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Introduction
Scattering experiments have had a significant impact on the understanding of the
basic components of matter. One of the first scattering experiments was performed
around 1910, when alpha-particles were scattered offa gold target. This experiment
led Rutherford to the conclusion that atoms were built of a small hard core, the
nucleus, and a cloud of electrons. After this breakthrough, electrons were used
in scattering experiments to investigate the electronic configurations of atoms and
to study the structure of the nucleus, which consists of protons and neutrons. In
the 1950's the importance of electron-proton scattering got a new dimension when
it was pointed out that this was a means to probe the structure of the proton
itself. Many measurements followed, giving detailed information about the proton.
Around 1970 electron-proton scattering experiments performed at Stanford showed
results analogous to the first scattering experiments of Rutherford. Evidence was
found that the proton is built up from smaller point-like constituents, the quarks.
These quarks interact with each other through the exchange of force particles, the
gluons. The theory describing these strong interactions, quantum chromodynamics
(QCD), can now be used to describe the structure of the proton, consisting of quarks
and gluons. The deep inelastic electron-proton scattering experiments performed
at HERA are designed to study the proton structure with very high resolution so
information can be obtained on how the quarks and gluons are distributed in the
proton and how well this is described by QCD.
To a first order approximation the electron-proton interaction at high energy
can be regarded as an electron-quark interaction. The quark is 'kicked' out of the
proton but cannot be directly observed in the detector. Due to the special nature of
the strong interaction, free quarks cannot occur, quarks have to be bound to other
quarks. This means that in the experiment not the scattered quark is observed,
but hadrons, consisting of bound quarks. This process of forming hadrons is called
hadronization and is also governed by QCD. Therefore deep inelastic scattering
gives not only information on how the theory describes the structure of the proton,
but also on the behaviour of the hadionic final state. In this thesis the emphasis is
on the study of this hadronic final state.
In chapter 1 we describe the theory of neutral current deep inelastic scattering
and its relation to the structure of the proton. We also discuss several models,
based on QCD calculations, that describe the hadronic final state.
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In chapter 2 we show what the experimental conditions are for measuring electronproton interactions with the ZEUS detector. A description is given of the ep collider
HERA and of the ZEUS detector. Special emphasis is given to the calorimeter as
this is the main component used in our analysis of the data.
In order to be able to process the experimental data as well as the data from
model predictions, a well denned data structure and processing software is needed.
This is described in chapter 3 in the context of a discussion of the use of computer
graphics techniques at ZEUS. The functionality and use of a 3D interactive event
viewing program GAZE is discussed, as this was a major part of the experimental
work of the author.
In the following chapters we will present an analysis of the hadronic final state
with the emphasis on distributions in the hadronic centre of mass frame. For typical
deep inelastic scattering events the multiplicity is such that the reconstruction of
individual final state particles is not possible. Therefore we perform our analysis
using calorimeter energy deposits, so-called condensates, as an approximation of
single particles.
In chapter 4 we discuss the definition of these condensates and present a systematic study of how well they approximate single particles. We also present criteria
that condensates must satisfy in order to maximize the correlation between the
condensates and single particles, while maintaining an acceptable efficiency.
In chapter 5 we introduce the hadronic centre of mass frame (HCM) and define
the "shape" variables to be used in the analysis. We investigate the sensitivity
of these variables for extracting physical quantities, such as the strong coupling
constant, using idealized Monte Carlo events, i.e. not taking into account detector
effects. We then investigate the effect of the use of condensates, with their finite
energy and spatial resolution, on the shape variables. Finally we look into the
effects of QED radiation and the effect of finite resolution on the determination of
the Lorentz transformation to the HCM.
In chapter 6 we turn our attention to the experimental data and discuss the
selection of neutral current deep inelastic scattering events. Several cuts are introduced which help to minimize the background contribution in the final data sample
and which optimise the reconstruction of the kinematic variables. Estimates are
given for the remaining background in the sample and the general features of the
data are shown to be in accord with the expectation for NC DIS.
In chapter 7 we then present the analysis of the data in terms of shape variables in the HCM. Comparisons are made to predictions of models, using Monte
Carlo programs which in the lab frame reproduce the data acceptably. Regions of
phase space are identified where these models fail to describe the data. Finally the
acceptance corrected shape variable distributions are presented.
In chapter 8 we present a similar analysis on a subsample of the NC DIS events.
These particular events show in the lab frame an unusually large rapidity gap near
the forward (proton) direction. The final states of these events show a marked
difference with the standard DIS and suggest an interpretation in terms of diffractive
excitation of the exchanged photon.

Chapter 1

Deep Inelastic Scattering at
HERA
Deep inelastic scattering is a process that enables us to study the structure of the
proton. The proton is a complicated object, consisting of pattons that interact
strongly. Therefore a study of the proton structure is a study of the theory of
strong interactions, quantum chromodynamics (QCD). In deep inelastic scattering
the proton is probed with a point like lepton which has no strong interaction but
interacts through the electroweak force. Not only is this force well understood, it
also does not interfere with the strong interaction inside the proton. The coupling
constant is low enough to avoid multiple interactions of the electron within the
proton. The structure of the proton can therefore be investigated well with this
mechanism. The picture of the structure that is obtained has a resolution that is
determined by the resolution scale of the exchanged virtual boson.
After the interaction a number of particles is produced in the final state. The
struck parton and the partons forming the debris of the proton become hadrons
due to colour confinement. This hadronization process is governed by quantum
chromodynamics, too. Deep inelastic scattering therefore gives information about
how QCD governs the structure of the proton and how it governs the hadronic final
state. Ultimately the theory will only be successful if it can consistently describe
both the structure of the initial state (proton) and the final state. In this thesis
we are predominantly interested in the hadronic final state and its implications for
the theory or more specifically the models which incorporate the theory of QCD.
However, to place it in context we will in this chapter first describe the principles
of measuring the proton structure with ep scattering, before discussing the various
models that describe the hadronic final state that consists of the scattered parton
and proton remnant fragmented into hadrons.
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T h e DIS kinematic variables
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Figure 1.1: Neutral current deep ineJastic scattering.
In neutral current deep inelastic scattering (NC DIS) ep —* eX, where X is the
'itt-j- hadronic sys'-'V., an electron is scattered off an incoming proton, as depicted
in $£, Ï.I. Only two independent variables are needed to describe DIS, at a given
centr«>of-mass energy y/s. We will now introduce the relevant kinematic variables,
which ax? Lorentz scalars, using the definitions from fig. 1.1 and the Mandelstam
variables. The mass of the proton and the electron are neglected in the definitions
of the variables.
The first variable is the absolute value of the square of the four-momentum
transferred by the exchanged boson, Q2. It is given by:
Q2 = \q2\ = \(k'-k)2\=\(P-P')2\=\t\.

(1.1)

The wavelength of the exchanged photon is proportional to 1/Q and so Q2 determines the resolution with which the substructure of the proton can be probed.
The value for Q2 ranges between 0 and a. DIS is characterized by large values
of Q2: Q2 ^> 1 GeV2. At high Q2 the ep interaction is essentially an electronquark interaction according to the quark parton model. In lowest order this yields
a current jet from the struck quark and a proton remnant jet as depicted in fig. 1.2.
We now introduce two dimensionless variables, also called scaling variables,
Bjorken x and y.

In elastic ep scattering the value of x equals 1. In inelastic scattering x runs between
0 and 1. In the quark parton model z is interpreted as the four-momentum fraction
of the proton carried by the struck quark. The variables x, Q2 and s are related
through y.
y

Pk

ax

a

K

'
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y is the relative energy loss of the election in the pioton rest frame and runs between
0 and 1.
The invariant mass W of the final hadronic system, denoted by X, is given by:
W2 = (P1)2 = [P + q)2 = Q2^—^- = By-Q2

=s +t +u

(1.4)

and runs between 0 and «.

1.2

Structure of the proton

Around 1970 DIS experiments at SLAC have shown that protons are built of smaller
constituents, the partons [1]. It has been observed that at high Q2 the proton structure functions depend only on one dimensionless variable, x, and are independent
of Q2, a behaviour called scaling. Scaling is an indication of a pointlike interaction
and so this has led to the assumption that the proton consists of pointlike quarks,
which are bound together by the strong force. The theory of the strong force, QCD,
predicted the existence of gluons, the intermediate force particles. Indeed, at e + e~
experiments at DESY these gluons were observed [2]. In addition, QCD also predicts small violations of scaling as is observed in DIS experiments, confirming a
dynamic picture of the proton, consisting of quarks and gNons.
In the following sections we will describe the differential cross section for ep
scattering in terms of structure functions. NcU we describe how to interpret the
structure functions in the quark parton model. We also discuss the main properties
of QCD, which will lead to parton evolution equations.

1.2.1

Cross section

In deep inelastic scattering, the Q2 of the intermediate boson is so large that the
proton will generally break up. This implies that we do not have a final state at the
proton side that can be represented by a single pointlike fermion. As a consequence
we do not have a simple current on the proton side of the interaction. Instead, we
use a hadronic tensor W^ that parametrizes the vertex of the proton and vector
boson and take a generalization of the cross section for e~ji~ —• e~ yT by replacing
the tensor at the muon vertex by the hadronic tensor. The cross section of deep
inelastic electron-proton scattering, ep -+ eX can be expressed as [3]:
dS,

(1.5)

where ££„ represents the lepton tensor associated with the electron-boson vertex,
where dS is the phase space factor of the outgoing electron, F the flux factor and M
the mass of the proton. LeMV is well known from standard electroweak theory. The
specific form of both tensors depends on the intermediate gauge boson. The most
general form of the hadronic tensor can be written with three Lorentz-invariant
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structure functions. After imposing current conservation both at the hadron and
lepton vertex, we find:

= Fl HT,

+ F2

(»)

+ Fa

(^^)

(1.6)

where Fi are the so called inelastic structure functions, which are dependent on x
and Q2. The fact that hadrons are not pointlike is reflected by the introduction
of the structure functions, which implicitly describe the hadronic structure. We
observe that the term proportional to F3 violates parity and can be neglected when
only the virtual photon contributes.
We may now write the differential cross section using the invariants x and Q2 :

At high values of Q2, Q2 > 1000 GeV2, the electroweak theory predicts an increasing
importance of the weak interaction and the interference between electromagnetic
and weak interaction. As, in this thesis, we will mainly deal with data below this
value of Q2, we neglect the Z° exchange and the interference term in the cross
section.

1.2.2

The Quark Parton model

} Remnant jet
Current jet
Figure 1.2: Neutral current deep inelastic scattering according to the quarJc
parton model.
In DIS a short wavelength "photon beam" resolves the quarks within the proton, provided that A w 1/y/Q2 -C 1 fm. When we consider the frame where the
proton is moving with infinite momentum, relativistic time dilation slows down the
rate at which partons interact with one another; that is during the short time the
virtual photon interacts with the quark, the quark is essentially a free particle, not
interacting with its partners in the proton. The proton can then be regarded as

1.2. Structure of the proton
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a sum of free Dirac particles, the quarks. A picture as shown in figure 1.2 then
emerges, where ep scattering is regarded as e — quark elastic scattering. We can
thus calculate the ep cross section using straightforward Feynman rules and equate
it to formula 1.7. We find for the structure functions:
Q2)}

(1.8)

f=u,d,t,c,t,b

=

F2{x,Q2)/2x

(1.9)

Here ej is the electric charge for quark flavour ƒ, qf the probability function that
the struck quark ƒ carries a fraction x of the proton's momentum P and q~j the
probability function for anti-quarks. The probability functions are also called the
parton distribution functions. We now say that the ep cross section factorizes into a
hard, short distance cross section and soft, long range parton distribution functions.
The ep cross section is then a convolution between the hard electron-quark cross
section and the parton distribution functions. By an experimental procedure we
can extract the parton distribution functions from a measurement of the ep cross
section.

0.6
0.5

0.4
0.3
0.2

0.1

-2.5

-2

-1.5

-1

-0.5

0

log x
Figure 1.3: The parton distribution functions of the proton. The full distribution is the valence up quark distribution, the dashed the valence down quark
and the dotted the sea quarJc distribution. The MRSD- parametrization was
used.
In figure 1.3 we show the parton distribution functions of the proton as a function
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of x for Q2 = 10 GeV 2 . The plot was produced using a parametrization based on
fixed target data from muon and neutrino scattering experiments. The proton can
be described as a system consisting of three "valence" quarks, two up quarks and
a down quark that determine the quantum numbers of the proton, accompanied
by many quark-antiquark pairs, known as the "sea" quarks. We observe in fig. 1.3
that the valence quarks have a maximum around a fraction i = | of the proton
momentum and that at low x the momentum distribution is dominated by the sea
quarks. The sea quark domination is a consequence of including gluon radiation as
discussed in the next section.
Relation 1.9 is called the Callan-Gross relation and holds for spin 1/2 quarks
when the quark masses and the transverse motion of the quarks are neglected.
Higher order QCD effects violate this relation, effectively caused by the contribution from longitudinally polarized photons. This contribution is quantified in the
longitudinal structure function Ft,,
FL{x, Q2) = F2{x, Q2) - 2xFl{x, Q2)

(1.10)

which vanishes in leading order.
Once the quark is struck, it will have to recombine with other partons to form
colourless hadrons. These final state interactions occur on a longer time scale than
the primordial interaction and will not affect the ep —» eX cross section calculation
using partons.

1.3

Quantum Chromodynamics

In the quark parton model we obtained a static picture of the proton, where the
proton consists of quarks that carry a fraction of the proton momentum. However,
when quantum chromodynamics (QCD) is included, we obtain a view in which the
proton consists of bound, but asymptotically free quarks, interacting through gluon
exchange. QCD also predicts that the structure of the proton is dynamic because
a quark can radiate gluons and a gluon can produce a quark-antiquark pair.
QCD is a gauge field theory describing the strong interaction between the quarks.
According to the electroweak standard model there are six quark flavours, udsctb.
The main properties of QCD are listed here:
• In QCD quarks carry colour charge; there are three colours, R, G and B.
• Colour is exchanged by eight bicoloured gluons. They are massless and have
spin 1. Gluons have no electroweak interaction.
• Colour interactions are comparable to Quantum electrodynamic (QED) interactions; that is the qqg vertex has the same structure as the eey vertex,
although the coupling constant is not the same.
• Gluons themselves carry colour charge and so they can interact with each
other (in contrast with the photons of QED).

1.3. Quantum Chiomodynamics
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• In QCD the observed colour coupling of the quark decreases as one penetrates
the colour cloud and becomes small at short distances. This is called "asymptotic freedom". At short distances a, is sufficiently small so that we can use
perturbative techniques.
In first order the "running coupling constant" for QCD is given by:

where rif is the number of flavours and A is an a priori unknown scale parameter.
This parameter determines the Q2 scale below which the partons do not interact
individually in the proton. For Q2 values much larger than A 2 , the effective coupling
is small and we can describe the quark-gluon interactions perturbatively.
We now have to include the fact that quarks can radiate gluons as well as the fact
that a gluon constituent in the proton can contribute to DIS via the jg —• qq pair
production (the so called boson gluon fusion process). These O{aa,) processes are
depicted in figure 1.4. The contribution of these processes to ep scattering results
in the following points.
1 There is a Q2 dependence of the structure functions (scaling violations), originating from soft radiation and quark-antiquark pair creation. „
2 The outgoing quark will no longer be collinear with the virtual photon in
the photon-proton rest frame. In the parton model final state hadrons are
produced in the direction of the virtual photon. When a gluon is emitted, the
quark can recoil against a radiated gluon and two jets are produced each of
which has a pr relative to the virtual photon.
The dynamic picture that now emerges is shown in fig. 1.5. In fig. 1.5a the proton
is depicted as consisting of valence quarks, gluons and sea quarks. When this
object is probed by the virtual photon, the process of radiation, pair production
and recombination is perturbed. The struck quark is kicked out of the proton and
can radiate gluons, the proton remnant contains the left over quarks and gluons.
Furthermore, QCD predicts that on increasing the probing resolution Q2 » Qjj,
we discover that each quark is surrounded by a cloud of partons. This is depicted
in fig. 1.5b and c where we have magnified the vertex from fig. 1.5a. In fig. 1.5c
the probing resolution is increased leading to the observation of a finer structure.
The number of resolved partons which share the momentum of the proton and. the
number of partons in the final state increases with Q2 . There is an increased
probability of finding a quark in the proton at small x and a decreased probability
at high x, since high momentum quarks loose momentum by radiating gluons. This
leads to a dependence on log Q2 and is called scaling violation. The predicted scaling
violation is shown in fig. 1.6, where we plot the structure functions as a function of
Q2 for various values of x. Two different parametrizations of the parton distribution
functions, MTB1 and MTB2 [5] were used. A similar log Q2 dependence is observed
for the evolution of final state radiation from the struck quark.
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M

QD

0

0

0 **

Figure 1.4: O(aa,) contributions to ep —+ eX. In a) the contribution from
7*9 -• 9S «nd in b) the contribution from 7*5 -* qq.

