is made of iron slabs and
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provides a return path for the solenoid magnetic flux. It is instrumented
with proportional chambers and thus acts as a backing calorimeter
allowing the measurement of high energy or late showering particles

that have escaped the main calorimeter and would otherwise be lost.

e The muon detectors (FMUON, BMUON, RMUON) consist of inter-
leaved sections of proportional counters, streamer tubes and time-of-
flight (TOF) counters. Other than as a veto on cosmic induced events,

these detectors are not used in this analysis.

e The Veto wall (VETO) is an iron wall behind the RCAL with dimen-
sions 800 cm x 760 cm X 87 cm, with a small hole 95 cm? to allow the
beam pipe through. It is instrumented with hodoscopes on both sides.
Its purpose is to shield the detector against particles from the proton

beam halo and to veto beam-gas induced events.

e The luminosity monitor does not form part of the main detector, but
is a separate detector approximately 100 m downstream in the elec-
tron direction. The luminosity is monitored online and measured using
Bremsstrahlung photons from the Bethe-Heitler process [36], ep — epry.
This cross section has been shown experimentally to agree extremely
well with the QED calculation. In addition the radiative corrections
to the process are known to be less than -0.3%, so that the cross sec-
tion has very small uncertainties. Therefore, a measurement of the
photon rate by the detector gives a very precise determination of the

luminosity.

The majority of the electronics are not inside the detector. Instead, most of
the readout and all of the trigger system is housed in a three-storey building

(Rucksack) next to the detector. The output from the trigger is passed to
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the computer room in the South Hall and from there to the main DESY

computer centre for storage on tape.

2.2.2 Central Tracking Detector

The central tracking detector [37] is a cylindrical drift chamber with an active
length of 2 m covering the angular range 15° < 6 < 164°. It surrounds the
beam pipe (and vertex detector) with an internal radius of 18.2 ¢m and
an external radius of 79.4 cm. It measures precisely the momentum and
sign of charged tracks and allows the event vertex to be determined with
a resolution of 1.4 mm in the z-direction. The design consists of 72 layers
arranged into 9 superlayers as shown in Figure 2.6. The five odd numbered
superlayers have sense wires strung parallel to the beam axis, while the four
even numbered superlayers (‘stereo layers’) have the wires tilted at a small
stereo angle of approximately £+5° with respect to the beam axis, allowing
the determination of the z-coordinate of the hit with a resolution of o, ~ 1.4
mm. The position resolution in the r — ¢ plane is approximately 180 pm for
tracks that pass through all 9 superlayers. The chamber uses a gas mix in
the ratio, Argon:CO,:Ethane = 0.85:0.05:0.1 with trace amounts of ethanol,
and has a drift velocity of approximately 50 um/ns. The wires within each
superlayer are arranged azimuthally into cells, each with 8 sense wires, and
are designed so that the maximum drift length within a cell is 2.5 cm. The
cells are inclined at an angle of 45° with respect to the radial direction, so
that the electron drift lines are always perpendicular to high momentum
tracks from the vertex, thus optimizing the resolution. This, along with the
high drift velocity, ensures that tracks will always cross several sense wire
planes so that at least one of the drift time measurements is less than the

bunch-crossing time of 96 ns. In this way, the track can be unambiguously
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Figure 2.6: Wire layout of one octant of the Central Tracking Detector show-
ing the 9 superlayers. The dots indicate sense and field wires going into the
page; the larger dots are sense wires, the smaller dots are field wires. Alter-

nate superlayers are inclined at a stereo angle to aid z-position reconstruction.

assigned to one particular bunch crossing. Sense wires in superlayers 1 and
3 and half of the wires on superlayer 5 are instrumented with a 2-by-timing
system (38], which compares the arrival time of the signal from both ends
of the wires and allows fast determination of the z-coordinate of the track,
with a precision of 0, ~ 3 cm. The system is used in both the first and
second level triggers. In 1996/1997, the momentum resolution of the CTD

for a long (>3 superlayers) track was

o(pr)/pr = 0.005p & 0.016 (2.2)
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with pr measured in GeV. The first term is due to the intrinsic position
resolution of the hits on a track and the second term is due to multiple

Coulomb scattering which dominates at low pr.

2.2.3 Uranium Calorimeter

The main calorimeter [39, 40, 41] encloses the inner components of the detec-
tor and is almost hermetic, covering 99.8 % of the solid angle in the forward
direction and 99.5 % of the solid angle in the rear direction. It is a com-
pensating sampling calorimeter with alternating layers of uranium as the
absorber and plastic scintillator as the active material. The uranium is ac-
tually an alloy of 98.4% 238U with 1.4% Nb to make the alloy harder; there
is less than 0.2% 23%U. Hadronic showers interact (and often break up) the
atoms of the absorbing material; this is particularly true for the neutrons
in the hadronic shower, which suffer no Coulomb scattering. In calorimeters
where the absorbing material has a medium atomic mass (eg. iron) this en-
ergy is generally lost and therefore the signal reaching the photomultipliers
is generally less for a hadronic jet composed more of neutral particles than
for an equal energy jet composed more of charged hadrons.

However, in the case of uranium or other unstable nuclei, these nuclear
interactions with the neutral component of the hadronic shower cause the
nuclei to break up producing charged particles, which can undergo elastic
reactions with the hydrogen atoms in the scintillator material, returning
some of the lost energy. By choosing the uranium layers to be 3.3 mm thick
(1 Ao radiation length) and the plastic scintillator layers to be 2.6 mm thick,
this scattering results in complete compensation, i.e. a hadronic jet of fixed
energy produces the same signal in the calorimeter regardless of its charge

composition.
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The calorimeter is divided into 3 parts as shown in Figure 2.7:
e The forward calorimeter (FCAL), 2.2° < 8 < 39.9°.
e The barrel calorimeter (BCAL), 36.7° < 6 < 129.1°.
e The rear calorimeter (RCAL), 128.1° < 0 < 176.5°.

where 6§ is the polar angle with respect to the proton beam direction. Each

o

[e]
36.7 129.1
11 T
N
electrons protons
FCAL-EMC RCAL-EMCH
BCAL-EMC —
4 =
11
FCAL-HAC BCAL-HAC RCAL-HAC

Figure 2.7: The relative position of the three parts of the calorimeter.

part is divided into 3 (2 for RCAL) sections. The inner section is called
the electromagnetic calorimeter (EMC) and the outer one or two sections
are called the hadronic calorimeter (HAC, or HACI and HACII). Electro-
magnetic showers generally develop and are absorbed faster than hadronic
showers as shown in Figure 2.8. The EMC section is 25X, in thickness for
electromagnetic showers to ensure that the entire shower is fully contained in
the EMC. This depth is equivalent to one interaction length, Ay, for hadrons,
so that hadrons deposit relatively little of their energy in the EMC. The thick-

ness of the HAC section, in interaction lengths, varies from 6A¢ in FCAL to
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Figure 2.9: Cut-away view of an FCAL module.

using the natural radioactivity of the uranium which provides a very stable

background signal. Further details of the tests and design of the calorimeter

are available in [42].

The calorimeter also gives very precise timing information, with a resolu-

tion better than 1 ns, allowing rejection of beam-gas induced events by the

trigger.
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2.2.4 ZEUS Trigger

The HERA bunch crossing time of 96 ns corresponds to a crossing rate of
10 MHz which poses considerable challenges for the Data Acquisition (DAQ)
system and trigger, given that each event has around 250,000 readout chan-
nels to process. The total interaction rate of HERA is dominated by inter-
actions of the proton beam on residual gas in the beampipe; these dominate
DIS events by an approximate factor of 100,000, with a rate of 10-100 kHz
compared to a few Hz for interesting DIS events. Photoproduction events
(Q? < 1 GeV?) also have a much larger cross section than DIS events and
form the other major background to this analysis. The other backgrounds
to DIS are interactions of the electron beam on residual beam gas, cosmic
induced events, and interactions produced in the proton beam halo. The task
of the trigger is to pick out interesting physics events and reject as much of
the background as possible. The final rate at which events are written to
tape must not exceed a few Hertz. Since it is not feasible for a complicated
decision to be made in 96 ns, the data from the components are pipelined into
58 bunch crossings, giving a total trigger time of 5.6 us; special pipelining
chips were designed for this [43]. The trigger system used in ZEUS consists
of three levels as shown in Figure 2.10. The first level trigger (FLT) oper-
ates on each detector component independently; each component having its
own pipeline, with a total decision time of 5.6 us. Any component which
displays some interesting feature, possibly from a physics event, will signal
that event should be passed onto the second level trigger (SLT). The total
rate being passed to the SLT is reduced to approximately 1 kHz. There is
an SLT for each component, and since the rate is much lower, they have
time to perform more complicated algorithms on the data set and also to do

some limited combination of the data set. Any promising events are then



2.2 ZEUS 43

1 250.000 channaeis
ZEUS detector |
| 96ns clock 10.4 MEvis/s
Component 1 A//,/ // v \\\\.\\ Component n 500 kb/Evt
E3 _i
N 'l NN | /7 2Ny iy
44ps  LloATA || Local L] ~aNY sl ]| oot Egﬁn 7
ipeline [ |Pipeiin ~al - o
pipe r"ﬁ“’ GFLT [[“ |l
i N 1000 Evis/s
]
\Il\ RN o 150 Kb/Evt
\
e R e O |
—_ _J GSLT|
100 Evis/s
Eventbuuder
T e
yyyy
cruterm [ 1Third Level Trigger J
§ Evta/s
| Fnk
—_— '}
data ki %
I | mass storage |: ~1Mb/s
trigger signal

Figure 2.10: The structure of the ZEUS three-level trigger system.

passed to the event builder, where the data from differing components are
combined together and put into ADAMO database format. The total rate
leaving the event builder is around 100 Hz. These events are passed to the
third level trigger (TLT) which can analyse the event as a whole and run
complicated algorithms, such as jet-finders and proper kinematic reconstruc-
tion, on the data set. Following a positive decision from the TLT, the event
is then passed to the DESY computer centre for storage on tape. The final

event rate written to tape is 3-5 Hz.
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2.3 Summary

The ZEUS detector is one of four experiments located on the HERA ep syn-
chrotron at DESY, designed as a general purpose ep physics detector. The
principal detectors used in this analysis are the CTD, a cylindrical drift cham-
ber used to identify the vertex and hadronic final state, and the compensating
uranium CAL, used in conjuction with the CTD to determine the hadronic
final state. ZEUS uses a three-level trigger system to select DIS events and

reject background from beam-gas interactions and photoproduction.
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Chapter 3

Data Reconstruction and Data

Quality Monitoring

In this chapter, the methods used to reconstruct the data are examined.
The trigger preselection method for the data used in this physics analysis is
presented. Work performed for the collaboration to ensure that only high

quality data are used in analyses is also presented.

3.1 Offline Reconstruction

The data output from the TLT contains unprocessed information from all the
detector components. The TLT has selected events that have some particular
physical property, but the raw data as output by the TLT are not suitable
for further detailed analysis. For example, only the individual hits in the
CTD wires (several thousand in each event) are stored in the raw data; the
full algorithm which fits all the tracks and finds the best event vertex must
be run offline (there is a simplified, faster version which runs online for the

TLT, but this is less accurate.) The purpose of the offline reconstruction
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program [44] (ZEPHYR) is to process and combine all the raw data and
produce physical quantities and objects which are more suitable to physics
analysis, applying all the relevant calibration constants to the detectors. It
must also correct these quantities for any known deficiencies in the detector
at the time the run was taken. For example if a particular CAL cell was
malfunctioning, this can be masked out at reconstruction time, so that its
faulty signal does not influence the physics results.

The TLT accepts an event using a logical OR of all the TLT bits, i.e. if
any of the TLT bits fire, then the event is stored. Checking each of the TLT
bits relevant to a particular analysis is quite cumbersome, because there are
so many. Instead, the TLT bits are combined together with other information
from the reconstruction, to form Data Summary Tape (DST) bits. These are
more closely related to the physics under study and a typical analysis will
select on one or more of these bits. The analysis presented here requires a

logical AND of two DST bits:

o DSTO09 Electron

This bit requires that one of four different electron finding algorithms
has found an electron candidate in the calorimeter, with E ectron > 4
GeV. These algorithms are run at reconstruction time, so this bit does

not require any information from the TLT.

e DST11 Nominal Neutral Current

This requires that the total reconstructed E —p, > 30 GeV (E —p, is
defined and discussed in more detail in chapter 4.) This is a very loose
cut to reject photoproduction events. The DST bit is also the most
inclusive of the DIS DST bits, requiring a logical OR of 13 separate

TLT bits which correspond to various properties of neutral current DIS
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events; if the event exhibits any of these properties then the bit is set

so that the event can be analysed further.

All 13 TLT bits that are used by DST11 have vetoes so that they will not
fire if there are clear sparks in the calorimeter, or if there is a clear halo
muon signal in the detector. One of the 13 TLT bits takes the majority of
the events; it requires only a low energy electron (Eeectron > 4 GeV) and a
box-cut around the beampipe of 12 cm x 6 cm to ensure the electron is well
measured. In addition, all the TLT bits require certain timing constraints

on the event

e The ‘up-down’ time, which is the difference in time between signals
arriving from the top of the BCAL and signals arriving from the bottom
of the BCAL, must be less that 8 ns. This is to reject cosmic events
where the top part of the calorimeter will be hit by the cosmic particles

first.

e The time difference between the signals from the RCAL and the signals
from the FCAL must be less than 8 ns, to reject events which have come

from proton beam background outside the detector.

e The timing is set so that particles resulting from interactions at the
nominal ep beam crossing arrive at the calorimeter at time ¢ = 0. The
averaged time over all cells with energy greater than 4 GeV in the
FCAL (RCAL) must not exceed 8 (6) ns. Again, this is to reduce
contamination from background processes not occurring near the nom-
inal interaction point, but with a reconstructed vertex from secondary

interactions.

During an analysis run over all the data, the analysis routine can check each

event for the relevant DST bits before any further processing is performed.
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This permits a basic preselection, and ensures that the analysis program does
not waste time analysing events which are clearly not of the desired class.
To ensure that this preselection is not too strict and does not reject events
that should be kept, a trigger check is performed using Monte Carlo. The

efficiency is defined as

Events which passed DST9 AND DST11
DST Efficiency = (3.1)

Events accepted at detector level

without requiring DST9 AND DST11

The Monte Carlo study gives 100% indicating that the trigger fires for all the
events that should be kept. A more rigorous data-based study and a study
made by injecting signals directly into the front-end electronics has shown
that the hardware trigger efficiency is higher than 99% for all regions of z
and Q? [45)].

3.2 Zeus Event Store

Although the use of DST bits help reduce the number of events processed,
they suffer from two large drawbacks. The major one is that the data format
in which the events are stored (ADAMO) requires that the entire event be
loaded into memory before anything, even the DST bits, can be checked.
There is a large time penalty for this, and since the vast majority of the
events are rejected at the DST level, this process can be very inefficient. The
second problem is that DST bits are rather crude. There are comparatively
few of them, so they must be quite general, and, although better than the raw
triggers, they are still somewhat abstracted from the actual physical quanti-
ties that are being studied and cut upon. A better solution is to generate, at

reconstruction time, a large and varied set of observables that can be used
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for preselection to augment the existing DST bits. Such a system has been
implemented in the ZEUS Event Store [46] (ZES) which is an Objectivity
tag-database containing 236 variables which are computed using standard
code, approved by the relevant analysis groups. The Objectivity database is
independent from the ADAMO database in which the whole event is stored;
it is considerably smaller (236 numbers rather than several thousand for a
typical event) and so can be loaded into memory and processed much faster.
The analysis presented in this thesis uses ZES to check the DST bits (since
this is faster than loading the event from ADAMO) and also to make very
rough preselection cuts on the event (the actual cuts are described in the
next chapter.) Any promising events are then passed to the full analysis
routine where tighter selection cuts are imposed. The use of ZES increases
the analysis speed by over 80%. The ZES system is to be incorporated into
a standard analysis package (ORANGE) for ZEUS which is currently under

development.