Proton

Figure 1.5: (a): A proton made up of valence quarks, gJuons, and slow debris
consisting of quark-antiquark pairs, is probed by an incoming photon.(b):The
interaction vertex of (a) is magnified.(c):The vertex now seen with an increased
resolution, so finer structure is observed.
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fog Q*
Figure 1.6: The structure functions F 2 + ^-xFi, as function ofQl for various
values ofx. The structure functions show the scaling violations. In the left and
right plot we compare two different parametrizations oftheparton distribution
functions.

The Q2 evolution of the quark densities is determined by QCD and can be
explicitly found when the cross section of the O(aat) processes is calculated. In
leading log Q2 this leads to the GLAP [4] (or Altarelli-Parisi) evolution equations:

for each quark flavour i. The first term expresses the fact that a quark with momentum fraction x could have come from a parent quark with larger momentum
fraction y which has radiated a gluon. The second term considers the possibility
that a quark with momentum fraction a; is the result from a qq pair creation by a
parent gluon with momentum fraction y. The function Pqq{*j) represents the probability of a quark emitting a gluon and becoming a quark with momentum fraction
x. The function P g s (|) represents the probability of a gluon creating a qq pair with
a quark of momentum fraction x. The evolution equation for the gluon density is
given by:
d9(x,Q2)
dlogQ2
for each quark and antiquark of flavour i. The functions Py have a similar meaning
as in equation 1.12 and are called the splitting functions. They are all summarized
in figure 1.7.
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''O'S o Ö * < ^ ~

Pgg

Pqg

Figure 1.7: The lowest order splitting functions. The splitting function
{a,/2ir)Pqq (f) is the probability that a parton q with momentum fraction
z emits a gluon and goes down to momentum x. The same for the splitting
functions Paq, Paa and Pqg. The last splitting function generates the sea quart
distribution.

1.4

Hadronic Final State

The hadronic final state in DIS has extensively been studied in fixed target experiments. At HERA we are able to study it in great detail. The colliding experiment
facilitates the separation of current and target jet into different parts of the detector. At the high energies of HERA hadronization is less limited by kinematical
restrictions within the fragmenting cascades than at the lower energies of fixed target experiments. Moreover, at HERA we may observe higher order QCD effects in
hadronization itself. The hadronic final state consists of all particles after the collision, discarding the scattered electron. In the simplest case we have a struck quark
and proton remnant in the final state, which will fragment into hadrons and give
rise to a current jet around the struck quark direction and a remnant jet around the
proton remnant direction, as depicted in fig. 1.2. For the relative p? with respect
to the jet axis, we expect an average of about 300 MeV for the hadrons, due to the
uncertainty relation:
A

( P ) * 7 - T Ï - « 3 0 0 MeV>
(L14)
0.5 fm
for a typical size of 0.5 fm for a hadron.
In addition to the 0th order process, we can get in first order QCD hard parton
emission giving jets, as a result of the contributions depicted in fig. 1.4. At HERA
the cross section is large enough to really study these multiple jet events. In addition
to the hard radiation there are semihard perturbative effects such as multiple gluon
emission. Gluon radiation is shown schematically in our dynamic picture of the
proton in fig. 1.5a, as well as in fig. 1.5c, when the resolution of the probe is
increased. We know that the energy and direction of the scattered quark varies
strongly with x and Q2, but we also have to take into account that the amount of
QCD parton radiation depends on these variables. The hadronization of the final
state partons into stable particles is a long distance process and non-perturbative.
Perturbative QCD effects are often masked by non-perturbative effects such as

1.4. Hadronk Final State
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hadionization.
In comparison to e + e~ in DIS we find not only final state gluon radiation, but
also initial state radiation. Also, the fact that the proton is not a point-like object
makes the fragmentation more difficult to understand as we can observe from fig. 1.5.
It is these kind of effects that make the final state of DIS more complicated than in
e+e~. On the other hand, it is not as messy as hadron collisions, where many low
pr interactions occur.

1.4.1

Fragmentation

The combining of final state partons into hadrons, called fragmentation, is in principle governed by QCD. However, due to the low virtuality scale of the partons at the
moment of combination into real particles, c*s is large and the process can not be
calculated perturbatively. A simple and often used model describing fragmentation
is the Lund string model. The basic ideas from this model we discuss here. Partons
are connected by strings, representing the colour flow between the partons. The
string connects a colour triplet with a colour anti-triplet via a number of gluons. In
the simplest case of NC DIS a valence quark is scattered without gluon radiation.
A colour string is formed between this quark and the remnant, forming a colour
singlet. The outgoing partons stretch the colour lines until the potential energy
of the colour field is sufficient to create a quark-antiquark pair. In a similar fashion further quark-antiquark pairs are produced until the strings have low internal
momentum. They now must form hadrons since a,(Q2) > 1. It is the string that
fragments into hadrons and not the individual partons. In more complicated cases
where there are more partons in the final state, multiple strings are formed, each
a colour singlet. A final state gluon appears as an energy and momentum carrying
kink on these strings, resulting in a colour flow between the gluon and each end
point of the string.
There are many phenomenological parameters that can be varied in this model.
It is known that there is a strong correlation between parameters that describe the
hard scatter and the QCD cascades and the parameters of the fragmentation. In
section 5.3.2 we will discuss efFects variation of some of these parameters have on
the hadronic final state.

1.4,2

Models and event simulation

Several models are available to describe DIS at HERA. The central part of each
model consists of the simulation of the hard scattering process, either using the
full leading order electroweak cross section or a first order QCD matrix element.
In order to determine the momentum of the struck quark parametrizations of the
structure functions are used. After the hard scattering the partons are fragmented
and after possible decay stable final state particles are produced. Furthermore we
have seen that soft initial and final state QCD radiation is possible. These QCD
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cascades include higher order effects and are approximated by several models. In
addition, electroweak radiation can be included as well.
Different models exist with their own approach of handling these mechanisms.
Some models describe only part of the interaction, so it may be advantageous to
combine models as they are complementary in certain ways.
In the old experiments using fixed targets, the models Lund Matrix Elements
(ME) and Lund Parton Shower (PS) were used and tuned to describe the hadronic
final state. Further on in this thesis we will see how these models behave at HERA
energies.

1.4.3

LUND Matrix Element model

The matrix element calculations for tree graphs (see fig. 1.4) are known to order
a,. In the LEPTO Matrix Element generator [6] these calculations are included
and give an exact representation of the QCD Compton and Boson Gluon Fusion
processes. It is necessary to impose a cutoff to avoid the singular regions of the
matrix elements. This is done by requiring a minimum invariant mass TO,-^ between
any pair of partons in the final state, including the target remnant system:
n$i > VcutW2

(1.15)

W is the invariant mass of the hadronic system, ycut a parameter. When this condition is not satisfied, the leading (0 th ) order process is used. In addition, there is a
model where parton showers are added to the hard scattering process (ME+PS) [7].
The hard scatter is represented exactly by the matrix element calculation and extra,
softer higher order radiation is included, using the leading logarithmic approximation. In e + e~ the parton shower is exactly matched on the lowest order ME. In
DIS this is rather problematic, therefore a different scheme is used. Based on the
matrix element calculation we choose either a 0th or first order process. In the case
of the 0 th order process the cutoff yCutW2 is used as the maximum virtuality for
the initial and final state parton showers. If a first order event is generated, the
invariant mass of these two partons is used as the maximum virtuality of the final
state parton shower. For the initial state parton shower the virtuality of the quark
propagator just before the boson vertex is used.
Although W increases with low x, it is the spectator that becomes more energetic, leaving less energy available for QCD emission in the 7-quark scattering.
This will lead to a decrease of 3 and 4 jet events relative to the 2-jet events.

1.4.4

QCD cascades

Matrix element calculations are exact, but are in practice not very useful because
of the lack of higher order calculations. They are needed to describe the already
mentioned soft gluon radiation in the initial and final state. For these so called
QCD cascades, approximate methods are developed. We will describe three such
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Figure 1.8: Schematic drawing of the QCD branching processes in initial and
final state radiation (ISPS=initial state parton shower, FSPS—final state parton shower).

models, the Lund parton shower model, the HERWIG model and the Colour Dipole
Model. These cascade models are all able to reproduce the hadronic final state in
e+e~ at y/s from 10 to 90 GeV.
Lund Parton Showers
In the Lund parton shower model [8] there is parton radiation from both the incoming and outgoing scattered parton. In figure 1.8 we show a schematic drawing of the
parton radiation in the so called initial state parton shower (ISPS) and final state
parton shower (FSPS). They are based on the leading log approximation (LLA)
of QCD, which makes use of the leading logarithmic terms in Q2 to all orders of
the perturbation series. It is expected to describe soft gluon radiation, but not the
hard radiation, since these diagrams are not taken into account. The LLA uses the
Altarelli-Parisi equations to describe the parton evolution (with decreasing energy)
and also takes into account interference effects between soft gluons which results in
angular ordering of the emitted gluons.
In the initial state parton shower of fig. 1.8 parton 5 (with momentum p 5 ) splits
into parton 3 and 4, with some relative pr between 3 and 4. When we suppose that
four-momentum is conserved, either 3 or 4 must be spacelike. The ISPS is therefore a
spacelike shower, characterized by increasing Q2, decreasing energies and increasing
opening angles. For technical reasons a 'backwards' evolution scheme is developed.
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where the shower is reconstructed backwards from the hard interaction, falling in
Q2, until a cut-off scale Q\ — 1 GeV2. Using the GLAP equations one can express
the probability that during a decrease in dQ2 a parton 6 remains at x from Q2max
to Q2 < Q2max- This is done through a so-called Sudakov form factor [8]. Q2 is
the virtuality of the parton b and Q^, aI the maximum virtuality scale of the parton
shower. Q2max may be the Q2 or W2 of the event, or any function of Q2 and x.
The spacelike quark struck by the boson yields an outgoing quark that is timelike
or at least on mass-shell. The final state parton shower is a timelike shower and
was originally developed for e + e~ annihilation into 55. The evolution of a parton is
once again given by a Sudakov form factor, which expresses the probability that a
parton a does not branch between some initial maximum mass-square (TTI2) and a
minimum value ml- The form factor is used to find the mass of the decaying parton
and the momentum fraction in its branching. Because of colour coherence between
soft gluons there is destructive interference in certain regions of the phase space.
This results in an angular ordering and is imposed on the shower, i.e. the opening
angles of branches decrease monotonically as the masses evolve downwards.
The amount and hardness of the initial and final state radiation depends on
the virtuality of the struck quark. This virtuality of the struck quark is chosen to
be either Q2, W2 or some function of Q2 and x. Loop calculations in QCD tend
to indicate that the proper argument for a, is not Q2, but py and that it depends
mainly on W2 for not too low x. For low x the remnant takes a large energy fraction,
(1-z). It is found that [9]:
<pl>

RS Q2(l -X)
«

<3 2 ln-

for x -* 1
for x -+0

(1.16)
(1.17)

A virtuality scale of Q2(l — x)max(l, In l/x) therefore is a reasonable choice. When
the parton showers are added to the first order matrix element model, the scale is
derived in a different way, as is described in the previous section.
In the hadronic centre of mass frame one finds that in the Lund PS model the
initial state parton shower describes the backward or remnant hemisphere and the
final state parton shower the forward or current hemisphere.
The experimental situation concerning coherence effects is such that, while there
is some evidence for them in timelike showers, there is none so far for spacelike
cascades.
HERWIG
HERWIG [10] uses a parton shower model similar to the Lund model, based on a
parton evolution using a Sudakov form factor for the initial and final state shower.
In addition to the Lund shower model, the regions near the kinematical boundaries
in x, the energy fraction, i.e. for x ~ 0 and x ~ 1, are explicitly taken into
account. This leads to an automatic generation of angular ordering for the gluon
emission, caused by destructive interference. The maximum virtuality of the parton
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participating in the hard subprocess is chosen on the basis of QCD coherence. This
leads to a scale for the first order electroweak process of y/Q2/2 for both the initial
and final state shower. Hence in contrast with the Lund PS model, HERWIG uses
a scale set by the model.
Furthermore, the angular ordering in HERWIG also holds for the intial state
shower. This leads to an approximation at Jow z, yielding an ordering in prAnother difference with the Lund model is that at each branching the scale of as is
adjusted and given by the relative p? of the two emitted partons.
Colour Dipo'^e Model
In another approach of the QCD cascades, the radiating objects are colour dipoles
that can radiate gluons. In the colour dipole model (CDM) [11] dipoles are formed
of colour charge of the partons in the final state. In ep scattering a dipole is formed
by the struck quark and the remnant. This dipole is regarded as an antenna,
which can radiate a gluon, similar to electromagnetic radiation from a conventional
antenna. The radiated gluon together with the quark and remnant forms two new
independent dipoles which in turn will radiate. Since the whole system radiates it
can be considered as a coherent sum of the gluon radiation subprocess. Because the
remnant is not point-like but rather an extended object, it does not participate fully
in the gluon emisson. The short wavelength part of the emission spectrum, which
has a wave length smaller than the transverse size of the object, will be suppressed.
In other words radiation with large transverse momentum will be suppressed. In
CDM this is achieved by reducing the probability of gluon radiation in the target
region by a factor a defined as follows:
a=

—

,

(1.18)

where the parameters n and a describe the inverse size and energy distribution of
the remnant. In the model the gluon radiation depends on the two energy scales
W and ji, in such a way that the maximum transverse momentum is given by:

PI = (ZY^>

(I-")

In the emission of the gluons account is taken of the QCD coherence in that it
imposes an angular ordering in the emission. It is interesting to note that in contrast
to the parton shower approach, the CDM does not incorporate initial state radiation,
but rather allows the remnant to participate in the gluon emission. The coherence
effects due to the remnant size however are completely absent in the PS approach.
The colour dipole model does not incorporate diagrams in which two quarks are
allowed to obtain large transverse momentum through the hard scatter, and so
the BGP process has to be added in order to provide a full description of the
final state. A complete discussion on the details of the model including the BGF
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implementation, recoil effects and azimuthal correlation effects can be found in [7]
and [11].

1.5

Diffractive Dissociation in DIS

DIS events in which the proton remains intact and looses only a small fraction of its
energy and transfers only little four-momentum, are referred to as 'hard diffraction'.
The interaction mechanism underlying these events is not yet understood.

1.6

Event Generator Programs

In previous sections we have discussed several models that describe the final state
of ep scattering. In order to compare the predictions of these models with the
experimental data and in order to investigate efficiencies and acceptances of NC
DIS in the experimental environment, we need event simulation. Event generators
simulate the NC DIS process using Monte Carlo techniques and produce four vectors
of the final state. These four-vectors are fed into a detector simulation program
resulting in data similar to what is measured in the detector. In th: section we will
discuss the various programs used throughout this thesis.
HERACLES [12] is a program that generates ep events including the complete
calculation of first order electroweak radiation. This comprises the Born level process together with the complete one-loop virtual corrections, the initial and final
state photon radiation and inelastic Compton scattering. As HERACLES generates event by event, it can be used to correct for radiative effects as well as detector
smearing at the same time. J E T S E T [13] is a program that implements the LUND
string fragmentation model as discussed in section 1.4.1.