3.3 Data Quality Monitoring

In ZEUS, physics analyses are divided into five separate working groups.
Each group has responsibility for maintaining and monitoring the quality
of their own set of triggers and their own set of DST bits, namely those
corresponding to the physics interests of the group. The analysis presented
here was performed in the QCD and Hadronic Final States (HFS) group. This
group focuses primarily on the QCD evolution of the hadronic final state, jet
physics and photon structure. During the 1999-2000 running period, the
group had 25 DST bits, most of them having a one-to-one correspondence

with the group’s 27 TLT bits. Although the analysis presented here does
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not explicitly use the group’s DST bits (it relies on basic DST bits from the
Structure Function group and upon ZES), the analysis is very sensitive to
any problems in the hadronic final state, so the HFS group’s Data Quality
Monitoring (DQM) is vital.

The DQM serves to check whether all the detector components and trig-
gers are functioning correctly; any problems can then be identified and recti-
fied quickly, so as not to waste time on taking poor quality data. The DQM
also monitors whether there is any problematic non-ep background (such as
proton beam gas) which could affect the group’s physics.

For each HERA run, the DQM routines, which run in the main recon-
struction program, histogram various quantities to be checked, and these can
be compared to a set of reference histograms. Any runs found to have prob-
lems can either be excluded entirely from the analysis, or flagged for more
careful analysis.

DQM checks are made on both the DST bit selections and on ZES. The
QCD/HFS group is mostly concerned with the CAL, so the DQM focuses pri-
marily on that part of the detector. The emphasis is on physical observables;
there is also an independent detector DQM for the CAL concerned more with
the direct output from the hardware components. This redundancy ensures
that any subtle problems are more likely to be observed. The DQM for the
CTD, which is also important for the analysis, is checked separately.

A number of general checks are made on the data. Firstly, it is important
to minimise proton beam gas events, which generally have a large track
activity parallel to the beam direction with not much transverse activity.
Figure 3.1 shows the E — p, distributions, where F is the summed energy in
the CAL and p, is the summed longitudinal momentum. Beam gas tends to

have a low F — p, of a few GeV whereas the DIS events of interest to this
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Figure 3.1: The E — p, distribution for all DIS triggers combined. a) on the
left is normal, b) on the right indicates a problem with the trigger, where
some events have been incorrectly accepted below the cut at low values of

E—p,.

analysis have a larger £ — p,. The trigger has a cut on E — p, > 30 GeV
for DIS triggers, and the distributions are examined to make sure that the
trigger is functioning correctly and that the unwanted beam gas events are
being rejected. Figure 3.1a) shows a normal F — p, distribution, whereas
Figure 3.1b) indicates some malfunction of the DIS triggers, where a few
low E — p, beam-gas events have been let through. A check is also made
to see that the scattered DIS electron is detected where is should be in
E — p,, at about twice the electron energy (~ 55 GeV.) A peak anywhere
else will indicate either a problem in the CAL or a serious problem in the
reconstruction of E — p, which would make the run unusable.

The proton bunches are typically 12 cm long in the z-direction and the
electron bunches less than 1 mm. Therefore, the actual event vertex where an

interaction takes place may be a few cm away from the nominal interaction
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Figure 3.2: The z-position of the vertex for the HPP and DIS branch triggers.

Note the small satellite bunch at z = 60 cm.

point of z = y = 2 = 0. For a DIS analysis, it is important to make sure that
the event vertex has been found correctly, and that the triggers, some of which
have a vertex requirement, have actually identified the correct vertex. We
want to make sure that there are relatively few so-called ‘satellite’ bunches
that can trail the main bunch by up to 80cm. Runs which have a high
proportion of satellite bunches, although not unusable, should be analysed
more carefully. Figure 3.2 shows the vertex distributions for photoproduction
(HPP) and DIS triggers. The DIS triggers show a large satellite bunch, which
is not observed in the photoproduction triggers because these triggers have
an explicit vertex cut of |2zy| < 50 cm.!

The majority of analyses performed in the QCD/HFS group make use of
triggers which identify ‘jets’ of hadrons in the CAL with particular properties,

1Figure 3.2 for the photoproduction trigger shows a few events outside the cut of
|zptz] < 50 cm. This is due to the slight mismatch between online and offline vertex

selection, similar to the problems discussed later in the chapter.
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Figure 3.3: The upper plot shows a run with a normal 7 distribution, and
the lower plot a run with a spike in the n distribution, indicating a problem

in one of the CAL towers.

in order to study the hadronic final state. The jet triggers must run a jet-
finder algorithm over the CAL and make a relatively fast decision (< 0.01 s),
so it vital to check that they are working correctly and the CAL cells on which
they base the decision are all in full working order. Each of the jet triggers are
checked for a variety of properties and compared to a ‘normal’ run. This is
done for both the DST bits and for the ZES database. Figure 3.3 is from the
ZES DQM and shows the trigger cross section as a function of pseudorapidity
7. The trigger uses one of the ZEUS-standard jet-clustering algorithms, and
fires if any jets are found in the CAL. Figure 3.3(upper plot) shows a normal
run with a lot of forward jets and some secondary jets in the BCAL at around

n = 0. Figure 3.3(lower plot) shows a problem in the BCAL when one of the
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photomultiplier tubes was faulty, producing a constant signal (‘sparking’).
This was consistently misidentified by the jet algorithm as a hadronic jet,
making the jet trigger unusable for this run, and any analysis of the hadronic
final state impossible. If the data are subsequently reprocessed (i.e. passed
through the reconstruction program again), then this faulty CAL cell can be
masked out for the run and the data recovered, although the trigger bit will
still be unreliable for the run.

During offline reconstruction, the jet and electron quantities that are used
online by the TLT to make its decisions are reconstructed fully. Since the
TLT has to make a very fast decision, it uses a cruder event reconstruction
to save time. The DQM can be used to check decisions made by the TLT
based on this crude method against the decision based on the more accurate
fully reconstructed event record. Any mismatch between the two is flagged in
special ‘bug bins’ in the DQM. For example, Figure 3.4 shows the pseudora-
pidity of the electron from the trigger that identifies prompt photon events.
The mismatch is due to a less sophisticated electron finder being run at the
TLT from that being run in the full reconstruction. The TLT imposes a cut
of -2 < 1 < 2 on the pseudorapidity of the electron. There are some events
measured by the TLT where the electron just falls within this range and will
thus fire the trigger. However, when a full and accurate reconstruction is
done, the measured pseudorapidity of the electron falls outside the desired
range, and this mismatch is flagged by the DQM. Another example of this is
shown in Figure 3.5 where the z — y impact position of the DIS electron on
the face of the RCAL is plotted. The box-cut at the TLT is shown. Several
electrons can be seen to have shifted position inside the cut when the full
reconstruction is made. This is not a serious problem for the analysis, but it

is important that all analyses use the DQM to identify and understand the
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Figure 3.6: Output DST cross-section for the DIS dijet trigger. The solid
points are flagged since they are more than 3 standard deviations from the

mean.

section for the trigger which identifies DIS dijets. The DQM automatically
collects the data and calculates a mean cross section based on the most up-
to-date data. Any runs which are more than 3 standard deviations from the
mean are flagged and can be investigated in more detail or excluded. The
points at zero indicate a detector test when the trigger was switched off, and
are not flagged by this process. Typically, a larger than average trigger cross-
section is caused by a sparking CAL cell being consistently misidentified as
a hadronic jet or a DIS electron. Any computer or hardware problems in
the data acquisition system can cause large dead-times and result in a lower

than average measured cross-section.
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The runs are checked as soon as they come through reconstruction, so
that any problems in the data taking can be rectified as soon as possible.
This procedure, in conjunction with the individual detector component DQM
information, ensures that only high quality data are used in the group’s

analyses.

3.4 Summary

The data used in the analysis is preselected using loose trigger requirements
primarily based on the presence of an isolated DIS electron with some vetoes
to limit background events. The trigger efficiency is high. Data quality
monitoring procedures have been developed to ensure that the hadronic final
state of the events can be correctly reconstructed. This work has led to an

understanding of the limitations of the triggers used in the analysis.
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Chapter 4

Kinematic Reconstruction and

Event Selection

Different methods for reconstructing the kinematic variables are evaluated
in terms of their resolutions and by comparison with simulated Monte Carlo.
The methods used to find and measure the scattered DIS electron and hence
make the boost to the Breit Frame are discussed. The cuts imposed to remove
contamination from background and make sure the event is well measured
are presented. Finally, the choice of kinematic analysis bins is given, along

with the relevant analysis efficiencies and purities.