LEPTO
The LEPTO 6.1 ep event generator [6] has basically three versions. The parton
shower version is subdivided into three options for the virtuality scale of the shower
as described in section 1.4.4. We have two extreme choices of virtuality, Q2 and
W2 called PS(Q2) and PS(W 2 ) respectively and an intermediate scale, given by
<?2(1 - z)maa;(l,ln £), called PS(Q2(1 - as)). The LEPTO version using the exact
first order QCD matrix element calculation is called ME and the version using the
matrix elements with the parton showers added is called ME+PS (see section 1.4.3).
All programs are interfaced to HERACLES for the electroweak radiative processes
and to JETSET for the fragmentation. The different versions are summarized in
table 1.1. This table shows how a program is referred to (the mnemonics), whether it
uses QCD matrix element calculation, QCD cascades, if there is a special treatment
for the proton remnant and what fragmentation model is used.
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ARIADNE
The colour dipole model, describing the parton cascade from section 1.4.4 is coded
in the program ARIADNE 4.0 [14]. This program is interfaced to the part of
LEPTO which generates the hard scattering. In addition, it is also interfaced to
HERACLES and to JETSET for the fragmentation. We refer to this program
combination as CDM. Since the boson-gluon fusion process is not accounted for
in the colour dipole model, the provision has been made in ARIADNE to include
this process as given by the first order matrix element. This will be referred to as
CDM+BGF.
HERWIG
The event generator HERWIG 5.4 [10] uses the parton shower model described
in section 1.4.4. This means that the hard scatter is described by the leading
order electroweak matrix element and that the QCD Compton and boson-gluon
fusion process are not included. The fragmentation model used is a cluster model.
Partons formed late in the shower are combined into low mass, colourless clusters
which then decay isotropically. Heavier clusters are first allowed to decay into two
lighter clusters in a manner similar to that used in the LUND string.
HERWIG has the possibility to add a soft underlying event (SUE) to the DIS
process, based on a minimum bias pp event generator. The main motivation to add
this is to correctly describe the distributions of soft hadrons in the hadronic CMS.
The production of these low-pr hadrons is related to the proton remnant fragmentation and hence gives us the opportunity to study the influence of the proton remnant
fragmentation on the hadronic final state. This version is called HERWIG(SUE)
and splits the remnant into many soft clusters. In the other approach, HERWIG(no
SUE), the remnant is only split into two clusters.
Summary of generators
In table 1.1 we have summarized the Monte Carlo generator programs used for NC
DIS at HERA. LEPTO(ME) and LEPTO(ME+PS) are the only programs that use
the complete first order QCD matrix element calculations. ARIADNE(CDM-f-BGF)
includes the BGF diagrams only. The other programs are based on QCD cascades
only, with the difference that LEPTO uses a parton shower with three options
for the virtuality scale, that HERWIG uses a parton shower with one fixed scale
and that ARIADNE(CDM) uses a colour dipole model. Both HERWIG(SUE) and
ARIADNE treat the remnant in a specific way, as described in the previous sections. For fragmentation the LEPTO and ARIADNE programs use the Lund string
fragmentation model and HERWIG uses a cluster fragmentation model.
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Program

Mnemonic

Matrix
Elements

QCD Cascade

LEPTO

ME
PS(Q2)
PS{W2)
PS(Q2(l-x))

Yes

ME+PS
HERWIG (SUE)

Yes
No

No
scale Q2
scale W2
scale Q2(l-x)
max(l,lnj)
Yes

HERWIG (no SUE)

No

scale

CDM

No

CDM+BGP

BGF only

Colour
Model
Colour
Model

HERWIG
ARIADNE

No
No
No

remnant
treatment
No
No
No
No

fragmentation

string
string

string
string

scale \/Q 2 /2

No
Yes

string
cluster

T/Q2/2

No

Dipole

Yes

cluster
string

Dipole

Yes

string

Table 1.1: This table summarizes the Monte Carlo generator programs used
for NC DIS at HERA. The mnemonics are used throughout the thesis.

Chapter 2

Experimentation with ZEUS
at the ep collider HERA
In this chapter we will discuss experimental aspects of the ZEUS detector at the ep
collider HERA. We will first describe the properties of the HERA collider and briefly
discuss the luminosity measurement. Next we will describe the ZEUS detector with
the emphasis on the calorimeter as this is the component which is predominantly
used in our analysis. Finally, we mention several methods for reconstructing the
kinematics at HERA.

2.1

The 'Hadron-Elektron-Ring-Anlage' (HERA)

HERA (Hadron-Elektron-Ring-Anlage) is the first and so far only electron proton
colliding beam machine in the world, with a design center-of-mass energy of y/i =
314 GeV, which is more than an order of magnitude higher than is reached by
previous experiments using fixed targets. The construction was approved in April
1984. In 1992 the first collisions were observed in the two detectors, ZEUS and
HI. The HERA collider is built in a tunnel of 6.3 km circumference at 10-25 m
underground, located at the DESY (Deutsches-Elektronen-Synchrotron) laboratory
in Hamburg, Germany. Inside the tunnel the electron and proton beams are stored
in two separate beam-pipes. In figure 2.1 the layout of the HERA accelerator system
is shown, with four intersection regions where the beams collide with a 0° crossing
angle. The ZEUS and HI experiments are located in the south and north hall
respectively.
The proton beam energy is limited by the strength of the magnetic field provided
by superconducting dipole magnets. The magnets are able to contain a proton beam
up to 1 TeV. The maximum electron beam energy is determined by superconducting
RF accelerator cavities. The cavities are able to supply power to store an election
beam of up to 35 GeV. Both beams consist of particle bunches. The positions of
25
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HERA
B20 GoV prolons x 30 QoV oloctrons
L= 1.5- I 0 3 1 cm"2»'1
200 bunches, 29m spaced

Figure 2.1: The HERA accelerator complex at DESY, Hamburg.
the bunches are called buckets. There are 220 evenly spaced buckets, separated by
96 ns, providing for a 10.4 MHz bunch crossing rate. HERA has been designed to
fill 200 buckets, leading to a luminosity of 1.5 10 31 cm~ 2 s~ 1 or a total integrated
luminosity of ~ 100 pb" 1 per year.
The data used in this thesis was taken in the fall of 1992. During the data taking
periods in 1992, the proton beam energy was 820 GeV and the electron beam energy
26.7 GeV, providing ep collisions with centre of mass energy of t/a = 296 GeV, Out
of the 220 buckets, 9 pairs of buckets were filled with colliding electron and proton
bunches. In addition, there was one unpaired proton pilot bunch and one unpaired
electron pilot bunch. This allows the study of beam related background processes
which is useful for removing background in the colliding bunches. The electron
bunches appeared to be accompanied by satelite bunches, arriving 8 ns later. In
table 2.1 we show some important design parameters of HERA and compare them
with the values reached in 1992.

2.1.1

Coordinate system

Before we discuss the luminosity measurement, we introduce the global ZEUS (and
HERA) coordinate system. The ZEUS coordinate system is right handed, with the
z axis along the proton beam or forward direction; the electron thus travels in the
rear direction, as depicted in fig. 2.2. The origin of the system is defined at the
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parameter

value in 1992

design value

proton energy ET
electron energy Et
number of bunches
time between crossings
P injection energy
E injection energy
P current/bunch
E current/bunch
E bunch length
P bunch length
max luminosity

820 GeV
26.7 GeV
10
96 ns
40 GeV
12 GeV
0.2 mA
0.2 mA
1-2 cm
45 cm
1.5 • 1039
30 rib'1

820 GeV
30 GeV
210
96 ns
40 GeV
12 GeV
0.8 mA
0.3 mA
0.8 cm
11 cm
1.5-10"
100 pb'1

f

dtC

ernes'1

cm-23~l

Jyear

Table 2.1: For some HERA parameters the typical values of 1992 are compared
with the design values.

I1

electron

machine
centre

proton

Figure 2.2: Global HERA and ZEUS coordinate

system.

nominal interaction point, the y axis points up and the x axis points towards the
HERA centre. Not shown in the picture is r, the distance to the beam axis and the
polar angle 9 measured from the z direction.

2.2

Luminosity measurement

For the determination of the luminosity at ZEUS, a luminosity monitor was designed
to measure the Beithe-Heitler (B-H) [15] process
ep

e'py.

(2.1)

The theoretically predicted value of the cross section for this process is large and
known to a high precision. The radiative corrections are calculated to be small,
-0.3% [16]. At full HERA luminosity the rate of this process is of the order of 50
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kHz. This indicates that this Bethe-Heitlei process provides an excellent way of
determining the luminosity at HERA.
The bremsstrahlung photon and the scattered electron from the B-H process,
balancing the transverse momentum of the photon exit at very small angles with
respect to the incoming electron. Their energies add up to the beam energy, Et< +
E7 = Et. Thus the luminosity monitor consists of two electromagnetic calorimeters,
LUMI-7 and LUMI-e, installed at z = —106 m and z = —34.7 m respectively.
Via a thin beam pipe exit window the hard photons pass a one radiation length
(1 Xo) carbon absorber at z=-103 m and a 1.0 Xo lead absorber at z=-106 m before
depositing their energy in the gamma counter. The absorbers protect LUMI-7 from
the softer but very high intensity synchrotron radiation accompanying the electron
beam. The LUMI-7 counter is a lead-scintillator calorimeter with a depth of 22
Xo and a measurement error on the energy of tr(Ey) = 0.18^/B^ under test beam
conditions. The impact position of the photon can be determined with a precision
better than 3 mm, with the use of a hodoscope position detector, installed at a
depth of 7 Xo- The acceptance for photons with Ey > 5 GeV emitted collinearly to
the electron at the event vertex, is 98%.
The electrons with decreased energy are deflected by the electron beam magnets into an orbit of smaller radius than that of the electron beam. The LUMI-e
calorimeter measures the Et< spectrum for electrons with a scattering angle 9C < 6
mrad. The acceptance of the LUMI-e is around 70% for electrons in the energy
range 0.35Êe < Et< < Q.65Ee GeV.
Because the bremsstrahlung photon acceptance in LUMI-7 is well understood
and near 100 % and the acceptance in LUMI-e is less well understood, in 1992
the luminosity was determined using the LUMI-7 only. The coincidence rate of
the LUMI-e and LUMI-7 served only as a cross check in the determination of the
luminosity.
The luminosity is determined from the measured rate iZ^meas] of hard photons,
Ey > 5 GeV. The measured rate has to be corrected for a number of backgrounds.
The first source is the bremsstrahlung of electrons with residual gas in the beampipe. This type of background is estimated using the pilot bunches. The number
of bremsstrahlung events from the pilot bunch is scaled with the ratio of the total electron current I[ot and the pilot current I*ilot to obtain the estimated total
electron-gas bremsstrahlung rate. The second background stems from the satellite bunches. Finally, an overall factor ƒ is applied that corrects for multiple B-H
processes in a single bunch crossing:

iMcorr] = (^[meas] - ^R?ot

- R'7aMHt') f

(2.2)

This corrected rate is then converted to a value for the luminosity using the observed
B-H cross section corrected for detector response using a Monte Carlo simulation,
£

=

Ryicon}/^0

(2.3)
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Luminosity in 1992

In 1992 HERA delivered luminosity for physics analysis to the experiments during
two periods. During the first, so called 'summer'-period ZEUS collected 2.1 n b " 1 .
The second, 'fall'-period started on September 19th and lasted until November 9th.
The luminosity that ZEUS collected during this period in 165 useful runs was:

f

dtC = 24.7 nt" 1 ± 5 %

(2.4)

'fall period

This luminosity is more than three orders of magnitude below the design value,
however already in 1993 it was increased by one order of magnitude and in 1994 by
yet another order of magnitude.

2.3

The ZEUS detector

The ZEUS detector is a multipurpose hermetic detector designed to make measurements of the whole range of ep physics. The large scale of the experiment demands
considerable manpower, which is reflected by the participation of about 450 physicists from 52 institutes and 11 countries in the ZEUS collaboration. The ZEUS
detector measures approximately 20 by 11 by 12 meters and has a total weight of
about 3600 tons. Since the HERA beam energies are not equal, the detector has
an asymmetric design, with the emphasis on the direction of the proton beam. A
cross section of the detector along the beam line is shown in figure 2.3. Figure 2.4
shows a cross section of the ZEUS detector perpendicular to the beam line. In this
section we briefly describe the detector components, proceeding outwards from the
interaction point. For a full and detailed overview we refer to [17].
T h e I n n e r Tracking System measures the path of charged particles. It comprises a vertex detector (VXD), a central drift chamber (CTD), planar drift chambers in the forward (FDET) and rear (RTD) direction and the magnet coil (MAGNET, not labelled in the figures), producing a 1.43 T magnetic field. This system
enables the accurate reconstruction of the direction and momentum of charged particles with a coverage of almost 4x sr. In 1992 the readout of the F D E T and R T D
was not available.
• V X D : The purpose of the vertex detector is to measure the event vertex and
possibly secondary vertices, to improve the momentum and angular resolution
of charged particles and to contribute in pattern recognition. It is a cylindrical
drift chamber with 1.6 m long wires parallel to the beam line. It is divided
into 120 cells, each with 12 sense wires, 3 mm apart and alternating with field
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Figure 2.3: Cross section of the ZEUS detector along the beam line.
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The ZEUS detector
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Overview of the ZEUS Detector
( cross section )

4 m-

2 m-

-2 m-

-5 m

Figure 2.4: Cross section of the ZEUS detector perpendicular to the beam line.

wires. The boundaries of the cells consist of 25 drift wires. The V X D has
an inner radius of 100 mm and an outer radius of 156 mm. The spatial point
measurement error in the r — <f> plane ranges between 35 and 55 fim per wire.
• CTD: Information from the central tracking detector is used to reconstruct
the direction and momentum of charged particles with high precision, and to
measure the energy loss dE/dx that is used for particle identification. The
CTD jet chamber consists of 72 cylindrical drift chamber layers organized
into nine superlayers (see also fig. 3.10). Five superlayers have wires parallel
to the beam line, four are stereo layers which have wires with, a small angle
(~ 5°) with respect to the beam line. The inner radius is 16.2 cm, the outer
radius is 85 cm, the length is 241 cm. The gas used in the chamber is a 50/50
argon/ethane mixture bubbled through ethanol. The z positions of the hits
are measured with a measurement error between 1.0 and 1.4 mm using the
stereo layers, and 4 cm using the z-by-timing information of the remaining
superlayers. The design hit resolution in the r — <j> plane is 120 /im. For
a charged particle that traverses all superlayers we obtain an error on the
momentum measurement of the CTD of <r(p)/p = 0.0021p© 0.0029, with p
in units of GeV. Particles with polar direction in the range 15° < 8 < 164°
cross at least one CTD superlayer. The tracks can be extrapolated towards
the beam axis where the information of the vertex chamber is used to improve
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the track resolution. In order to determine the primary vertex of the event
track information is combined. Information of both the V X D and the CTD
leads to a vertex error in x and y between 30 and 80 /xm.
During the 1992 runs, superlayers one, three and five (numbering superlayers
from inside out) were instrumented with z-by-timing readout only. This resulted in a vertex with an error of approximately 4.5 cm in z, and ~ 1 mm
in x—y.
• MAGNET: A superconducting solenoid, positioned around the CTD, supplies the magnetic field that bends charged particles in the r — <f> plane and
hence allows a momentum measurement. The coil has a thickness of about 0.9
Xo. It can operate with a current of 5000 A (1.8 T). In 1992, the MAGNET
produced a magnetic field of 1.45 Tesla. The influence of the magnetic field
on the beams is compensated by a special magnet (Compensator) with a
field of 5 T.
For most of the particles of an event, the energy is captured and measured by
the high resolution uranium-scintillator calorimeter, CAL, surrounding the inner
tracking devices. The CAL is divided into a forward FCAL, barrel BCAL and
rear RCAL part. These are further divided into an electromagnetic and a hadronic
part, with a total depth varying between 5 and 7 interaction lengths A,-nt. The
calorimeters measure the energy of charged or neutral particles by total absorption.
We describe this important subdetector in more detail in the next section. Inside
the CAL at a depth of 3 Xo in the RCAL a sillicon pad detector is installed, the
hadron-electron separator (RHES). Its purpose is to aid in the identification of
electrons, but was not used in the 1992 data analysis.
The iron YOKE, returning the magnetic flux from the MAGNET, is also instrumented as the backing calorimeter BAC, measuring hadrons that are not fully
contained in the CAL. In addition, the YOKE is magnetized around the axis of
the beam line, such that a muon has a curved path in the YOKE, allowing its momentum to be determined by the outer muon detectors in the forward (FMUON),
barrel (BMUON) and rear (RMUON) direction. The muon chambers also contain devices inside the iron yoke.
The VETO wall, a large iron wall sandwiched by scintillator located at z=-7 m,
shields the central part of the detector for proton beam induced background. A veto
requires a coincidence from scintillator strips on opposite sides of the iron wall.
The C5 counter (not shown in fig. 2.3- 2.4) consists of lead-scintillator counters
surrounding the beam pipe at z=-3.12 m, near the C5 collimator behind the RCAL.
C5 measures to better than 1 ns accuracy the arrival time of particles relative to
the bunch crossing time. It is therefore crucial to measuring the beam arrival times
and can be used to reject proton beam-gas events. It also enables us to determine
characteristics of the beams using the distribution of arrival times from electron
and proton beam background processes.
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A very important component of the ZEUS detector is the calorimeter CAL. It
is hermetic and enables us to measure the energy of electrons and hadrons with
high resolution. We are able to measure both energy and position of incoming
particles and jets and to separate electrons from hadrons. In addition the arrival
time of energy deposits was used extensively, as we will discuss in chapter 6. In
our analysis we only use information from the calorimeter, as at the time the inner
tracking system was not fully operational.
The CAL is a sampling calorimeter, which consists of alternating layers of heavy,
but insensitive absorber material and lighter sensitive signal producing material. In
our case, the absorber is made of 1 X o plates of depleted uranium and the signal
producing material is made of plastic scintillator tiles. The scintillator tiles are ordered in such a way that we get a total of 5918 separate cells, leading to a reasonable
segmentation on the surface of the CAL. It also provides for a longitudinal division into an electromagnetic section (EMC) and two (one for the RCAL) hadronic
sections (HAC). Incident electromagnetic particles, like electrons and photons are
contained in the EMC section, distinguishing them from hadronic particles. When
a particle entering the CAL is absorbed, it creates a large amount of secondary
particles, which in turn give rise to new particles etcetera: a particle shower. In
a sampling calorimeter, the ionization energy loss of shower particles traversing
the active layers (the scintillator) is measured. Thus only a fraction of the total
deposited energy is measured; this is called the sampling fraction.
Shower Shapes
A distinction can be made between particles that undergo hadronic interactions and
particles that undergo electromagnetic interactions in the calorimeter. Electrons,
muons and photons all interact electromagnetically through ionization, however in
addition high energetic electrons may radiate through bremsstrahlung and photons
may produce electron-positron pairs. Muons hardly loose energy going through the
calorimeter, but because the bremsstiahlung process has a very large cross section
electrons and photons loose their energy rapidly. As this cross section is even larger
than cross sections from hadronic processes, the electromagnetic showers are much
smaller than hadronic showers.
Other relevant processes for the photons are Compton scattering and the photoelectric effect. The typical scale for electromagnetic showers is set by the radiation
length Xo. It can be regarded as the distance over which the energy of a high energy
electron on average drops by a factor e purely by Bremsstrahlung. For uranium Xo
= 0.32 cm. For a 30 GeV electron 98 % of the shower energy is contained within 25
Xo in depth. In the transverse direction the energy profile is determined by multiple scattering of electrons in the shower and by bremsstrahlung photons and scales
with the Molière radius , RM- The Molière radius gives a quantitative measure of
the lateral spread of an electromagnetic shower. 95 % of the total deposited energy