4.1 Kinematic Reconstruction

Several methods are available at ZEUS for the reconstruction of the kinematic
variables z, y, and Q? [47]. The methods discussed make use of the measured
angles and energies of the scattered DIS electron, (6, and E), those of the
current jet, (v, and E}), or a combination of both. The angles 6, and -y, are

defined in Figure 4.1.
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Figure 4.1: The angles 6, and v, defined with respect to the incoming proton

direction.

Isolines of these quantities in the z — Q? plane are shown in Figure 4.2.
These isolines, combined with the intrinsic resolution on each of the quantities
provide an understanding of the various methods in different parts of the x —
Q? plane. They help determine how measurement errors in the four variables
(0., E., v, and E}) will affect the reconstructed values of z and Q?. Areas
on the plane where there are dense isolines indicate that any measurement
error on that quantity will lead to a small error on the reconstructed values
of z and Q2. Conversely, the intrinsic resolution is worse in regions where
the isolines are sparse, since a small measurement error encompasses a large
area in r and Q2.

Since only two of the three kinematic variables are independent, in the
following, only the equations for Q? and y are given, with z given by

2
T = —22—3 (4.1)
where s is the HERA centre-of-mass-energy (/s =~ \/‘M ~ 300 GeV.)
Here, it is assumed that the rest mass of the proton and electron are much

smaller than the energies involved and can therefore be neglected.
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4.1.1 Electron Method

The most straightforward of the reconstruction methods uses the information
from the scattered electron only. It uses the energy of the scattered electron,

E/, and its angle, 6., to determine the kinematics.

E! .
=1-—=(1- 4.2
Q? = 2E.E,(1 + cos@.) (4.3)

where E, is the incident electron beam energy. Figures 4.2a) and 4.2b)
show that this has good resolution in the high y region where the isolines
for the electron quantities are dense. However, at low y (y < 0.1), where
the scattered electron energy is very close to the incident beam energy, the
isolines are very sparse indicating poor resolution. Figure 4.3 shows the Q?
resolution in the chosen analysis bins!, determined from ARIADNE Monte
Carlo. The distribution used to determine the resolution is given? by

2 N2
———Q"gg @ (4.4)

The RMS of a Gaussian fit to this distribution is termed the fractional reso-
lution (or just ‘resolution’), while the offset of the peak from zero is termed
the fractional bias. For the electron method, the Q? resolution is between

7-10% depending on the z — Q? bin.

4.1.2 Jacquet-Blondel Method

The Jacquet-Blondel method [48] uses only the hadronic information in the

detector (ie. in practical terms, it uses all the cells in the calorimeter not

!The choice of these 16 analysis bins is discussed in section 4.2.
2The same definition is used for all resolutions discussed in this chapter.
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associated with the DIS electron.) It is the only suitable method for charged-
current analyses, where the outgoing neutrino is not detected and only the
hadronic system is available. The hadronic system is characterised by two

energies and one angle

6h =Y _(En — Pzp) (4.5)
h
pPTh = J (Zpﬁ,h) + (Zpg,h) (4.6)
h h
2 2
Prp— 5h
COS Yp, 7T 0 (4.7)

This method relies on the fact that the detector is almost hermetic (therefore
pr is conserved) with the assumption that the pr of undetected hadrons lost

down the beampipe is negligible. Then

On
= 4.
YJB oE, ( 8)
Q?’B — _ p%’h (4'9)
1—-ysB

The resolution of y;p5 at very low y (y < 0.05) is generally better than y,,
however, the resolution of Q%p is poorer than Q? over the whole kinematic
range, as shown in Figure 4.4. It ranges from 40% in the lowest £ — Q? bins
to 18% in the highest z — Q? bins. Additionally, since the method depends
on an accurate measurement of the energy of the hadronic system, energy
lost in inactive material in front of the calorimeter results in a very biased
measurement, with the reconstructed values being on average 30% less than

the true value for Q2.

4.1.3 Double Angle Method

The Double Angle (DA) method [47] determines the kinematics from the
angle of the scattered DIS electron, 8., and the angle of the hadronic jet s,



4.1 Kinematic Reconstruction 64

Q* (GeV?)
: £
Qs Resolution 100 £ /\\ 2560 - 5120
0 :l 11 L 1l
[ 0.183
r 0314
%50 1280 - 2560
0 ’1'1 L1 01 J ]
F0.194 Q? (GeV?) F0.219 )
0 F0302 so0 | 0369
g Uh 10240-20480 I 640 — 1280
0:|||||||J|-I 0 Lt L1 o
« F = T
L 5120-10240 e 320 - 640
o O | 11 o _l 1 1 11
1 0 1

’ 0.251 F0.194
X  0.1-06 2000 1-0.401 f_°-3i7/\ 160 - 320
0.04-0.4 r r
0 3 AL . Ca i1
F0.271 Foam
5000 _osAy\ | 0346 80 — 160
o Lt N L

200 [0.305 F0.298 ! ¢ !
L 0.417 £ 0.340 40 - 80
o L NI SR o
L 0.364 F 0.333
200 :_0.332 :_0.297 20 - 40
S A | S T,
1 0 1
[ 0.404 - 0.400
200 :_0.264 —_0.245 10-20
0 E sl E I S
-1 0 1-1 0 1
_ - - -3 _ -3 _ -2 0.05-0.25
X 0.6 — 1.2x10 1.2 - 2.4x10 2.4-10.0x10 1.0-5.0x10 0.025-0.15

Figure 4.4: Resolution of Q%5 as a function of z and @?. The top number in
each plot is the fractional RMS resolution, the lower number is the fractional

bias.



4.1 Kinematic Reconstruction 65

leading to
sin .(1 — cos y)
= 4.10
YDA Sin Yh + sin 8, — sin(y, + 6) (4.10)
. 1 l
2 _ 4R siny,(1 + cos 6.) (411)

sin y, + sin 0, — sin(y, + 6.)
This method has the considerable advantage that it depends only on the
angles, so that uncertainties in the hadronic energy scale do not adversely
affect the reconstructed variables. The combination of Figure 4.2a) for 6,
and Figure 4.2c) for v, would have dense isolines over a wide range in the
z — @Q? plane, indicating that this method has wide applicability. Figure 4.5
shows the resolution for @%, which is approximately a constant 10 - 11%
over the entire kinematic range. The methods used to obtain the optimal &,

and 1y, are discussed in sections 4.3 and 4.7.5 respectively.

4.1.4 Summary of Reconstruction Techniques

Examining the Q2 resolution alone would indicate that the electron method
is superior to the DA method. However, it is also important to reconstruct z
accurately. Figures 4.6 and 4.7 show the resolutions for z, and zp4 respec-
tively. The resolution for z, varies from 40% at low @2 to 12% at highest ()2
with approximately a 5-10% bias due to energy losses of the electron in dead
material in front of the calorimeter In contrast, the zp, resolution varies
from 30% at low Q? to 11% at highest Q2. In the intermediate range the
resolution is twice as good as the electron method and the bias is less.
Figure 4.8 shows the comparison of data with Monte Carlo for log;,(Q?)
and log;o(z) for Q% > 100 GeV?. The representation of Q% by the Monte
Carlo is good for both methods. The DA method is marginally better at low
z and at high z. Because of this, and because of the superior resolution on

z, the DA Method is used to reconstruct the (z, @?%) kinematics of an event.
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Figure 4.9: The 16 bins in z and Q? chosen to measure as much of the

kinematic plane as possible.

bins were chosen so as to measure as much of the kinematic plane as possible,
while keeping the measured hadronic system within the central range of pseu-
dorapidity (|n| < 1.75) where it is more accurately measured. The bin sizes
were chosen so as to maximise the purity and efficiency in the kinematic bins.