Page 34

Chapter 2. Experimentation vrith ZEUS at the ep collider HERA

36.7

electrons

protons

FCAL-HAC

BCAL-HAC

RCAL-HAC

Figure 2.5: Layout of the ZEUS uranium calorimeter.

of an EM shower is contained in a cylinder with a radius of 2 RM , for the ZEUS
CAL RM = 2 cm. The typical EM shower is thus narrow and not very deep.
Showers of incoming hadronic particles are dominated by strong interactions and
have therefore a very different shape compared to the EM showers. They are spread
more laterally and penetrate deeper in the calorimeter. Processes that contribute to
the hadronic shower are the production of charged hadrons that loose their energy by
ionization, the production of neutral hadrons that only undergo strong interactions,
the production of neutrinos that escape undetected and the production of particles
that shower purely electromagnetically, like the iz°. Similar to the radiation length,
the hadronic shower is governed by the nuclear interaction length Ajnt, which can
be interpreted as the mean free path between hadronic interactions. For the ZEUS
CAL Xint ~ 25.Xo(~ 20 cm). Using a parametrization of the shower development,
it is found that 4.5 A,n( is needed to contain a 10 GeV shower and 7 Aj nt for a 275
GeV shower [18]. The transverse shower shape shows a narrow core (0.1-0.5 A,n«)i
but a long tail. 95 % of the shower energy is contained within a radius of 1 XintFinally we have highly energetic muons which behave as minimum ionizing particles. They loose a small amount of energy, proportional to the number of uranium
layers they traverse.
In the design of the CAL the different shower shapes are taken into account.
The difference in the shower shapes of EM showers, hadron showers and muons
is used for particle identification. In order to obtain a high energy resolution for
hadrons, the thickness of uranium and scintillator have been chosen such that the
CAL is compensating, giving equal response to hadrons and electrons. This is done
because each hadronic shower has a fluctuating EM component. The compensation
improves the energy measurement of hadronic showers considerably.
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Mechanical layout
The sandwich structure for the ZEUS calorimeter consists of 2.6 mm thick scintillator planes, which are made of SCSN-38, a material that is very stable against aging
and radiation damage, and planes of 1 XQ depleted uranium (DU). The DU planes
are wrapped in stainless steel, and actually consist of an alloy of 98.4% 238 U, 1.4%
Nb (to make the alloy harder), and < 0.2% 235U.
The longitudinal layout of the CAL is given in figure 2.5. The three main parts
of the CAL are similar, which guarantees a uniform response to impacting particles
in 99.6% of the solid angle. Only the small (but important) beam-pipe hole in the
FCAL and RCAL, which measures 20 x 20 cm2, spoils the complete hermeticity of
the CAL. The angular coverage of the CAL is given by:
• FCAL: 2.2° < 6 < 39.9°
• BCAL: 36.7° < 9 < 129.1°
• RCAL: 128.1° < 9 < 176.5°
The layout for the FCAL and RCAL is very similar. They both consist of 23
separate modules mounted vertically next to each other, each with a width of 20 cm
and a height varying between 220 and 460 cm. The first 25 layers of scintillator and
DU closest to the interaction point form the electromagnetic calorimeter (FCALEMC and RCAL-EMC) and absorb all electromagnetically showering particles. The
hadronic calorimeter follows the EMC section and is segmented in one unit in the
RCAL and two units in the FCAL. Each HAC unit has a depth varying between 40
and 80 layers. The cell size for the HAC units is 20x20 cm 2 . The EMC section in
the FCAL has cells of 20x5 cm 2 , in the RCAL 20x10 cm 2 . Hence the FCAL HAC
sections are preceded by 4 EMC cells (except for regions that are shadowed by the
BCAL), whereas the RCAL HAC section is preceded by 2 EMC cells.
The BCAL consists of 32 wedge shaped modules, placed symmetrically around
the beam axis, as can be seen in fig. 2.4. In order to prevent particles penetrating in
cracks, the modules are not pointing to the beam axis exactly, but are tilted by 2.5°.
The inner radius of the modules is 122 cm. The EMC section of the BCAL consists
of 53 BEMC cells, 5.06 X 23.4 cm2 at the front face, in one BCAL module, each of
which is projective in polar angle. The BCAL-EMC section consists of 21 layers of
uranium/scintillator. The HAC section of the BCAL (BCAL-HAC) is segmented
in two units of 49 layers, and is non-projective.
Each calorimeter cell is equipped with wave-length shifter bars on two sides, that
transport the accumulated light to photo-multipliers (PMT's), which convert it to
electric pulses. Hence each cell is read-out by two PMT's and for 5918 calorimeter
cells the ZEUS calorimeter has in total 11836 PMT's.

Readout and calibration
The CAL readout system is designed to cover an energy range from 10 MeV for
noise monitoring to 400 GeV as the maximum energy deposit in a FCAL cell. In
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addition the time of arrival of the pulses must be measured with a resolution of O
(1) ns in order to reject upstream beam gas interactions. The readout functions
as follows [19]. The electronic signal of the PMT's is sent to the analogue cards,
mounted on the endbeam of each module. These electronics shape the pulse signal
of the PMT, and the shaped pulse is sampled with a 96 ns clock and stored in an
analogue pipeline. When the event is accepted by the first level trigger within a
few fis, the samples are digitized. The digitizing electronics reconstruct the PMT
pulseheight and calculate the energy and arrival time [20] from these pulseheights.
After the calculation the information is made available to the second level trigger
and to the readout processes that will send the whole event to the offline database
if it passes the second and third level trigger.
In order to get a high resolution energy and time response, the calibration of
the CAL is very important. A large amount of calibration constants is needed to
reconstruct energy and time of the PMT signals appropriately: per channel one has
more than 275 constants. The CAL has several systems that provide complementary
calibration information. For the electronics calibration a charge injection system
simulates precisely defined charge deposits of the PMT, which are fed into the
analogue cards. In this way the shaping and sampling of the PMT signals are
calibrated, although the pulse shape is not identical to that from the PMT. In a
different calibration system, the laser flash system, laser light is injected just in
front of the PMT's. It produces PMT signals of well understood amplitude and
of the same shape as signals from the CAL. Since the laser is able to produce a
large range of light intensity, the system tests the linearity of the PMT and readout
electronics. As the timing of the light pulses is known, this system is also very
important in calibration of the PMT time, and individual time offsets for each
channel are determined.
Finally, the natural radioactivity of the uranium is a very important tool in the
calibration of the uranium calorimeter. The radioactivity induces a very stable,
small readout signal, the uranium noise (UNO). Once the relation between the
UNO signal and the energy of impacting particles is established, it is useful for
calibrating the energy scales. A large number of systematic uncertainties, such as
cell and wave-length shifter imperfections, are cancelled in the ratio of the shower
signal to the UNO signal. The gains of all PMT's is set such that the UNO signal
for all equally sized cells is equal. The short term variation of the UNO signal is
below 0.5% [21], and hence the short term calibration fluctuations are small. Longer
term variations (a few days) on the UNO signal are larger, ~ 3 % , which are due to
the PMT gain variations. With the UNO signal this effect can be corrected. Also
very long term effects, such as radiation damage of the CAL, are monitored with
the UNO signal.
Performance
Measurements with test beams [21] determined the ZEUS calorimeter to have a subnanosecond time resolution and energy measurement error of <r(E)/E = 0.18/\/Ê~
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Figure 2.6: Spectra of the cell energy noise. In the left plot for the EMC cells,
in the right plot for the HAC cells. A Gaussian fit through the histogram is
plotted to guide the eye.
for electromagnetic showers and cr(E)/E = 0.35/-\/S for hadronic showers, with
E in units of GeV. The high quality of the readout system results in the noise
of a cell being dominated by the uranium radiation and the contribution to the
resolution to be small. The angular resolution of the impact position is in first
order determined by the cell sizes. However, the resolution improves considerably
when using information from both the PMT's for each cell. For impacting electrons
a resolution of 0.4-1.2 cm is achieved using information from the calorimeter [22].
As mentioned before, the signal of the UNO produces a small amount of noise in
the calorimeter. In figure 2.6 we now show the calibrated cell energies for empty
events (i.e. no impacting particles) for EMC and HAC cells separately. Pedestals
determined by UNO are subtracted. The distributions are centred around zero
as expected and have widths determined by the UNO signal. The HAC cells are
larger than the EMC cells and therefore accumulate more UNO, as is reflected by
the larger fluctuations. In order to remove the UNO signals a cut-off on the cell
energies is applied. Detailed study [23] showed that the requirement

E(EMC) > 60 ;

E(HAC) > 110 MeV

(2.5)

gives the best separation between UNO and the signal of impacting particles.
Under ideal test beam conditions the performance of the CAL is excellent, in the
experiment it is however somewhat degraded by the presence of material between
the interaction point and the surface of the CAL. Particles traversing this material
may loose energy and may have secondary interactions with the material. In the
ZEUS experiment, the amount of material in front of the CAL fluctuates strongly.
In figure 2.7 we plot the present best estimate of the amount of material, in units
of Xo, as a function of the polar angle 6 and azimuthal angle <j> as seen from the
interaction point. For most angular regions the amount of material is not more
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Q]
Figure 2.7: Dead material in front of the calorimeter as a function of the polar
angle 9 and the azimuthal angle ip. The units are radiation lengths XQ.

8 ^

"

than 1-1.5Xo (remember the 0.9 XQ from the magnet coil), however especially for
large values of 6, the amount of material is large and fluctuates strongly. We also
observe that the boundary regions between the three main parts of the calorimeter
(at 0=36.7° and 0=129.1°) contain a lot of material. The influence of the material
on our measurements will be discussed at several places further on in this thesis.

2.4

Reconstruction of kinematics

In the following sections we will briefly describe some methods of how the kinematic
variables characterizing NC DIS can be reconstructed. An extensive discussion is
given in [22].
In the quark parton model, the final state consists of a scattered electron, a
scattered quark and a remaining diquark. Although the hadronic final state consists
of a current jet stemming from the scattered quark and a target remnant, the
kinematics on the hadron side are determined by the current jet only. In this
model we can describe the event kinematics by either using the electron energy and
direction, or the current jet energy and direction, or both. We therefore introduce
an energy F and polar angle 7 for the current jet, representing the energy and polar
angle of the scattered quark. We now have the four variables {E, 6, F, 7} as defined
by figure 2.8.
We can reconstruct the kinematics from any combination of the variables E, 9, F
and 7. In figure 2.9 we have plotted isolines of these four variables in the x-Q2
plane. The values corresponding to the isolines are given in the figure. Also plotted
are the lines for y=0.01 and y = l , the kinematical boundary. The isolines provide
an understanding of the effect of measurement errors on the kinematic variables x
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Energy of the final electron
Polar angle of the final electron
Energy of the scattered (struck) quark
Polar angle of the scattered (struck) quark
Energy of the initial electron (26.7 GeV)
Energy of the initial proton (820.0 GeV)

E

/

Figure 2.8: Definition of the variables {E,9,F,y}

and Q2. If they are close together it implies a small sensitivity to measurement
errors, if they are far apart, the opposite is true. In fig. 2.9a we show the isolines of
the energy of the scattered electron. A large area of the x — Q2 phase space is taken
by electrons with an energy around the beam energy. When this energy is equal
to the beam energy no information on Q2 is obtained. At this value the electronquark centre-of-mass frame is the same as the laboratory frame. From fig. 2.9b we
observe that the electron angle measurement is powerful for the determinination of
Q2, except for very low Q2 where the electron disappears down the rear beam pipe.
Requiring the scattered electron in the main detector is equivalent to a Q2 value of
Q2 > 3 GeV2. Small values of the scattering angle are favoured (see formula 1.7),
therefore the majority of the electrons will enter the rear part of the detector. From
fig. 2.9c it is seen that the quark energy measurement yields a good resolution in x,
but not in Q2. From 2.9d we observe that at low values of z the quark direction is
towards the rear part of the detector and that for very low values of x the hadron
flow disappears down the rear beam pipe. At low y the hadron flow disappears
down the forward beam pipe.
Electron method
The scattered electron in the final state is one of the main characteristics of NC DIS
at HERA. We therefore first show how the kinematic variables are reconstructed
using the electron information. In our notation the formulae for the kinematic
variables for the electron method are:

Ve

'"

E*sin29
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_ Qhec

""
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E(1 + CQS9)
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(c) the energy of the hadron system (or quark), in (d) the polar angle of the
hadron system according to the quark parton model.

These relations follow directly from equations 1.1, 1.2 and 1.3.
Looking at the relative errors on x and Q2 we conclude that the resolution in
Qlitc *s v e r y 6°°d) except for small scattering angles (i.e. 6 ~ 180°). The resolution
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in x however, is very poor at low values of y.
Jacquet-Blondel method
We now will describe a reconstruction method using the hadronic energy flow. As
we mentioned before, the kinematics on the hadron side are described by F and 7.
However, one does not directly measure these quantities. Instead, on can use the so
called Jacquet-Blondel (JB) method and avoid jet finding. In this method the total
hadronic energy flow is used, but the contribution of the proton remnant is suppressed by using the variables (E - Pc)h and Pt h = ^ ( D h P**Y + (Efc Pyh? t 24 ]We summarize the JB method reconstruction method:

(28)

where the sum runs over the all observed final state hadrons.
Study of the resolution shows that the resolution in Q2JD is worse than Q\\tc
near y = 1. This also holds for the resolution in x. The angular resolution only
affects the precision on Q2JD at very low values of 7. Both very low and very high
values of 7 result in a poor determination of xJD.
We can now calculate F and 7 by inveiting the JB equations. This leads to
expressions in the quantities (E — Pz)h and Pt /,, which is particularly useful because
they are insensitive to the jet mass and the energy losses in the forward beam pipe.