The purity and efficiency were determined from ARIADNE Monte Carlo and
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Bin | Q? range (GeV) z range Efficiency(%) | Purity(%) | # events
1 10 - 20 0.0006 - 0.0012 35.8 47.0 25978
2 10 - 20 0.0012 - 0.0024 35.2 47.9 24153
3 20 - 40 0.0012 - 0.0024 51.4 55.8 19261
4 20 - 40 0.0024 - 0.01 58.4 67.5 26862
3 40 - 80 0.0012 - 0.0024 52.0 61.5 9312
6 40 - 80 0.0024 - 0.01 68.9 76.3 20248
7 80 - 160 0.0024 - 0.01 69.2 81.4 60376
8 80 - 160 0.01 - 0.05 67.7 79.2 38405
9 160 - 320 0.0024 - 0.01 56.3 82.4 18542
10 160 - 320 0.01 - 0.05 74.6 84.3 27500
11 320 - 640 0.01 - 0.05 76.7 85.6 13102
12 640 - 1280 0.01 - 0.05 77.8 85.4 5323
13 1280 - 2560 0.025 - 0.15 80.1 86.0 2437
14 2560 - 5120 0.05 - 0.25 77.3 86.5 771
15 5120 - 10240 0.06 - 0.4 79.4 84.9 284
16 | 10240 - 20480 0.1-0.6 80.1 79.2 o4

Table 4.1: The (z, Q?) analysis bins. The event efficiencies, purities and num-

ber of events passing all the selection cuts are given. Bins 1-6 are measured

using 1995 data only. Bins 7-16 are measured using 1996-1997 data.

defined as

Purity =

Efficiency =

# events generated and correctly reconstructed in the (z,Q?) bin

# events reconstructed in the (z,Q?) bin

(4.12)
# events generated and correctly reconstructed in the (z,Q?) bin

# events generated in the (z,Q?) bin

(4.13)
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The events are assigned to a kinematic bin based on the reconstructed values
of Q2D 4 and zp4. At the hadron level in the Monte Carlo, the events are
binned according to Q. and Ty.. Both the efficiency and purity are low
(around 30% - 40%) in the low Q? region. However, for Q% > 80 GeV?, the
efficiency levels off at around 70% - 80% and the purity at 80% - 90%.

For the low @? bins (bins 1-6) 1995 ZEUS data were used, with a total
integrated luminosity of 6.6 pb~!. For the higher Q? (bins 7-16), data from
the 1996 - 1997 run period were used, with a total integrated luminosity of
38.6 pb~l. Table 4.1 also shows the total number of events accepted after all
the selection cuts have been imposed. The selection cuts are defined later in

the chapter.

4.3 Electron Finding

The electron finding algorithm [49] used is based on a feed-forward neural
network which has been trained using Monte Carlo samples [50]. The smallest
geometrical unit available in the calorimeter is a CAL tower (a longitudinal
combination of HAC and EMC modules). There are too many of these to
practically work with, so towers which have some deposit above the uranium
background are first clustered into more complex objects called tower islands.

The energy and positional information from all the photomultipliers mak-
ing up each tower island are transformed and rescaled into a series expansion
of Zernike moments as described in [50]. This series is then truncated, keeping
only the important terms, which leads to 17 variables describing the energy
distribution in the HAC and EMC tower islands; this is to be compared with
a standard basic electron finder which will use fewer variables (e.g. only 2,

the shower radius and fraction of energy deposited in the EMC section of the
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calorimeter.)

The neural network algorithm operates on all 17 of these transformed
variables, and to each island assigns a probability between 0 and 1 that the
island was produced by a single electromagnetically showering particle. The
closer this probability is to 1, the more likely the island is to have come from
an electromagnetically showering object.

The cuts below ensure the selection of a clean electromagnetic object.

1. Probability > 0.9. The probability assigned to the electron candidate
must be greater than 0.9. This ensures a purity of greater than 98%
in the electron sample [50]. If there is more than one island in the
calorimeter with a probability greater than 0.9, then the one with the

highest probability is taken.

2. Eiower > 10 GeV. The algorithm is optimally efficient (almost 100%)
above electron energies of 10 GeV [50]. Around the trigger cut of 4
GeV the algorithm is only ~50% efficient and the Monte Carlo fails to
describe the behaviour. In order to ensure optimal selection, a cut of

E. > 10 GeV is required for the final analysis.

3. Matched track If the candidate is in the BCAL, or in the RCAL
(FCAL) with a positional radius of greater than 50 (70) cm, then it is
required that a vertex-originating track in the CTD points to the elec-
tromagnetic deposit; the extrapolation of the track onto the calorimeter
face must be within 10 cm of the centre of the deposit. The radius in
the F/RCAL cuts correspond to the good acceptance region for tracks
in the CTD (polar angles 0.3 < 8, < 2.8). Outwith this region, tracks
cannot be reliably reconstructed, so no match is required. This require-

ment limits contamination from high energy photons and 7.
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positional information and the reconstructed event vertex.

3. The positional information from the Forward HES (FHES) or the Rear
HES (RHES), if an electron has been detected in these, and the signal

is not saturated, since they too have superior spatial resolution to the

F/RCAL. The angle is calculated as in 2.

4. The position is taken from the calorimeter cell if nothing else is avail-
able or sufficiently well measured. The position is calculated from the
nominal geometrical centre, shifted proportional to the energy imbal-
ance between the two photomultipliers on either side of the cell. The

angle is calculated as in 2.

Figure 4.11 shows the resulting angular resolution for all the analysis bins
in z — Q2. The polar angle is measured very precisely, with resolution of
between 0.1 - 0.6%, and almost no bias.

The electron energy, E!, can be reconstructed in two ways. The first way
is to use the measured value of the energy directly from the calorimeter. En-
ergy losses in inactive material (‘dead material’) in front of the calorimeter
(e.g. cooling pipes and readout wires) cause the measured value to be less
than the true value, and make this method unreliable. This can be compen-
sated somewhat by utilising the energy reading in the RCAL presampler and
SRTD to correct the CAL measured energy. The second method is to use

the reconstructed value of Q% ,, inverting Equation 4.3 and replacing Q? by

2 .
Qpa, to give \

E 4= DA 4.14
&DA ™ 9F,(1 + cos§") (4.14)

Both methods have similar energy resolutions; the resolution for E; ;4 is

shown in Figure 4.12 and is a flat 6-7% over the whole kinematic range. The
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Figure 4.11: Resolution of 6, as a function of z and Q? using a combination
of all available detectors. The top number in each plot is the fractional RMS

resolution, the lower number is the fractional bias.
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Figure 4.12: Resolution of E ;,, as a function of x and @Q* using a combina-
tion of all available detectors. The top number in each plot is the fractional

RMS resolution, the lower number is the fractional bias.
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bias is generally no more than 2.5%. It is vital to measure this electron en-
ergy as accurately as possible, since this is the quantity which determines the
Lorentz boost to the Breit frame. The Monte Carlo describes the DA recon-
structed electron energy better than the directly measured electron energy,

so for this reason, we use the DA method to obtain the electron kinematics.

4.4 Breit Frame Boost

The boost vector 5, given in Equation 1.23, used to determine the Lorentz
boost into the Breit frame, requires the four vector of the virtual photon,
g. This is calculated from the four-vector of the scattered electron, €', as
determined in the previous section, and the nominal incident electron four-

vector, e, as

=e —e (4.15)

The resolution of the magnitude of the boost vector is plotted in Figure 4.13.

The boost is determined to within 4 - 6% in most of the kinematic bins.

4.5 Phase Space Definition

Not all of the z — Q? plane is experimentally accessible. This can be due
to limitations of the detector, or excessive background in certain regions of
phase space that make the measurement impossible. The measured phase

space is limited by the following cuts

1. Q%, > 10 GeV?

This is close to the lowest practical @2 that can be measured in DIS.

It corresponds to a very low angle scattered electron in the RCAL; the
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Figure 4.13: Resolution of the boost vector |3| as a function of z and Q?
using a combination of all available detectors. The top number in each plot

is the fractional RMS resolution, the lower number is the fractional bias.



4.6 Background Rejection Cuts 80

beampipe prevents the measurement of much lower Q2 by any kine-
matic method that demands the presence of a well measured DIS elec-

tron.

2. yis > 0.04

At very low values of y, the hadronic jet is very close to the FCAL
beampipe, sometimes even lost down the beampipe. In this case, the
residual signal from the 233U makes a large relative contribution to y;5
(which is essentially a measure of hadronic activity) and distorts the
measurement of the hadronic angle 7, which in turn, will distort the

DA measurements. In order not to be sensitive to this, a cut is made

on y;B.-

3. ye < 0.95

In photoproduction events, where the electron goes undetected down
the beampipe, low energy pions from the fragmentation of the current
jet can fake an electron signal in the FCAL. These events tend to have

very high values of y. at high Q? and are rejected by this cut.