2(E-Pz)h

where summation of the hadrons h is assumed. If we neglect the PT of the proton
remnant and the mass of the current jet, we find:
(2

.n)

/Lie •**•'

where the sum runs over all particles in the current jet. This represents just the
energy weighted average of the cosines of the particles in the current jet. An important property of the reconstruction of cos 7 is that to first order it is independent
of energy loss and independent of fluctuations on the energy measurement of the
hadron flow.
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Double—Angle method
We now describe a method where we use information from both the electron and the
hadron side. The double angle method only uses the angles 9 and 7 to reconstruct
(x, Q2) . This implies immediately that this reconstruction method does not depend
on the energy scale intrinsically. This feature will turn out to be quite important.
The double-angle method reads:
_
sin 0(1 —cos 7)
~ sin7+sin0-sin(0+7)

VDA

*

A

=4E*
_

sin 7 + sin 9 + sin(9 + 7)
sin 7 + sin 0 - sin(0 + 7 ) '

This reconstruction method is mathematically exact since 7 is obtained in a model
independent way from the hadron flow and is insensitive to hadronization..
Both at very small or very large scattering angles for the electron or hadron flow
the resolution in XQA and Q\)A degrades. Low values of 9 correspond to low values
°f Q2DA- The resolution on Q2DA increases at low values of 7.
T h e y0-method
The i/0-method is constructed with yet another mixture of the electron and hadron
flow. The method uses the angle 9 of the electron, which determines Q 2 , and yJa
as the two independent variables. The y9 reconstruction method reads:
= yJ

xye

=

syy6

(£

cos9j'

The intrinsic resolution of the y6 method becomes poor for high values of y in
both xyg and Q^g. At low scattering angles 9 the reconstruction of xyg and Q2g
also has a larger uncertainty.

Chapter 3

Graphics and ZEUS offline
Software
In order to process data from the ZEUS detector, described in the previous chapter, offline software is needed. In this chapter we will briefly explain how the ZEUS
offline software and the ZEUS data is organized. The description is given in the
context of a discussion of the use of computer graphics techniques in offline analysis of ep collisions at ZEUS. Often, the data is so complicated that the computer
programs cannot analyze it perfectly and visualization of the data is necessary.
Drawing pictures is a natural way to present data to the human brain. A picture is
immediately understood, in contrast to numbers or sentences. Visualization comprises the well known data presentation mechanisms like histograms and lego plots,
as well as graphical pictures of a single event. Here, we will pay attention to the
3D interactive ZEUS event viewing program GAZE. We will formulate recommendations for development of future event viewing programs based on our experience
with the development and use of GAZE.

3.1

The ZEUS Offline Software

A thorough description of the ZEUS offline software is given in [23]. Following this
description we summarize the functionality of the various constituents in the chain
of programs and the ZEUS offline datastructure.

3.1.1

Overview

Figure 3.1 shows the major components of the ZEUS offline software. Simulated
ZEUS event data is produced by the Monte Carlo event generator programs and
the ZEUS detector simulation program MOZART, which is based on the GEANT
simulation package [25].
43
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The ZGANA software library contains the knowledge for simulation of the ZEUS
trigger. ZGANA accepts both simulated and real ZEUS data for trigger design
studies or studies of the applied trigger criteria during data taking.

Production or ZEUS events
MOZART or ZEUS

Real or
simulated
events

Real or

simulated
events

ZGANA

Accepted
Events

ZEPHYR
Real
eal

slmi
i lulated
evi nts

Acc
pted
ccepte
E nts
Events

Reconstructed
Evepts

Analysis
EAZE

or

LAZE

or

GAZE

Figure 3.1: Software chain for ZEUS offline data
ZEPHYR reconstructs from the digitizations tracks in the tracking detectors and
energy clusters in the calorimeters and the HES. Tracks and clusters are matched
to facilitate a reconstruction of vertices and fourvectors.
EAZE is a programming environment for analysis of simulated and real ZEUS
event data. As shown in fig. 3.1 EAZE accepts the output data structures from
MOZART, ZGANA and ZEPHYR.
In the ZEUS offline environment two software packages have been developed
for graphical inspection of single events: LAZE and GAZE. They are designed to
verify the results of detector simulation and event reconstruction during the software
development phase. During physics analysis, the graphical displays are used to check
the performance of the detector, to inspect the results of event selection criteria
and for scanning of special events. Although both programs use computer graphics
techniques they serve different purposes, as will be described in section 3.2.
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Figure 3.2: Calorimeter reconstruction entity-relationship diagram

3.1.2

Offline Datastructure

The ZEUS offline data is organized using the ADAMO package [26] for data management. ADAMO is based on an entity-relationship model in which data is modeled
in a tabular structure of data objects and the association between them. Only
one-to-one or one-to-many relationships are allowed in ADAMO. Many-to-many
relationships have to be simplified into two one-to-many relationships.
To visualize the ZEUS datastructure the technique of Entity-Relationship Diagrams (ERD) has been used. These diagrams depict tables (entity sets) as boxes
and their relationships with arrows. Single headed arrows indicate one-to-one relationships, double headed arrows represent one-to-many relationships. A cross bar
means that at least one entity in the table is not related to an entity in the other
table via the relationship. The table columns (the attributes) can be read in the
box. To illustrate the technique of ERD we will describe two examples from the
ZEUS datastructure.
Figure 3.2 shows the ERD for the ZEUS calorimeter data. In this example there
are five tables, related to each other in different ways and each with individual
attributes. Crlobj contains global event quantities like the total energy deposited
in the calorimeter and ET and pr (EtMiss) of an event. In the ERD it is visible
how the individual calorimeter cells have contributed to the calculation of these
quantities. Caltru contains for each cell the calibrated energy deposited in the cell
(attribute E), the time measured in each of the two read out channels of the cell
(t(2)) and the energy difference between the two channels (imbal). In the 1992
data the energy is corrected with the uranium noise and the time is corrected with
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an offset, which may vary from run to run. Noise suppressing cuts, as discussed in
section 2.3.1, were applied before filling this table.
In CConSa the measurements in geometrically adjacent cells are combined into
"condensates" of energy (see also chapter 4). The double headed arrow between
Caltru and CConSa represents the one-to-many relationship : many cells stored
in Caltru may contribute to one condensate in CConSa or v.v. a condensate is
built out of one or many cells. The cross bar indicates a partial relationship : not
all cells in Caltru will contribute to a condensate in CConSa.
The results of a jet-finding algorithm [23] are stored in Ciddu. Clusters of
energy are classified as being deposited by a jet, electron, muon or pion. Cidcell
indicates how much (the attribute fraction) an individual cell has contributed to
a cluster.
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Figure 3.3: Entity relationship diagram for a part of the CTD event datastructuxe. Also shown is the relation between the simulated tracks and the
reconstructed data. Note that not all attributes axe shown.
In fig. 3.3 we show the ERD for part of the CTD event structure. Generated
four-momenta (stored in FMCKin) create hit data in the CTD, using the GEANT
detector simulation package. The hit data (TCGHIT) is then processed, yielding
r — 4> data and z-by-timing data, depending on the CTD superlayer. The raw data
(stored in TCRP and TCZ) is calibrated and stored into one table, TCHIT. The
table TCHREL contains the IDs of the tables from which the TCHIT information
originated. The corrected hit data is used as input to the reconstruction software
that searches and fits tracks. The resulting track parameters are stored in the
table TCTRAK and after a vertex fit is performed a vertex is finally stored in
T C V T X . Although this example deals with simulated data, the data from the real
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ZEUS detector are stored in an identical data structure.
The data objects that are visualized by the ZEUS events display programs are
directly related to the entities in ZEUS ER model. ADAMO not only offers tools to
define the data structures but also provides a FORTRAN subroutine library - the
TAP library - to access and manipulate the data. As for all analysis programs in
ZEUS the TAP library is an efficient tool to navigate through the datastructures for
the event viewing programs. From the ERD's it is easy to identify the data objects
that have to be visualized (e.g. reconstructed tracks in TCTRAK), the relationships between them (which hits in TCHIT have contributed to the reconstruction
of the track) and their attributes (what is the x2 and momentum of the track).

3.2

GAZE, a 3D Interactive Graphics Package

Both ZEUS event display programs are designed as tools to be used in several stages
of the experiment as mentioned in section 3.1.
LAZE displays detector and event data in a few projections. The user can
choose objects for display. For a more detailed view one can zoom-in on a particular
area of the picture. The program does not allow interaction with the displayed
objects. The limited use of computer graphics techniques allows quick scanning of
events. Special projections are provided [27].
GAZE (Global Analysis of Zeus Events) [28] displays detector and event data
in 3-D. Also with GAZE the user can choose the objects for display. Real time
transformations offer the possibility to observe the object from different angles.
GAZE employs the possibilities of full interactive graphics to enable the user to
request information on displayed objects. These features offer the possibility for
detailed analysis of a single event.
In this section we will describe the design and functionality of GAZE. Special
attention will be given to the lessons we learned from the development and use of
the package.

3.2.1

Graphical Data Representation

GAZE makes in three dimensions a 'complete' picture of a ZEUS event using a wire
frame drawing for the detector outline, in order not to obscure the whole picture.
Continuous real-time transformations, like rotations, show the three dimensions
of the event structure. Both colour and shape are used to provide double visual
information on the character of the displayed data object. E.g. to indicate the
amount of energy deposited in a cell the wire frame of the cell is coloured according
to a false colour scale. The same information is contained by the displayed size of
the cell. Condensates or clusters on the other hand are made visible by a circle and
a box- a 'hat'. The height of the 'hat' represents the amount of the condensate
energy, the size of the circle represents the radius of the condensate or cluster (the
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Figure 3.4: A GAZE session, with the PAMPA pasteboard in the upper left
corner containing the user interface to the data, the yo! GAZE window in the
lower left corner containing the full 3D event picture, an energy legoplot and
ASCII information-window in the right.
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green objects in fig. 3.5). In addition, histograms and legoplots of for instance the
energy flow can be made visible in a separate window (see fig. 3.4).
As shown in fig. 3.1 GAZE accepts data in various formats and from various levels of processing : simulated data (GEANT hit data), raw data and reconstructed
data. Event reconstruction in ZEUS is done in two stages. In the first stage raw
data from each detector module is processed independently of other modules. In
the second stage the information of several detector components is combined into
a global event reconstruction. GAZE accepts the data format from both reconstruction phases. In order to differentiate between the various data formats and
processing levels, GAZE uses again colour and shape of the displayed data objects.
As an example we show two event pictures in full colour in figure 3.5. Several levels
of data processing are visible at once. The corrected raw data, consisting of the
CTD hits (the blue dots and crosses) and the calorimeter cells (polygons coloured
by energy as described in the picture), the reconstructed CTD tracks (in green) and
clusters (the green hat-like objects) and Anally the global tracks (in yellow) and a
vertex. The scattered electrons are visible as energy clusters well separated fiom
the current jet and target remnant. The large energy deposit from the electron in
the electromagnetic calorimeter is depicted by the yellow box. In the upper picture
of figure 3.6 we show a generated event: a ir° is shot into the detector and interacts
with dead material of the beam pipe. The crosses represent all GEANT hits in
the tracking detectors coloured by their particle type: pions, electrons and protons,
as indicated by the colour legend. The calorimeter cells ate depicted as polygons
with a depth proportional to the deposited energy. The lower picture of fig. 3.6
shows a ZEUS event with many tracks in the CTD. It is a nice example of the good
performance of this component and of all the reconstruction software.

3.2.2

Interactivity

In GAZE one can point at any displayed data object with the mouse cursor and
by mouse-click request information about attributes of the displayed data object
or relationships with other data objects. After selection of the object, it will be
highlighted and the requested information is presented either graphically or in text.
E.g. one can ask to show which hits belong to a track, extrapolate a track or show
the condensate at which the track is pointing. An example is given in figure 3.7:
for three selected tracks the momenta are plotted as labels on the screen.
One can also request to remove objects from the display, change projections or
print-out the contents of a table from the datastructure. In addition GAZE allows
the user to customize the setting for displaying event data, i.e. specific data on/off
for display, energy cuts on cells or clusters or removal of obscuring objects.

3.2.3 Use of GAZE
GAZE has been particularly useful both in developing reconstruction software and
testing it in the datataking phase. In fig. 3.8 we show a typical example of a
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Figure 3.5: Neutral current DIS events bom the 1992 run displayed with
the event display program GAZE. The scattered electrons are depicted by
the yellow boxes. In the upper event we have Q2 = 2960 GeV2^ = 0.107
and y =0.3.
The electron energy is 40.0 GeV. The lower event has
Q3 = 870 GeV*,x = 3.810~3 and y = 0.27. The electron energy is 23.7
GeV.
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Figure 3.6: Tie upper figure depicts a generated ZEUS event. A 35 GeV
forward going pion interacts with the beam-pipe and creates many secondary
particles. The lower Sgure shows an event in the CTD, with reconstructed
tracks and a vertex. Tracks are extrapolated towards the CAL.

Page 52

Chapter 3. Graphics and ZEUS offline Software

Figure 3.7: A tracking event with the momenta of three selected tracks printed
as labels.

\

Figure 3.8: Reconstruction error in the fitting of global tracks.
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Figure 3.9: Tracking event depicted by GAZE. Above a x — y view is used,
below a 3D rotated view.

reconstruction error in the global tracking software, which was easily detected on
the GAZE display. Local BMUON coordinates were mistaken to be global ZEUS
coordinates. To demonstrate the 3D functionality of GAZE, in figure 3.9 we show
the x-y projection of an event with tracking information and the resulting view
after rotation of the picture. In this way a good feel of the event characteristics
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can be obtained. In figure 3.10 we show a CTD track together with the full CTD
cell geometry. In this way one can check which wire was hit and in which cell it is
situated. Also the modeling of the geometry can be tested in this fashion.
Especially useful is the option to rerun parts of the reconstruction software
interactively. Two expert options are implemented: refitting of a track and refitting
of the vertex. To improve a track fit it is sometimes necessary to manually (by
interactive graphics) add hits to the track list or remove hits from it and redo the
fit. In the case of a vertex fit the event display can show which tracks should or
should not participate in the vertex. Tracks can be added or removed and the fit
can be performed again interactively.

Figure 3.10: A CTD track shown with the full cell geometry.

3.2.4

Design and Implementation of GAZE

GAZE is designed and implemented as three different software modules each of
which is responsible for a logically independent task: graphics, user interface and
event data interface. The graphics and event data interface reside in one program
that communicates with the user interface via message exchange. The three program
modules of GAZE are :
1 ZEUGRA- the interactive graphics module. ZEUGRA displays an event in a
graphics window. In this window the user can select real-time actions like ro-
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tation and zoom. Histograms, legoplots and non-graphical event infotmation
are displayed in separate windows.
2 ZEUCOP - the user interface program. With ZEUCOP-commands the user
can select the event to be displayed, select the objects to be displayed, manipulate the data, retrieve special information, read in files, etc. The user interacts through a menu panel in a separate workstation window (the PAMPA
pasteboard in figure 3.4).
3 ZEUTOP - the data processing and data manipulation module. On request of
ZEUCOP, ZEUTOP retrieves event data for display by ZEUGRA. Depending
on the ZEUTOP command selection criteria are applied to the data or the
data is manipulated otherwise before it is sent to the ZEUGRA module.
The split in three modules was adapted from the Delphi Event Display [29]. The
main reason for using an existing graphics package for GAZE was to save manpower.
Parts of the Delphi graphics program and the user interface program could directly
be used for ZEUS. Only the third module, the interface with the event data, has
been developed specifically for ZEUS.
In figure 3.4 we show an example of a GAZE session. In the upper left corner
(the PAMPA pasteboard) the user interface is visible, the full event is displayed in
the lower left corner (the yo! GAZE window in figure 3.4). An energy legoplot in
the T) — <f> plane is shown in the upper right corner and a numerical listing of one of
the event tables is shown in the lower right corner.