The phase space of the truth level is defined to match the cuts at the

detector level, namely,

2 > 10 GeV? (4.16)

true

0.04 < Yirue < 0.95 (4.17)

4.6 Background Rejection Cuts

The following cuts are imposed on the data in order to remove the majority

of background events from the sample.
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4.6.1 Momentum conservation

Although, the ZEUS calorimeter is almost completely hermetic, a large frac-
tion of the energy measured in the detector is lost as the proton remnant
goes down the beampipe; equally, a large amount of longitudinal momen-
tum is lost, so neither of these quantities can be used to constrain the event.

However, the quantity § can defined as

6= (Ei—pui) = Z E;(1 — cos 6;) (4.18)
i i
where 6; is the angle of the calorimeter cell with respect to the incoming
proton direction and the sum runs over all calorimeter deposits including
the DIS electron®. This is conserved since the energy lost to the detector
from the proton remnant is all in the +p, direction. Anything in the proton
direction has a very low angle 6; and makes a very small contribution to ¢,
consequently only the incoming electron makes a contribution to 4, leading
to an expected peak at twice the incident electron energy of 2E,. Figure 4.14
shows the distribution of 4 for data and Monte Carlo, showing that it peaks
at approximately 2F,. A skew between data and Monte Carlo is noticeable,

due to problems in the simulation of the hadron calorimeter energy scale. A

cut is made on the reconstructed value of § such that
35 <8 <60 GeV (4.19)

and removes approximately 1% of the events. This cut is imposed for three

reasons:

1. The kinematics of the DA method are sensitive to Initial State Radia-

tion (ISR), where the incoming electron radiates a hard photon down

3Note the difference to the 65, used in the evaluation of ;5 which only includes hadronic

deposits.
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The value of § should never be above 2E, ~ 55 GeV. The upper cut of 60

GeV is to cut out unphysical tails.

4.6.2 Calorimeter Timing and Vetowall

Timing cuts to remove contamination from proton beam gas background
and cosmic events are made at the trigger level as discussed in section 3.1.
Events which have a deposit in the veto wall are caused by proton beam gas
interactions upstream of the detector. These events are removed from the

sample.

4.6.3 Cosmic Muon Rejection

Muons from cosmic showers are rejected first at the trigger level using a tim-
ing cut between the upper and lower half of the BCAL, and further by a more
sophisticated offline algorithm that combines timing imbalance information

with the characteristic shower shape produced by muons in the calorimeter.

4.6.4 Beam Halo Muon Rejection

Halo muons traveling through the BCAL parallel to the beam axis leave
characteristic deposits in consecutive towers of the BCAL and no activity in

the CTD. This is a clear signal for halo muons and these events are rejected.

4.6.5 QED Compton Rejection

Both elastic and inelastic QED Compton events are searched for. Elastic
Compton events require two good electromagnetic candidates for the pho-
ton and electron, and further require that these two account for > 90%

of the total energy in the calorimeter, and that the remaining energy not
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associated with the electromagnetic clusters is less than 3 GeV. Inelastic
Compton identification uses similar cuts, but is complicated by the presence
of a hadronic system. The final identification is made by topological cuts

[61]. Any Compton events identified are rejected from the sample.

4.7 Cleaning Cuts

The following cuts are imposed on the sample to ensure that the event is well
measured and contained in the detector, and that all the detector components

are operating optimally.

4.7.1 Vertex cut

The reconstructed z-vertex must be close to the nominal interaction point
z = y = z = 0 for the event to be well contained in the detector. Fig-
ure 4.15 shows the reconstructed primary z-vertex distribution compared to
ARIADNE Monte Carlo. The distribution is described well in the central
region, with about a 15% underestimation by the Monte Carlo in the tails.
A cut is made at

—50 < 2ytx < 40 cm (4.20)

which successfully removes any satellites bunches from the data (an example
of which can be seen in the DQM Z,, plot in section 3.3.) The cut is
asymmetric since during the 1996-1997 running period, HERA ran with the

vertex offset by a few cm from the nominal IP.

4.7.2 Box-cut

Electrons at very small angles (low Q?) are measured in the RCAL very close

to the beampipe hole. There is a risk that some part of the electron shower
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e any problems with the online trigger or data acquisition system.

These problems are usually caught and corrected by the DQM shift online,
with serious problems such as HV trips causing data-taking to stop. Any
remaining problems are identified by the DQM procedures, and those runs

rejected from the sample.

4.7.4 Calorimeter Spark Rejection

Static sparks between the photomultiplier tube housing and the photomul-
tiplier tube itself can cause large signals in certain calorimeter cells. These
are characterised by a large energy imbalance between the two PMTs and
can be identified and removed this way. Most of these sparks are rejected by
the online trigger. The remaining spark events are rejected offline by a more
efficient algorithm. Additionally, any cells which are noisier than the others,

averaged over the whole run period, are suppressed.

4.7.5 Backsplash Correction

At low y (y < 0.3) and higher Q?, an overestimation of §, as defined in
Equation 4.5, is observed [52]. Since at low y, the hadronic system is very
forward and comparatively low energy, any energy deposited in the rear of
the detector will bias the measurement of §. This energy can be deposited

in two ways:

¢ Backsplash from the calorimeter, where some particles produced in the

hadronic shower scatter into the opposite side of the detector.

e Scattering or showering from some material in front of the calorimeter,

such as the beampipe or CTD wall.
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These effects are poorly simulated in the Monte Carlo, so it cannot be relied
upon to correct for this problem. From Equation 4.7 it is clear that an
overestimation for ¢ will overestimate the hadronic angle vy, and subsequently
affect the reconstruction of the DA kinematics.

Both types of deposits have the characteristic feature that they are gen-
erally low energy (< 3 GeV) and have angles very far away from the main

hadronic system. They are removed by defining
Ymaz = Yn + offset (4.22)

Any deposits with energy F. < 3 GeV and polar angle § > 7q, are removed
from the event. Since some cells have been removed, a new 7, must be
calculated, and the procedure is then iterated until the final value of
stabilises. The value of the offset is tuned from Monte Carlo. This has
been shown to successfully remove the majority of scattered deposits [53].
The final corrected value for 7, is then used for the determination of DA

kinematics.

4.7.6 Energy and Multiplicity Cut

In order for the NLO calculations (discussed in chapter 1) to be stable and
reliable, it is required to run them with an energy cut in the current region
of the Breit frame, as given in Equation 1.36. Since comparisons are made

to this theory, the same cut must be applied in the data, namely
Elim > O.lQ (4.23)

where @ is the momentum transfer and the energy sum runs over all boosted
hadrons in the current region of the Breit frame. Figure 4.16 shows the

energy in the current region scaled to ). Indicated is the value of the energy
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4.8 Summary 89

4.8 Summary

An examination of the resolutions and comparison with Monte Carlo indi-
cates that the Double Angle method is the best for reconstructing the kine-
matics of the events, using the best combination of all available detectors.
The electron finding algorithm was presented and shown to agree reasonably
with the Monte Carlo simulation. The resolution on the boost is approxi-
mately 4-6% over the majority of the measured kinematic plane.

The cuts used to remove contamination from background events were de-
fined, and successfully remove the majority of background. Data quality cuts
were introduced and justified. The selected DIS event sample was presented
and the efficiencies and purities given. In the region that will be studied in

chapter 8, the efficiencies and purities are high.
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Chapter 5

Hadronic Final State

Reconstruction

Two detectors are used to reconstruct the hadronic final state. Firstly, tracks
from charged particles are identified in the CTD, which has excellent spatial
and momentum resolution. This detector is limited by an angular acceptance
of |n| < 2 and the fact that it can only detect charged particles.

The calorimeter can be used to detect both charged and neutral particles.
It has a good energy resolution, as given in Equation 2.3, although the spatial
resolution is inferior to that of the CTD. The optimal resolution on the
hadronic final state can be achieved using a combination of the information

from these two detectors.