3.2.5

Software Standards

An interactive graphics program requires considerable manpower for its development. In order to preserve the investments, it is necessary to use software standards
as much as possible ar.d avoid the use of special hardware. However, this choice
has consequences for 'ihe performance of graphic software. Especially 3D graphics
can profit substantially from special hardware. Originally, GAZE was developed for
use on the special hardware of the Apollo DN10000, with the proprietary graphics software library GMR. When graphics standards emerged and became more
widely available, GAZE was adapted to be used on any UNIX workstation using
the following standards:
PHIGS
PHIGS, Portable Hierarchical Interactive Graphic System [30] was selected as the
3D graphics standard for the ZEUGRA program. Unfortunately, the early implementations of PHIGS appeared to be not very fast and not fool proof. In addition,
the various computer vendors did not fully adhere to the standard in their implementation of PHIGS thus reducing the portability of GAZE.
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X-windows
At the time of development of GAZE the X-window system just became available as
the fust hardwaie and operating system independent window management system
with its own network protocol- the X-protocol. Higher level tools based on X,
like the MOTIF presentation manager, were not yet available as stable products.
Therefore, we choose to use the lower level X-window system for the user interface
of ZEUCOP. This choice made it possible to install ZEUCOP on any workstation
that supports the X protocol.
TCP/IP
For interprocess communication between the three programs of GAZE the TCP/IP
protocol was selected. This protocol is widely available and also allows communication between processes on different computers.

3.2.6

Experiences with GAZE

We will now discuss a few experiences we had with GAZE during the first running
periods of the experiment.
We found that the user interface is of the utmost importance. It is the way
that the user communicates with the program and when he is not able to steer the
program as he likes, the program looses its value. Furthermore, the novice user
will easily misinterpret functions or options if there are too many choices. At first
glance only a few options should be visible. GAZE has many advanced options,
leading to the problem that in some cases they obscure the basic functions of the
program. Using a false colour scale foe the energy deposited in calorimeter cells for
instance is a basic option, however, in GAZE it was hidden behind many other not
so frequently used options.
From the maintenance point of view, we have experienced that it required considerable manpower to keep GAZE up-to-date in the changing ZEUS software environment. In order to have a reliable package it is useful to have a default functionality
that is independent of the overall software environment. It is for instance useful to
have the option to draw only a simple outline of the detector geometry without being dependent on the existence of a detailed geometry database. Also special tables
with graphics information in fixed formats should be present in the datastream,
since underlying datastructures may change.
Fixed format graphics information was expected to be available in the design of
the Delphi event display. Absence of this information in the ZEUS data model and
differences in hierarchy of data processing levels between Delphi and ZEUS data
made the reversed engineering a difficult and time consuming task. We had to fit
our own software into a structure that was not fully appropriate for our purposes.
Nevertheless, we have profited from large parts of the existing software.
After the first experiences with GAZE, basically two levels of operation emerged.
The design of GAZE only partially comprised these two levels of use. For future
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development of interactive graphics packages, we would like to recommend it as a
basis of design. The first level of operation of a display package should be fast and
easy to use and should be available at an early stage of the experiment. A second
level is then an extension of the first one and should enable the user to perform more
complex actions. This leads to the following setup which has been partly realized
in GAZE after the first experiences:

Operation Level 1
The User Interface must be simple and self-explanatory. Basic functions like asking
for a next event or applying energy cuts have to be obvious to use and an online help
should be available. Problems will arise frequently, therefore error handling has to
be unambiguous to the user. At start up, the display has to show all relevant data
objects in a clear way, for instance by using specific colour combinations, in order to
emphasize differences in objects using properties like energy. In addition the setup
of the display must be customizeable by the user. At this operation level the speed
of displaying an event has to be high. Basic options like the display of a data table
and the printing of a black and white postscript picture must be available.
After a period in which users express further demands a more complicated level
may be added:
O p e r a t i o n Level 2
At this level the user should be able to perform complicated data manipulations,
like asking information about a specific graphics object. When specific information
is necessary, or when a specific manipulation of data is performed, speed is of less
importance. For instance, linking of all graphical objects to data tables is timeconsuming so should only be done when the user explicitly requires this. Special
detector-specific options should now also be provided.

3.3

Conclusions

GAZE has proven to be useful in several areas of the offline event reconstruction.
Especially the possibility to interactively manipulate any object on the screen turned
out to be useful. Many problems were solved in track and vertex reconstruction.
In addition, GAZE is used as a tool to investigate events in an extensive way for
instance in the exotic physics analysis. And last but not least, GAZE full colour
pictures are used for many public relation purposes.
For design of an event display system we recommend to make a distinction
between the use by novice or occasional users and expert users. Furthermore, we
found adapting an existing event display system to our own needs to be more difficult
than expected. Especially, in the rapidly changing environment of 3D graphics it
seems more efficient to redesign such a system. We summarized several expediences
in section 3.2.6.
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Chapter 4

Properties of Condensates
4.1

Introduction

Up to this point we have given an introduction comprising the theoretical and
experimental aspects of neutral current deep inelastic scattering with the ZEUS
detector. We will now turn to our study of the hadronic final state using information
from the calorimeter. We start our study using Monte Carlo generated data and in
the chapters 6-8 we investigate the experimental data.
In our analysis of the hadronic final state we are interested in distributions
describing the event shape. On the particle level the event consists of final state
particles defined as those particles originating from the primary vertex or the decay
products from particles that have decayed within 10 cm from the primary vertex.
On the detector level we cannot observe these final state particles directly, therefore
we consider energy clusters in the calorimeter, representing in the ideal case energy
deposits of single particles. Especially for event shape variables like thrust and single
particle variables like pr relative to the jet-axis it is important to understand the
relationship between the final state particles, and energy clusters. We will therefore
investigate this relationship and how it is influenced by detector effects, using the
condensate algorithm to cluster calorimeter cells. We will also propose cuts on the
condensates for use in the further analysis.
In this study a sample of 3000 Monte Carlo DIS events has been used, generated
with Heracles-Lepto 6.1 (ME+PS) with Q2> 4 GeV2 and x > 0.0001. The MRSD[5] structure function parametrization was used. The events were all processed by
the complete ZEUS software chain, consisting of the detector simulation program
MOZART and the event reconstruction program ZEPHYR. Since we are interested
in the hadronic final state we remove the calorimeter cells that are assigned to the
scattered electron. A standard electron finder, E F 1 , was used for this purpose (for
a discussion on the electron finders see section 6.6.5).
59
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The Condensate Algorithm

The aim of the condensate algorithm (see [23]) is to clustei calorimeter cells that
contain deposits of a shower produced by a single particle or by a set of particles
lying close together. Such a cluster is called a condensate. As we will show, in many
cases more than one particle contribute to a condensate or one particle induces more
than one condensate. The algorithm starts with a seed cell with energy above a
certain threshold. All neighbouring cells are then scanned for energy and if a cell
contains enough energy it is added to the condensate. After this first scanning, the
neighbours of the added cells will be scanned and added to the condensate if they
pass the energy cut. This is repeated until there are no cells left with neighbours
that have not been scanned. An additional energy cut is applied to the total energy
of each condensate. Condensates that do not pass the cut are removed from the
condensate list. The reconstructed position of a condensate is the energy weighted
average of the centres of its cells.
Using the ADAMO data structure, it is very easy to find the cells that belong
to each condensate. For Monte Carlo events one can navigate from the cells to
the particles that have deposited energy in a particular cell. Thus one finds the
relationship between each condensate and the particles that have produced it and
one can compare energy and angle of the found object with the generated particle.
However, the final state particle that is found is the particle generated in the ep
interaction, whereas the condensates may result from a secondary interaction. This
implies that when we compare energy and angle of condensates belonging to such
a secondary particle with the energy and angle of the primary particle we may find
large differences.
A concern is the influence of uranium noise in the calorimeter on the forming of
condensates. The Monte Carlo events are all generated including a parametrization
of the calorimeter noise. The parametrization was extracted from special events that
were randomly triggered. We are thus able to recognize the calorimeter cells that
have a signal caused by noise. Although there are already energy cuts on the cell
level in order to suppress these cells, we still find condensates that are entirely due to
noise. In fig. 4.1a the condensate energy is plotted for both pure EMC condensates
and in fig. 4.1b for all other condensates. The open histogram is the distribution of
condensates formed by particle energy deposits, the shaded of condensates formed
by noise cells alone. The cut-off at 60 MeV for EMC condensates and 110 MeV
for the other condensates is caused by the cell energy cut-off used at an earlier
stage of event reconstruction (see section 2.3.1). In order to remove these noise
condensates, the following cuts in the condensate algorithm were used as default
for further study:
• Pure EMC condensate energy cut
0.11 GeV
• Pure HAC condensate energy cut
0.17 GeV
• Mixed condensate energy cut
0.17 GeV
The pure HAC condensates and Mixed condensates we regard as one class of condensates and hereafter we refer to them as Mixed condensates. Using these cut-off's
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Figure 4.1: TAe energy distribution for condensates formed by particle energy
deposits (the open histogram) and by uranium noise in the calorimeter (the
shaded histograms) using Monte Carlo events. In a) the EMC condensate
distribution is plotted, in b) the Mixed/HAC condensate distribution.
results in the removal of particle induced condensates causing a loss for EMC condensates of about 0.2 GeV per event and for Mixed condensates of about 0.17
GeV per event. It was not possible to recognize noise condensates by their size or
structure.
In figure 4.2 the mean condensate energy is plotted as a function of the polar
angle 6con for condensates passing the criteria mentioned above. The mean value is
about 0.6 GeV in the BCAL region and rises up to a few GeV in the RCAL region.
The rise is caused by the fact that most condensates in the RCAL originate from
low-as events, which typically have a higher jet-energy (as can be seen in fig. 2.9).
In addition the particle density is higher around jets, resulting in more particles
per condensate and thus in a higher energy per condensate. The dashed line shows
the distribution with a cut on the generated parton polar angle ypa.rton < 165°
(according to the quark parton model, see also section 2.4), which is about equivalent
to x > 0.001 in the kinematic regime we consider (see fig. 2.9). The mean value now
decreases in the very backward region, but we still observe a rise in mean energy.
This is caused by the fact that in the backward region sometimes a wrong energy
cluster is identified as the scattered electron, causing the real scattered electron
erroneously to be in the hadronic system condensate list. In addition, in the case of
radiative events, the radiated photon can create a separate condensate which will
also end up in our distributions. The dotted line in fig. 4.2 shows the distribution
without these electrons and photons in the hadronic system and we indeed see that
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Figure 4.2: Tie mean condensate energy as a function of the polar angle of the
condensate for the hadionic system for Monte Carlo events. The full line is
for all events, the dashed lint corresponds to those events with 7P»rton < 165°
and the dotted line with 7P»r«ou < 165° where condensates erroneously formed
by a scattered electron or radiated photon are omitted.
the peak in the backward region is further reduced. Although in the forward region
the jet energy is in the same range as for the low-a: events, the mean value for
the condensate energy is dominated by low energy condensates. These condensates
reflect the continuous energy flow originating from fragmentation between current
jet and proton remnant for all values of a; (see section 6.9). The energy rise in
the very forward region around the FCAL beam-pipe is due to particles from the
proton remnant fragmentation.
A more sensitive way of looking at the energy flow is to consider condensates
in the neighbourhood of the current jet in different kinematic regions. We take the
opening angle, ij>, between the condensate and the struck quark from the quarkparton model and plot the average condensate energy as a function of i}>. We do
this for different ranges of 7 p a r ( o n , using a cut on 9con > 5° in order to remove the
very high energy condensates from the proton-remnant fragmentation. In figure 4.3
we show the energy weighted distribution for ij> in 5 different ranges:
tvarton > 166° (fig. 4.3a),
126° < 7 p o r t o n < 166°(fig. 4.3b),
86°<7part O n<126°(ng. 4.3c),
34 0 <7 P ar«, B <86°(fig. 4. 3 d ) )
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Figure 4.3: The mean energy distribution as a function of the opening angle
•0 between condensates of the hadronic system and the the struck quark from
the paiton model. The dashed line depicts the mean value of the position of
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10° <7p«ton<34°.
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10°<7parton<34°(fig. 4.3e).
In all plots peaks are clearly visible at tj> = 0° resulting from condensates that
belong to the current jet. The peak is high for large 7partpi» o r l ° w * f° r o u r
kinematics (fig. 4.3a), decreases for intermediate ranges and rises again for low
Jparton or high x (fig. 4.3e), in agreement with the x dependence of the jet energy
(see figure 2.9). The dashed line in the plots shows the average position of the
forward beam-pipe in if) in that particular kinematic range. The forward beampipe is not fixed in ij> within one range of fpaTton so the peak from the remnant
jet is smeared out or even completely absent. In addition, low energy condensates
far from the beam-pipe in 6 can enter the same ^ bin as condensates from the
proton-remnant fragmentation. Condensates originating from the fragmentation
between proton remnant and current jet have a typical energy of the order of 0.6
GeV, as clearly seen in fig. 4.3(a-c). These condensates dominate the average value
in figure 4.2. In fig. 4.3(d-e) the influence of the proton remnant starts already at
35° and 10° respectively, making the peak around the expected quark direction less
pronounced and obscuring the existence of the low energy condensates mentioned
above.

4.3
4.3.1

Relationship between Condensates and Final
State particles
General properties

In order to investigate the relationship between condensates and final state particles, we take all particles belonging to one condensate. We then look for other
condensates that are formed by energy deposits from the same particles, so we can
find how many condensates are formed by the same group of particles: this gives
us a number of associated condensates per condensate. In fig. 4.4 we have plotted the distributions of the number of particles per condensate and the number
of associated condensates (per condensate). About 80% of the condensates have a
contribution from one single particle only, whereas the tail of the distribution can
reach 40 particles per condensate. For EMC condensates we observe a maximum
of 3 particles per condensate. Only 40% of the condensates have no other condensates associated with the same particles (see fig. 4.4b). If a condensate contains
more than one particle all condensates associated with these particles are counted.
About 35% of the condensates has only a single particle contribution as well as no
other associated condensates. This last category has the best correlation between
particle and condensate.
Looking at the mean number of particles per condensate as a function of the
polar angle of the condensate, we see in figure 4.5a that apart from the very forward
and very backward region it is of the order of 1. Particles from the proton remnant
fragmentation densely populate the region around the forward beam-pipe; this high
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Figure 4.4: The normalized distributions of the number of particles per condensate (a) and the number of associated condensates per condensate (b). The
relative contribution of EMC condensates is shown as well.
particle density together with the unite segmentation of the calorimeter results
in packing many particles together into one condensate. A polar angle cut-off of
Ocon > 5° will remove many of these condensates. In the backward region there is
a rise in jet energy for low-z events (see fig. 4.2), resulting in narrower jets, i.e. a
higher particle density.
In figure 4.6 we plot the mean particle density as a function of the opening
angle rj) between the condensate and the direction of the struck quark in ranges of
Iparton- The choice of range is the same as for figure 4.3. Again we see a peak
around the expected parton-direction, in accordance with the expectation that the
core of a jet has a higher particle density. In the BCAL region (fig. 4.6c-d), the rise
in particle density is not as clear as in the other regions, since the jets have low
energy and therefore have a wider structure. One also observes that the condensates
filling the phase space between the current jet and the proton remnant have a lower
mean number of particles per condensate (~1), dominating the average value in
figure 4.5a. The condensates associated with the current jet have a higher mean
value in all ranges of fvaTtonIn fig. 4.5b the mean number of associated condensates per condensate is plotted
as a function of the polar angle 6. When a condensate contains more than one
particle all condensates associated with each particle are counted. Again in the
very forward region the condensate particle relationship is not one to one, caused
by the many particles stemming from the proton remnant fragmentation. In that
case one has many particles per condensate therefore a higher probability of having
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Figure 4.5: Plotted as a function of the polar angle of the condensate are (a)
the mean number of particles per condensate and (b) the mean number of
associated condensates per condensate.

a higher number of associated condensates per condensate. Furthermore a clear
peak is seen near 6eon = 45°, coinciding with the boundary region between FCAL
and BCAL. The condensate algorithm will not merge calorimeter cells from the
FCAL with the BCAL (or RCAL with BCAL), which results in more than one
condensate for particles traversing this boundary region. The dashed line shows
the same distribution for those condensates that do not originate from secondary
interactions with dead material within the detector. The influence of dead material
is most visible in the forward region, as can be expected from fig. 2.7 and from
the fact that more particles go into the forward region. The peak around the
FCAL/BCAL boundary region is reduced to a size similar to the peak around the
BCAL/RCAL boundary region.
We will now compare the condensate polar angle with the 'Lund' polar angle
0Lund • This is the energy weighted average of the polar angle of all generated particles contained in a specific condensate 1 . However, the tracking program (MOZART)
does not always contain the complete history of particle decay and interactions,
which implies that in some cases only information of the primary particle is stored,
whereas secondary particles can have caused the hit in the calorimeter. In figure 4.7a
we plot the condensate polar angle against the Lund polar angle and observe that
a large part of the condensates show a nice correlation between the generated value
1
0Lund ' s calculated from the position of the starting point of the calorimeter shower of the
generated particle, therefore is not necessarily the same as the polar angle at the vertex.
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15

20
25
E-Lund

Figure 4.7: The distributions of (a) the condensate polar angle versus the Lund
polar angle and (b) the condensate energy versus the Lund energy .
and the reconstructed one. The triangle with 9Con < 30° and 6ivn<i < 30° and the
band with 6iuni < 10° show condensates with a bad correlation. This is partly
caused by particles interacting with dead material, for which the Lund values correspond with the direction of the primary particles, but the condensates produced by
the secondary particles will have totally different angles. This also explains the fact
that particles even in the very forward direction (9iund <2°) can produce condensates in the detector. These are found in the narrow band at low 9Lund > stretching
to high values of 6con. The distribution is not symmetric around the diagonal since
the particle with the highest energy contributes the most to 6Lund- Therefore when
one of the particles belonging to a condensate is highly energetic, i.e. from the
proton-remnant, it will pull ÖLund to a lower value. An example of an interaction
with dead material is given in the upper half of fig. 3.6, where a single 35 GeV pion
is shot into the detector with 9Lund = 5°. This primary pion interacts with the
beam-pipe and produces of the order of 10 particles that end up in different places
in the calorimeter. In the lower part of the picture one can see a calorimeter cell in
the BCAL (9con =45°) hit by a secondary pion.
Another effect that causes the bad angular correlation is the fluctuation in
hadronic showers in the calorimeter producing energy far away from the core, producing a separate condensate. Most serious is the escape of low energy neutrons
from hadronic showers; these neutrons can traverse the whole detector but are still
associated with the primary particle. Both condensates from escaping neutrons and
condensates originating from interactions with dead material as discussed above
dominate the low condensate energy band in figure 4.7b, where the condensate
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Figure 4.8: Tiie energy distribution of EMC condensates (a.) and Mixed condensates (b) for condensates with a good and a bad energy and angle resolution. The shaded histogram shows the distribution of condensates with both
a good energy and angular resolution, the thick line shows the distribution of
condensates with at least a good energy or a good angie resolution, the dashed
Hne with a bad energy (\Ereto\ > 0.6j and a bad angie resolution (a > 8").
energy is plotted against the 'Lund' energy of the corresponding particles. The
condensates with a bad correlation above the low energy band are mostly caused
by particles from the proton-remnant fragmentation depositing energy in multiple
condensates. Each condensate therefore contains only part of the original Lund
energy.

4.3.2

Condensates with a bad energy and angle resolution

We will now further investigate the origin of the condensates with a bad angle and
energy resolution. Condensates that satisfy:
\E„.o\

=

-'Lund

>0.6
AND

we call 'bad', where a is the angle between the condensate and the corresponding
Lund direction. It should be noted that these criteria are not more than an attempt
to isolate these condensates in order to show qualitative effects. In figure 4.8 we
plot the energy distribution for these 'bad' condensates (the dashed histogram) as
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well as foi all other condensates (the full thick histogiam) and for those condensates
that have both a good angle and a good energy resolution, the 'good' condensates
(the shaded histogram). In fig. 4.8a we see that the 'bad' EMC condensates have a
much steeper distribution than the 'good' ones. This is due to the fact that 'bad'
condensates originate partly from secondary particles and thus have lower energy.
The 'bad' EMC condensates are peaked at an energy of about 0.15 GeV, similar to
the peak value for the category all other condensates, strongly outnumbering the
'good' condensates at this low energy. A similar behaviour is seen in fig. 4.8b for
Mixed condensates, where the abundance of 'bad' condensates is clear. The 'good'
condensates have a flat distribution, whereas the distribution for the condensates
that are not 'bad' (the full thick histogram) does show a peak at low energy, which
must originate from condensates with either a bad energy or a bad angle resolution.
We now try to determine the influence of dead material and escaping neutrons
on the condensate distribution defined as 'bad'. We use only those condensates
with one particle per condensate in order to be sure that we are not influenced by
multi-particle effects. We then look at the origin of this particle to see whether
it stems from an interaction with dead material, 2 whether it is a neutron from a
hadronic shower escaping the calorimeter3 or whether it is a normal interaction. It
has to be mentioned that not all interactions with dead material can be tagged,
since this information is not stored in all cases.
In figure 4.9 we plot the energy distribution for 'bad' condensates with only one
particle associated to the condensate. The full thick histogram shows the distribution from interactions with dead material, the dashed histogram the distribution
from escaping neutrons and the shaded histogram all other condensates. The biggest
contribution clearly comes from interactions with dead material and only a small
part from neutrons or other sources. Other sources might be untagged interactions
with dead material as well as particle decays and shower fluctuations that lead to
splitting up of condensates.
Event shape variables such as thrust and sphericity are expected to be sensitive
to condensates with a bad angle and energy resolution, especially if these condensates are caused by detector effects. An energy cut of:
^

> °-2
>

0.5

GeV and
GeV

will remove a large number of these condensates. In that case one looses about
0.45 GeV of EMC condensate energy and 0.5 Gev of Mixed condensate energy per
event. In fig. 4.10 we plot the angle and energy correlation after these cuts. If we
compare with fig. 4.7 an improvement is seen in the band for low 8iuni in fig. 4.10a
and in the band for low Econ in fig. 4.10b. Increasing the energy cuts would further
improve the correlation plots but one would also loose more good condensates.
2

The Monte Carlo simulation program does not always contain information on the origin of a
particle in the calorimeter, therefore we made an approximation.
'Condensates that originate from a particle with a vertex within the calorimeter but which
escapes the surface of the calorimeter we call neutrons.
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Condensate type
DM: Dead material
vtx
DMB: DM + a > 8°
+ ETeto<-0.G
EN: escaping neutrons

DMB+0 W <4°
DMB+0w < 1.6°
T>MB+8Lund

< 1.6°

% events

<&yjB>

95.

—

AyjB > 0.01
—

80.

0.008

15.0 %

40.

0.003

2.0%

53.
37.
50.

0.0025
0.002
0.0025

2.6%
1.0%
2.5%

OREN
Table 4.1: Estimate of the number of events influenced by detector effects and
of the contribution to yjB from 'bad' condensates for these events.
In section 5.4 we will discuss the effect of different cuts on the global event shape
variables.

4.3.3

Number of events with 'bad' condensates

We will now discuss how often we have 'bad' condensates and what their influence
is on reconstructing the event kinematics. In table 4.1 we show the percentage of
events that contain condensates originating from interactions with dead material
or from escaping neutrons, following the criteria of section 4.3.2. In 95 % of the
events there is an interaction with dead material, but a smaller percentage (80
%) contains condensates that have a bad energy and angle resolution. The case
that 'bad' condensates originate from primary particles going down the forward
beam-pipe (8iund < 4°, corresponding to the FCAL front face and 0L„nd < 1.6°,
corresponding to the FCAL rear exit) but interact with dead material, occurs in
53 % and 37 % respectively of all events. These condensates can disturb the event
shape and can have an influence on the measured hadronic E — pz thus changing
the event kinematics. This is shown in the contribution of these condensates to the
estimator of y, yjB, and the percentage of events that have yjg > 0.01. Although
our definition of a 'bad' condensate remains arbitrary, in 50 % of the events an
average of yjg = 0.0025 is contributed by these condensates, and in 2.5 % of all
events they produce more than yjB = 0.01 (see last category in table 4.1). We will
not bother with the consequences of this observation for this study. Future refined
final state analyses might have to deal with these effects in more detail.
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4.3.4

Reconstruction of kinematics

In most analyses the standard procedure for reconstructing the event kinematics
is to use the calorimeter cells, after a noise cut has been applied on the cell level.
Both the Jacquet-Blondel and the double angle reconstruction method make use
of the hadronic energy flow. Employing these methods, we will show the results
of using condensates instead of cells and discuss the influence of condensate energy
cuts on the reconstruction of the kinematic variables x and y. In figure 4.11 we show
the logarithmic differences of reconstructed kinematic variables using condensates
and their true values as a function of logy t r u e . Four different sets of energy cuts
were used, indicated in figure 4.11a. The full line represents the result when using
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no energy cuts at all, which is equivalent to using cells instead of condensates.
We see that aftci applying energy cuts, the reconstruction of y using the double
angle method (fig. 4.11a) and the Jacquet-Blondel method (fig. 4.11b) is still very
reasonable for low values of ytrue (l°glfcru« ~ -2.5) in comparison with the results
achieved using cells instead of condensates. This is due to the removal of the noise
condensates as was explained before. In addition condensates around the forward
beam-pipe are pulled to lower values of 0 compared to the cells, yielding lower
contributions to y from the proton remnant. One also observes that additional
energy cuts do not influence the resolution of any of the kinematic variables. We
therefore choose to use the noise cuts of section 4.2 for reconstruction of the event
kinematics:
• Pure EMC condensate energy cut
• Mixed condensate energy cut

4.4

0.11 GeV
0.17 GeV

Conclusions

We have shown that condensates are useful for removing noise in the calorimeter.
Using energy cuts to remove noise thus results in a considerable improvement in the
reconstruction of the event kinematics, especially for lower values of y. Increasing
the energy cuts (which would reduce the number of 'bad' condensates as defined in
section 4.3.2) does not improve this reconstruction. Obviously the loss of energy
counteracts the quality improvement of the condensates. We suggest to use:
• Pure EMC condensate energy cut
• Mixed condensate energy cut

0.11 GeV
0.17 GeV

We also observe that condensates show the expected behaviour of the energy
flow. The mean condensate energy is high around the current jet, ranging from
4 GeV at low x to 1.5 GeV at intermediate x to 5 GeV at high x. Between the
proton remnant and the current jet the condensate mean energy is about 0.6 GeV.
These condensates have an average of 1 particle per condensate and correspond
to 80% of all condensates. Around the current jet and the proton-remnant the
particle density is high, therefore typically more than 1 particle will contribute to
a condensate.
A substantial number of low energy condensates have a 'bad' energy and angle
correlation with the generated particles. Although not all necessary information
is available in the Monte Carlo program, we have shown that this can partly be
explained by interactions with dead material and by neutrons escaping from the
calorimeter surface. In about 80% of all events these 'bad' condensates occur and
in about 50% of the events they can also have an influence on the reconstructed event
kinematics. Since the event shape will be influenced by these condensates additional
energy cut-off" values were suggested for electromagnetic and mixed condensates

4.4. Conclusions
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separately:
?MC

>

0.2

GeV and

which will cause a loss of about 1 GeV per event.
In section 5.4 we will investigate the effects of these cuts on global event shape
distributions in the hadronic centre of mass frame.
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Chapter 5

Hadronic Final State in the
Hadronic Centre of Mass
Frame
5.1

Introduction

The measurement of distributions which characterize the hadronic event structure in e+e~ annihilations and in deep inelastic lepton-nucleon scattering (DIS)
has allowed general checks on the global consistency of quantum chromodynamics
(QCD) in describing experimental data. Single particle variables such as p\ and
xp = 2 • \fi\/Ecm, together with global event shape variables such as sphericity and
thrust, have been used to optimize the parameters of fragmentation models and to
determine the strong coupling constant, a , [31]-[37].
With the advent of HERA, a new region of (x,Q2) has opened: x can be measured down to 10~4 and Q2 and W2 up to 98000 GeV2.
Ideally, these studies would make use of both charged particle information provided by the tracking and information provided by the ZEUS calorimeter. However,
in the initial data taking, the tracking detectors were not fully instrumented so this
analysis uses only calorimeter information, in the form of condensates as described
in chapter 4.
The analysis of the hadronic system is performed best in a reference frame where
the current jet and the particles of the proton remnant are well separated. Two
such frames are the hadronic centre of mass system (HCM), i.e. the exchanged
boson (7* )-proton frame, and the Breit frame [38]. The single particle four-vectors
must then be boosted to the desired rest frame from the laboratory system. Here
we describe the analysis in the HCM frame.
Any systematic study of shape variables requires that the model parameters used
77
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in the Monte Carlo first be tuned to provide an adequate description of the data.
While we do not perform such a fine tuning here, we do investigate the sensitivity of
selected shape variables to the values of a, and hadronization parameters. In order
to be able to separate these effects from detector effects, we perform these investigations at the "generator level", i.e. after the hadronization but before detector
simulation.
To estimate the detector effect on the shape variables we perform several investigations. We discuss effects of condensate cuts on global shape variables. We will
compare different boost methods and explore the sensitivity of a number of variables
to the boost. Furthermore we will study effects of boost and QED radiation both
for generated distributions and for reconstructed distributions. We also discuss the
influence of structure function parametrizations on event shape distributions. In
chapter 7 we will compare the Monte Carlo predictions with the ZEUS data.

5.2

Global and Semi-Inclusive Variables

In discussing the semi-inclusive hadronic distributions of deep inelastic scattering,
it is necessary to specify the frame in which they are defined. We will use:
• the 'virtual boson'-'target proton' or hadronic center of mass frame (HCM).
Boosting from the laboratory frame to the HCM implies a boost to the (q + p)
frame as can be seen in figure 5.1a:
(q + p)

=
=

k'-k + p
p ' = current jet + proton remnant,

where q is the exchanged virtual boson four-vector, p the incoming proton fourvector, p ' the outgoing hadronic four-vector, k the incoming electron and k' the
outgoing electron four-vector. And:
(q+p)2

=

W\

where W is the available energy in the HCM. The initial state in the HCM is shown
in fig. 5.1b, the final state according to the Quark Parton Model in fig. 5.1c, where
the struck quark lies back-to-back with the two remaining quarks of the protonremnant. The z"-axis is defined as the direction of the virtual boson in the HCM.
Another way of looking at the boost is shown in fig. 5.2, where in the left part
we see in the lab frame the current jet around 6 = 110° and the remnant around
0 = 0°. In the right part of the plot we see that the current jet and target remnant
are back-to-back in the HCM, where the current jet is around 6" = 0° and the
remnant around 8' = 180".
We use Feynman-x defined as xp = ^ffi-. The current or forward hemisphere is
defined by xp > 0 (or z" > 0 in fig. 5.1b-c), the remnant or backward hemisphere by
xp < 0 (or z' < 0). Each hemisphere has ^~ GeV available energy. We concentrate
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W_
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w_
2

-»• 2 -axis
.