5.1 Track Reconstruction

The standard ZEUS package used to reconstruct tracks in the CTD is called
VCTRACK [54]. This program can use tracking information from all of the
tracking detectors (CTD, FDET, RTD.) In principle, it is advantageous to use
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all available information, including that from the FDET and RTD, however,
these detectors are not sufficiently well simulated in the Monte Carlo, so the
analysis relies on the CTD for track reconstruction.

Each candidate track begins as a track ‘seed’, consisting of three hits in
the outer superlayers (SL6-9). The track seed is then extrapolated inwards
picking up hits along the way. The track parameters, which are fitted to a 5
parameter helix model, are continually updated, increasing in precision with
every hit. Periodically, any tracks which have too many hits shared with
other tracks are rejected; it is normally required that 85% of a track’s hits
are unique to it.

The tracks are then used for vertex finding [54]. The primary vertex is
identified using a full x? fit to all tracks that cross at least one of the inner
superlayers. Subsequently, any remaining tracks are refitted in an attempt
to match them to secondary decay vertices. Tracks considered for use in the

analysis must fulfill the following requirements:
e be fitted to either the primary or a secondary vertex;

e have hits in > 4 superlayers, to ensure that they are long enough to be

well measured,

e have a minimum pr of 0.1 GeV, again to ensure they are well measured.

5.2 Calorimeter Island Reconstruction

The treatment of calorimeter deposits is divided into two stages. Firstly,
quality cuts and corrections are applied to the calorimeter cells to ensure
optimal measurement. Secondly, the individual CAL cells are clustered into

objects more amenable to matching with tracks.
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5.2.1 Calorimeter Noise Suppression

The uranium background signal deposits, on average, a total of 1 GeV
per event randomly around the calorimeter [55]. Any isolated cell with

E < 100(150) MeV in the EMC(HAC) is removed from the analysis of

that event.

5.2.2 Calorimeter Energy Correction

Initial studies of the Monte Carlo showed a discrepancy between the data
and Monte Carlo in the calorimeter energy scale. Basic correction factors are
therefore applied to the measured calorimeter energy in the data to account

for these effects.

e In the RCAL, separate correction factors are applied for each cell. For
the inner ring of the RCAL, these have been determined from kine-
matic peak events using the shift in the fitted peak between data and
Monte Carlo. For the outer ring, they are obtained by comparing the
measured electron energy to the electron energy reconstructed from the

DA method. The corrections are typically 2-3%.
e In the BCAL, a global +5% is applied to all cells.

e In the FCAL, no correction is applied.

5.2.3 Backsplash Correction

The treatment of ‘backsplash’ deposits is described in section 4.7.5, in the
discussion of the best measurement of the hadronic angle v,. Cells which

are identified by this algorithm as backsplash are removed from the determi-
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nation of the hadronic final state. A systematic check with backsplash cells

included is presented in chapter 7.

5.2.4 Calorimeter Clustering

When a particle makes a deposit in the calorimeter, the shower is charac-
terised by a depth and a width. In energetic hadronic showers, there will
generally be deposits in the EMC and both HAC sections. Within each CAL
section, the shower may extend over several cells. Instead of using individual
cells to reconstruct the hadronic final state, the cells are clustered together, so
as to have one single object that more closely represents the original particle
[56].

However, showers from two or more particles may overlap in the calorime-
ter making unique identification of each individual particle difficult. This is
not so much of a problem for single particle event shapes, so long as the
overall momentum distribution from the clustered objects approximates as
closely as possible the overall momentum distribution of the original parti-
cles. It is more of a problem for the two particle event shapes since these have
contributions based on the angle between pairs, and if a pair is misidentified
as a single particle, this contribution will be lost. However, in this case, the
angle between the two particles is small, so the lost contribution is small as
well.

The clustering is performed in two stages. Firstly cell-islands are built
in each of the separate 8 sections of the calorimeter (FCAL HACI, FCAL
HACII, BCAL EMC,...). The cells are connected using a ‘nearest-neighbour’
algorithm as shown in Figure 5.1. A deposit in a cell is connected to the high-
est energy deposit in the four cells surrounding it. No connection is made

on diagonal cells. The centre of each of the cells making up the cell-island
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continues over all cell-islands until they have all been merged into cone-
islands. The position of the cone-islands is calculated in the same way as

that for the cell-islands.

5.3 Calorimeter to Track Matching

The optimal resolution on the hadronic final state is achieved by using a
combination of the measured tracks and the cone-islands, schematically il-
lustrated in Figure 5.2. Tracks passing the quality cuts in section 5.1 are
extrapolated onto the calorimeter face using a ‘swimming’ algorithm from
VCTRACK [54]. For each track-island combination, a Distance of Closest
Approach (DCA) is calculated, from the track impact point on the face of

Island correspondin
to a charged trac

Cell

Track not
generating any
Islan

CTD hit

sland generated
{ by a neutral particle
" that did not leave
atrack

Vertex

Figure 5.2: Matching of calorimeter deposits to tracks in the CTD provides

optimal resolution.



@7

0 - #
9 7
! n
/ !
P o !
" " C!' <0
Z,B[ Z,4] C #
" # ()C<
|
' C # ,
9%@:
%
6 %@9
% @7
%@ &
ET C ()C<

!
I
()C<
I #



5.3 Calorimeter to Track Matching 97

underestimates the fraction of cone-islands that could not be matched to any

tracks. There are three main classes of ZUFO:

1. 43% of the ZUFOs have some match between a cone-island and a track.
The decision about whether to substitute the track information for the
cone-island information is based on two requirements. Firstly, it is
necessary to check that the energy deposit in the calorimeter comes only
from the track, and not from any overlapping neutral deposits. In this
case, taking just the track energy would lose the overlapping neutral
energy. To substitute tracking information for cone-island information,

it is required that

i AF;
Esla.nd < /3 +n <__81La’n_d> IB = 10, n=1.2 (52)
Dtrack Aptrack

where the n is to allow for the finite resolutions on the cone-island
energy and track momenta; the resolutions are given in Equations 2.2
and 2.3. The second requirement is that the momentum resolution of

the track is better than the energy resolution of the cone-island

Apy, AFEigan 1.0 in general CAL.
Dtrack <a( 1 d) o= g (5.3)

Dtrack Eistand 1.2 in CAL crack region.

Figure 5.4 shows that the electromagnetic (hadronic) calorimeter en-
ergy resolution is superior to the tracking resolution above 9 (15) GeV
for central tracks (n = 0). The factor @« = 1.2 in the crack regions
increases the likelihood of taking the track information in these re-
gions, since the calorimeter resolution there is worse than the rest of
the calorimeter. If the four-vector is taken from the track, then the

pion mass is assigned.

In a small fraction of the ZUFQOs, the matching is more complicated.

Two or three tracks can point to one cone-island (2 to 1 and 3 to
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Figure 5.4: Comparison of track momentum resolution and calorimeter island

energy resolution for central tracks (n = 0).

1 match). Alternatively, the deposit from one or two tracks can be
split into two cone-islands (1 to 2 and 2 to 2 matches.) In all cases,
the energies and momenta of all cone-islands and tracks involved are

summed, and Equations 5.2 and 5.3 applied to the sums.

Of the 43% of ZUFOs with some track match, 20% comes from ZU-
FOs with an unambiguous 1-to-1 track match for which the tracking
information was taken. A further 5% comes from more complicated
configurations for which the tracking was taken. The remaining 18%
are ZUFOs which failed the track replacement criteria and retained the

information from the cone-island (‘Island used’ in Figure 5.3.)

2. 48% of the ZUFQOs come from cone-islands to which no track could be

matched. These deposits come predominantly from neutral particles
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E' = /P2 +p?+ p}?, as discussed in chapter 1. The sums for event shapes
in Equations 1.27 - 1.35 then run over all the ZUFOs in the current region

of the Breit Frame (p), < 0). The event shapes are calculated when there are

two or more ZUFOs in the current region.

5.4 Hadron Level Definition

When making a comparison of hadronic final state variables to Monte Carlo
predictions, it is necessary to define what is meant by the final state of
the Monte Carlo. A number of different definitions are possible based on
whether particular particles are assigned stable or allowed to decay. The
standard e*e” definition that is chosen [16], is to take as stable all particles

with mean lifetimes 7 > 3.0 x 1071° s, subject to the following criteria
1. ‘Unstable’ particles (i.e. lifetimes 7 < 3.0 x 1071%) are rejected.

2. If a particle marked as ‘stable’ has any ancestor in the decay chain

which is also marked as ‘stable’ then the ancestor is taken instead.

This definition is designed to keep the leptons, photons, charged pions, nu-
cleons, and K? particles in the final state. Everything else, such as K2 and
70 particles should be allowed to decay. There are two rare exceptions to
point 1. Very occasionally, in less than 0.1% of the events, an entire decay
chain is marked as ‘unstable’, in which case the first particle in the decay
chain is taken. The other exception is caused by a rare bug in the simulation
(< 0.1% of events), when an ‘unstable’ particle, often a strongly decaying
particle, comes directly from the JETSET fragmentation but is not subse-
quently decayed by GEANT. In this case, the ‘unstable’ particle is taken as

part of the final state, since this is the only possible option.
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The hadron level thus selected consists of approximately 47.5% photons,
38.5% charged pions, 7.5% charged kaons and K?, 5% baryons, and about
1.5% electrons, muons, taus and neutrinos. The residual contamination from
‘unstable’ 70, K2, ¥ and 7 particles, as a result of the two exceptions, is less
than 0.4%.

The selected hadrons are boosted to the Breit Frame using the true photon
four-vector. All those in the current region (p, < 0) are used to determine
the event shapes. After boosting, the energy component of the four-vectors
of the hadrons are rescaled by setting them as massless, and event shapes are

calculated when there are two or more stable hadrons in the current region.

5.5 Event Shape Resolutions

The fractional resolutions of the event shapes, determined from ARIADNE
Monte Carlo, are given in Figures 5.7 to 5.12. The resolution of event shape

F is defined as

Ftrue - Freconstructed (5 5)
Ftrue

The resolution is variable dependent and Q? dependent. Generally, the
region of Q% > 80 GeV? has a superior resolution to the lower Q2 region. The
thrusts generally have the best resolution, from 20% in the Q% > 80 GeV?
region to 11% in the highest Q? region for thrust with respect to the photon
axis. Thrust with respect to the thrust axis maintains a better resolution
throughout, around 10%, increasing to 5% in the higher Q? region. It is
reasonable that 77 has a better resolution, since it is not sensitive to the
misreconstruction of the photon axis. It has some sensitivity due to the
current region cut, but at high values of 77, the jet is collimated, so there is

less chance of particles migrating across into the target region. Broadening
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with respect to the photon axis has a resolution of around 20%, degrading to
around 25% as Q? increases. The broadening with respect to the thrust axis
has a resolution of around 25-30%. The broadenings have more comparable
resolutions since they both suffer equally from migrations into the target
region. C-parameter has a resolution of 30-35% with up to a 10% bias to
lower values of C' at low Q2. The jet-mass has the worst resolution of around
40% and has a strong bias (16%) towards lower values of jet-mass at low
Q2. These biases are consistent with the merging of multiple hadrons into
one single ZUFO, with the resultant loss of that pair’s contribution to the

variable.

5.6 Summary

The optimal resolution on the hadronic final state has been achieved by using
a combination of tracking and calorimeter information. Calorimeter deposits
were clustered using a cone-island clustering technique and then matched to
tracks. Criteria applied to the resultant combined object determine whether
the track or calorimeter information is most precise. A momentum and angu-
lar cut is applied to the combined objects to ensure that they are sufficiently
well simulated in the Monte Carlo. A standard definition was adapted for
the hadron level and its composition presented. The resulting resolutions

achieved on the event shapes were presented and vary from 10% - 40%.
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Chapter 6

Event and Detector Simulation

This chapter describes the phenomenological models used to describe and
correct the measured data distributions. The simulation of the detector is
also discussed. Both of these models can be implemented using Monte Carlo

methods.

6.1 Introduction

The basic matrix elements for the lepton-quark hard scattering process are
calculable only up to leading-order (LO) in a; (i.e. O(as).) The situation
is complicated by the necessity to evolve from the matrix element to the full
partonic final state, and then to the hadrons which are actually detected in
the experimental apparatus. This last process takes place at large distances
and low energies, where oy is of O(1), and therefore standard perturbative
methods are not applicable.

Due to these theoretical difficulties, the only practical way to simulate
interactions is to use phenomenological predictions that are generated using

some model or combination of models. The models are probabilistic and
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produce individual events, therefore a large number of events is generally re-
quired to ensure that all possible physics processes have been included in the
sample. This probabilistic approach is implemented by Monte Carlo meth-
ods, where a chain of random numbers is used as a basis for the simulation
of the production of particles.

It is also necessary to correct for the finite resolutions and imperfections
in the experimental apparatus. These effects will tend to obscure the real
hadronic system, and in order to compare the data to theoretical models, it
is essential to unfold the data, correcting for detector effects, so that the true
underlying distribution can be recovered. The generated events are taken and
passed into a full Monte Carlo simulation of the detector. The simulation
includes a full accurate geometrical and compositional description of the
detector and simulates all the scattering and other physics processes that
will occur inside it. It also simulates the read out and triggering system.
The output from this simulation is then passed to the same reconstruction
program as the data, and from then on can be analysed as if it were data.
Tagged onto each fully simulated event, is the real underlying event that was
originally generated by the phenomenological model program. Comparison of
these underlying ‘true’ events to the ‘reconstructed’ events which have been
passed through the detector simulation provides information on the detector

response.

6.2 Monte Carlo Models

The simulation of the underlying physics event takes advantage of the fac-
torisation property of QCD. This allows different processes in the interaction

to be calculated separately according to the model of choice, with the results
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being combined to give the overall result. The prediction of a DIS event can

be factorised into four main parts.

e The stage which deals with the partonic structure of the proton, f.

e The analytical calculation of the matrix elements for the hard scattering
process &, at LO in a,, where the underlying physics process takes place

to produce partons.

e The parton shower P which simulates higher order QCD effects which

are missing from the hard scatter calculation.

e A phenomenological model H to describe the evolution of the partons

into observable hadrons, a process termed hadronisation.

The final result for any observable is then given by the convolution

c=fR6QPQH. (6.1)

6.2.1 Parton Distribution Function (PDF)

The partonic distributions inside the proton are not known a priori from the-
ory. However, if the distribution is measured at a particular scale, f(z,Q3?),
the DGLAP approach enables them to be evolved up to different scales,
f(z,Q?) [14][59]. Several PDFs exist, based on fits to measured data for the
proton structure function, F5 [60], and other data. The PDFs used in the
generator programs employed in this analysis are the CTEQ-4D distributions
[61], which describe well the fitted data.

6.2.2 Hard Scatter

The hard subprocess, &, can, in principle, be exactly calculated to any order

in perturbative QCD (pQCD); in DIS, calculations currently exist up to



6.2 Monte Carlo Models 113

O(a?). However, these results need to be matched to the parton showers
and this has currently been implemented only up to O(a;s), corresponding
to the QCD-Compton and Boson-Gluon-Fusion (BGF) final state diagrams,
given in Figure 1.2.

The generator program LEPTO [62] is based on the Standard Model
and includes the full electroweak cross sections calculated to O(c;). Higher
orders are implemented via parton showers as described in the next section.
QED radiation effects are simulated by the program HERACLES [63], which
simulates both single photon emission from the lepton and quark line, and
the complete virtual one-loop electroweak corrections.

The combination of LEPTO and HERACLES is called DJANGOH [63],
and is the primary Monte Carlo used in the analysis. The secondary Monte
Carlo used in the analysis, HERWIG [64], also has a full database of elec-
troweak hard subprocesses, although it currently lacks any treatment of QED

radiative effects.

6.2.3 Colour Dipole Model and Parton Showers

There are two approaches used to simulate higher order effects. The first ap-
proach, employed in DJANGOH, uses the Colour Dipole Model (CDM) [65]
as implemented in ARIADNE [66]. In this model, the struck quark is treated
as point-like and the proton remnant as an extended object. A colour dipole
is formed between them which can radiate a gluon, thereby splitting into two
dipoles, one between the struck quark and the radiated gluon, and the other
between the radiated gluon and the proton remnant. Further emissions can
occur from these two dipoles, forming an extra dipole with every emission.
The CDM is a good approximation when the emissions are ordered in p2,

therefore ARIADNE imposes ordered emissions, with p2, > p2, > p2; > ....









































































































































































































































































