Proton Remnant
Backward Hemisphere

Current Jet
Forward Hemisphere

Figure 5.1: Boost to the Hadronic Centre of Mass Frame. In a) a schematic
diagram is given for DIS, where the incoming proton and virtual photon results
in a hadronic final state P(p'). In b) the initial state is plotted in the HCM
system, in c) the final state according to the Quark Parton Model.

the studies on the current hemisphere, because the measurement of the proton
remnant is incomplete as most of such particles miss the calorimeter.
We will use pseudorapidity,
n

T) =

-ln(ian-),
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Figure 5.2: Schematic view of boosting to the hadronic centre of mass system.
which is derived from the variable rapidity for massless particles:
(5.1)
When a particle has the maximum available energy in the HCM of ^-, this results
in a rapidity of y = l ^ i ^ - , where m is the particle mass. Rapidities are additive
under parallel Lorentz transformations. The shape of rapidity distributions is thus
invariant under boosts along the z axis. We also use the energy or momentum
transverse to the exchanged boson direction or the sphericity (thrust) axis in that
frame. By denning the scattering plane in the HCM to contain the exchanged boson
direction and the axis which maximizes the transverse momentum of the event, one
may define the transverse momentum in and out of this plane, as discussed further
below.
We summarize here some of the event shape variables that are useful in a study
of the hadronic system. In our analysis we restrict ourselves to only one hemisphere,
as mentioned above.
The sphericity, S, is denned as:

where the factor § scales the upper limit of S to one. The sphericity axis.n, minimizing this expression is found analytically by diagonalizing the momentum tensor:
N
Ia/3 = /

.PiaPip,

t'=l

providing us with 3 eigenvalues A,- and eigenvectors fii, with the convention to order
the A's as A3 > A2 > Ai. The 3 eigenvectors form an ellipsoid in momentum space,

5.2. Global and Semi-Inclusive Variables

Page 81

where the vector with the largest eigenvalue, n.3, corresponds to the sphericity axis
(or the event axis). When we normalize the momentum tensor by E P i w e ^n<^ that
Ai + A2 + A3 = 1 and that the value of the sphericity is given as

The sphericity is not linear in pr and thus not considered to be "infrared safe". The
extreme values of S(S = 0,1) correspond to a perfectly jet-like (pencil-like) and an
isotropic event, respectively.
The other eigenvalues and eigenvectors have the following interpretations:

where p™ is the transverse momentum component in the plane defined by n.3 and
7i2 (the event plane).

where Ai parametrizes the component out of the event plane. It is a measure of the
extent to which the event is confined to a plane and is called the aplanarity, where
A = |Ai. For perfectly flat events A = 0.
The thrust is computed by finding the axis which maximizes the parallel momentum component of the event:

where ni is the thrust axis. Narrow one-jet events have T fa 1.0 while isotropic
events have T ss 0.5. Being linear in momentum, this variable is considered "infrared
safe". Again, the event plane may be found. The vector v.2 orthogonal to hi, i.e.
in the plane transverse to fii, is found by calculating the thrust of the transverse
momentum with respect to ni. With Ü3 = n\ An.2, the three components, analogous
to the three principal axes of the sphericity tensor, are defined. The quantities
corresponding to py1 and pff' are then

and

These are referred to as the "major" and "minor" thrust, respectively, and the
quantity O - M\ — M2 is called the oblateness. Events symmetric around ni have
O«0.
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A variable which will also be useful despite the incomplete information in the
target fragmentation region is the particle flow, dN/dö, and the energy flow, dE/dö,
which is the particle flow weighted by the energies of both charged and neutral
particles.

5.3

Motivation for the use of Shape Variables

In Monte Carlo simulations the properties of the hadronic final state are governed
by:
• Hard QCD processes, to first order in as: boson gluon fusion yielding a qq
final state and QCD Compton scattering yielding a qg state.
• Multiple soft gluon radiation from the struck quark (both initial and final
state radiation).
• The hadronization process by which the parton is converted into hadrons.
• The intrinsic transverse momentum of the struck quark in the initial state.
These mechanisms are controlled by several parameters in the Monte Carlo that
can be varied. In this section we will investigate how sensitive shape variables are
to the variation of these parameters.
In section 5.3.1 we will investigate the dependence of shape variables on as and
in section 5.3.2 the sensitivity of shape variables to fragmentation and other parameters. For this purpose we have used the LEPTO (ME + PS) generator.

5.3.1

Sensitivity of Shape Variables to a,

In order to investigate the influence of a3 (Q2) on the global event shape variables
in the HCM, we generated three event samples using different values of AQCD:
• 100 MeV
• 250 MeV (default)
• 500 MeV
The value of a$ increases with AQCD ( s e e equation 1.11).
The samples each consist of 20000 events, with Q2 > 4 GeV2 and x > 5.10" 5 .
Since one expects Q2 to be the fundamental parameter in QCD radiation, we show
in fig. 5.3a the Q2 dependence of the mean particle p ^ 2 . The full line corresponds
to the choice for AQCD of 500 MeV, the dashed line with AQCD of 250 MeV and
the dotted line with 100 MeV. Changing AQCD clearly yields a different dependence
on Q2; for high AQCD there is more <Pr2 >• The dependence on W2 is shown in
fig. 5.3b. Here the variation with AQCD is smaller, as expected. We also looked in
separate bins of x and W2 in order to investigate in which region of phase space the
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Figure 5.3: Distributions using different values for AQCD- In a^ the mean p j 2
as a function of log Q 2 ; in b) the mean pj*2 as a function of log IV2; in c) the
mean p j 2 as a function ofxpdistribution is most sensitive to a3. However, no region with a more pronounced
sensitivity was found. We also looked at dependences on combinations of Q2 and x
with similar results.
In fig. 5.3c the mean p j 2 is plotted as a function of xp, the so-called 'seagull'
plot, for the three event samples. Although the statistics are limited for higher
values of xjr, one clearly sees an enhancement of the event < py 2 > with increasing
AQCD- Also, one sees that in the backward hemisphere the influence is negligible
as expected, since the energy that can be used for gluon radiation is transmitted to
the struck quark in the forward hemisphere, at least in this model. This effect has
already been observed, for example, by the EMC experiment [39].
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As an example of the scale dependence of a shape variable, the mean quantity
1-thrust (< 1 - T > ) is plotted as a function of TV2 and Q2 in fig. 5.4. It is customary
to plot l — T instead of T, in order to compare mor-? easily with sphericity 5. For a
W2 ~ 300 GeV2 one finds < T >% 0.88, comparable to EMC data [37]. For higher
values of W2, the l—T values decrease as the events become increasingly narrow.
This is caused by the fact that with more phase space available, the transverse
momentum from fragmentation is less important. Secondly, if the evolution of
as is governed by W2, one expects a lower value of as at high W2 and therefore
a smaller number of QCD radiative events. If the W of DIS is identified with the
centre of mass energy of e+e~ data, the HERA ep event shape distributions show
narrower events at similar energy values [31] suggesting that this frame is not the
most appropriate for the comparison. For s=1000 GeV2 the measurements are
< 1 - T > ss 0.1, for s=8300 GeV2 < 1 - T > « 0.07. If we use Q instead of W as the
energy scale (fig. 5.4b) we observe an even larger discrepancy between e+e~ and ep
data.
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Looking at the dependence of < 1 —T> on as we see from fig. 5.4a that there is
only a sensitivity at very low W. This effect is also seen for other shape distributions.
In order to have enough hadronic activity in the detector, a cut is normally imposed
on y > 0.01. This cut is equivalent to a cut of W2 ~ 900 GeV2 and eliminates a
significant part of the phase space that is sensitive to as . In fig. 5.4b an effect due
to a s is seen at all values of Q2 and the change in < 1 —T> is independent of Q2.
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Figure 5.5: Global event shape distributions using different values for AQCDThe legend in b) holds for all other plots.

}'• fig. 5.5 the full shape distributions are shown for 1—T, oblateness, 5 and
aplanarity in a W2 range of 103 < W2 < 104. Also a cut was imposed of Q2 >
10 GeV2 and of "fparton > 10°, on the polar angle of the struck quark, in order
to perform our investigation in a region where we expect to have experimental
coverage. Increasing as causes more QCD radiation and, as can be seen, makes the
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event shape wider. The shape distributions shift to higher values: higher 1— T and
sphericity (implying more spherical shapes), higher aplanarity (implying less planar
shapes) and higher oblateness(implying less symmetric shapes).

5.3.2

Sensitivity of Shape Variables to Fragmentation and
other MC Parameters

Parameters at the Generator Level
In previous experiments, shape variables have been used extensively to tune the
fragmentation parameters (e.g. [31]-[32]). In ep scattering there are also uncertainties coming from the treatment of the proton remnant and from initial state QCD
radiation. It is therefore interesting to vary Monte Carlo parameters that control
the behaviour of the final state and to observe the influence of the event shape. The
main parameters in the JETSET fragmentation that describe the momentum distribution of hadrons are o, b, and <rq. The parameters a and b control the longitudinal
momentum distribution, and <rq is the width of the gaussian transverse momentum
distribution. Only a and <rq were changed. Also, the width of the primordial transverse momentum distribution, kx was changed since it is known that, for instance,
the 'seagull' plot is very sensitive to this parameter [40]. The parameters and their
values are listed in table 5.1.

Parameter
a
*q

kT
2/cut

Name
PARJ(41)
PARJ(21)
PARL(3)
PARL(8)

Default
0.5
0.35
0.44
0.015

Changed to
0.2
0.33
0.5
0.0025

Description
Controls longitudinal mom. dist.
Width of Transverse mom. dist.
Primordial parton transv. momentum
Invariant mass cutoff

Table 5.1: LEPTO (JETSET) parameters that were studied.

In this study the parameters were changed from their default values to values
close to the ones tuned for LEPTO 5.2 (ME) in [40]. Changes were observed in most
shape variable distributions. As an example some sensitive global shape distributions are shown for events with two different values of o (fig. 5.6b), crq (fig. 5.6c),
and kx (fig. 5.6d). In order to understand the magnitude of the change in event
shapes, we also show an event shape distribution with two different structure function parametrization in fig. 5.6a. The effect of this variation is of the same order
as the parameter variation. Using the MRSD- parametrization yields more low x
events, that is, more high W events. The events are pencil-like at high W, therefore
the increase in high W events produces the event shape distribution to be more
peaked at low values of 1 - T . Using the most sensitive distributions for each parameter will enable us to tune these parameters, thus improving the description of
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Figure 5.6: Distributions with modified Monte Cailo parameter vaJues compared with the distributions using default values.

the hadronic final state.
Changing ycut in L E P T O 6.1
In order to avoid the singular regions of the matrix elements, LEPTO requires a
minimum invariant mass m,/ between any pair of partons in the final state. This
minimum is set by the ycut parameter through mfj > y c u t lV 2 , This affects the ratio
of first order QCD processes to 0th order processes. Especially for low x, where
the gluon density is high and the Boson-Gluon-Fusion process plays an important
role, changing the ycut parameter can result in a very different ratio and thus yield
very different results. Indeed, when we change the value of ycut to 0.0025, the old
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default value [6], we observe a decrease of total particle multiplicity (in the current
hemisphere) for high W2 values, as seen in fig. 5.7a. The plots 5.7b and 5.7c also
show dramatic differences for the hadronic final state if the value for ycut is lowered.

5.4

Effects of Condensate Cuts on global shape
variables in the HCM

In chapter 4 we have discussed the general behaviour of condensates and looked at
the effects of energy cuts on condensates in the reconstruction of the kinematical
variables. In this section we will investigate the effects of cuts on condensates for
distributions in the HCM, using the variables sphericity and thrust. Again we
use the sample of generated events as described in chapter 4. We will compare
distributions at the condensate level with distributions from the generated particles
and see how the distributions are affected by the condensate forming. We define

5.4. Effects of Condensate Cuts on global shape variables in the HGM

Cut type

©cor,

E£T(GeV)

EJSf(GeV)

Cut A
Cut B
CutC
Cut D
Cut E
Cut F

-

>5°
>5°
>5°
>6°

0.11
0.11
0.2
0.11
0.2
0.2

0.17
0.17
0.4
0.4
0.5
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0.4

Table 5.2: Cuts used for the HCM distributions.
final state particles as those particles that originate from the primary vertex or the
decay products from particles that have decayed within 10 cm from the primary
vertex 1 .
In order to separate the influence of different effects, we use the true boost
vector as given by the Monte Carlo generator for both the generated particles and
the condensates. In both cases we use events with QED radiation included. In
section 5.5 we will then discuss the effects of the experimental resolution on the
boost vector.
In table 5.2 we show the six cuts used in the following distributions, where
we varied the polar angle cut-off as well as the energy cut-off for EMC and Mixed
condensates. We do not show plots with no cuts, since we have shown in section 4.3.4
that cuts are necessary to remove calorimeter noise.
In figure 5.8 we show the mean (1 — T) distribution as a function of the true
W2, W2TUI., for the various cuts. The full line represents the reconstructed distribution, the dotted line represents the generated distribution. The dash-dotted line
represents the reconstructed distribution of leading order electroweak events only,
i.e. where events originating from first order QCD processes have been removed*
Comparing the dash-dotted line with the full line, it is seen that especially for lower
values of W2 the mean 1 — T (and mean S in figure 5.10) is sensitive to first order QCD processes. These processes result in more spherical event shapes hence
increasing the mean value of 1 — T compared to the lowest order process. We see
that when only the energy cuts to remove noise condensates are used (fig. 5.8a) the
condensate distribution reproduces the generated one well. In fig. 5.8b the distribution is shown with an angular cut of 5°, where the dashed line is the generated
distribution with a similar angular cut on the particle level. When we look at the
dashed line, we see that the angular cut of 5° removes particles from the current
hemisphere resulting in a lower mean 1—T. The reconstructed mean value follows
the dashed line, thus we may conclude that thrust is sensitive to real physical effects. Increasing the energy cuts improves the distribution at high W2, although
the effect is not very significant. In figure 5.9 the full 1—T distribution is plotted
1

With this definition the K°, E*, E°, S~, A, and O~ con occur as final state particles.
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Figure 5.8: The distribution of the mean value ofl—T as a function ofW?TUe,
for cuts Horn table 5.2. The full line is the reconstructed distribution, the
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reconstructed distribution without contribution of the dist order QCD processes. In b), d), e) and f) the dashed line reflects the generated particle
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Figure 5.9: The 1-T distribution for 3.2 < logW(2rue <4., for cuts from table 5.2. The thin line is the generated particle distribution, the full thick fine
the reconstructed distribution. In b), d), e) and f) the dashed line reflects the
particle distribution after the polar angle cut and should be compared with
the full thick line.
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for a low W2 range: 3.2 < log W?Tue <4, using the cut-off values from table 5.2.
The reconstructed distributions have similar shapes to the generated ones, but are
shifted towards lower 1—T values. The condensates tend to make the event shape
appear narrower. Increasing the energy cut-off values does not affect the distributions significantly.
In figure 5.10 the distributions are shown for the mean sphericity <S> and in
figure 5.11 the sphericity distribution in the low W2 region is shown. With just
the noise cuts the mean values are much too high for logW 2 < 3.7 (fig. 5.10a);
after the angular cut, the condensate distribution follows the generated one (the
dashed line) much better, showing that sphericity is more sensitive to the 'bad'
condensates (as discussed in chapter 4) around the beam-pipe than thrust. The
mean sphericity distribution is not very sensitive to increasing the energy cut-off
values. The sphericity distributions of fig. 5.11 show that there is not only a shift
in the mean value, but also that the reconstructed distribution is wider than the
generated one. This effect is due to the fact that in the sphericity calculation one
uses the quadratic sum of pr w.r.t. some axis. It will thus be sensitive to the
splitting of single particle energies due to interactions with dead material or decay
and to the combination of more than one particle in a single condensate. Decays
and secondary interactions will increase the sphericity, the forming of multi-particle
condensates will decrease it. Thrust on the other hand is linear in p j and will not be
as sensitive to these effects; it therefore has smaller detector acceptance corrections.
In order to get a reasonable acceptance for the mean S distribution and to
remove 'bad' condensates in agreement with chapter 4, we choose to use cut E
from table 5.2. The imperfect understanding of the energy flow around the forward beam pipe, as observed in the ZEUS data (see section 6.9), corroborates the
choice of removing the low angle condensates. For a comparison between condensate
distributions and generated distributions we therefore use in the following sections:
• Pure EMC condensate energy cut
• Pure HAC or Mixed condensate energy, cut
• Condensate polar angle energy cut

5.4.1

0.20 GeV
0.50 GeV
5°

Distributions in pseudorapidity

We show the pseudorapidity distributions, rf, in figure 5.12 and the transverse energy weighted pseudorapidity distributions in figure 5.13 for particles without cuts,
for particles with a polar angle cut and for condensates, using cut E from table 5.2.
The plots are divided in ranges of W2, since the particle flow in pseudorapidity
depends strongly on the available hadronic centre of mass energy (see section 5.2).
The full histogram is the generated particle distribution, the dashed histogram the
particle distribution with a polar angle cut of 6part > 5° on the final state particles
and the shaded histogram represents the condensate distribution. In addition there
is a cut on Q2Tue > 10 GeV2 and ytTue > 0-01- For the data we need a Q2DA cut
implying a fiducial cut on the impact point of the electron close to the RCAL beam

5.4. Effects of Condensate Cuts on global shape variables in the HCM
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Figure 5.12: The pseudorapidity distribution in the HCM in different ranges
ofW2, with Q\TUe > 10 GeV2 and ytTUt > 0.01. The full histogram is the
generated distribution, the dashed histogram is the generated distribution with
0P»tt > 5° and the shaded histogram is the reconstructed distribution. In a)
1000 < W2 < 4000, in b) 4000 < W2 < 10000, in c) 10000 < W2 < 30000, in
d) W2 > 30000.

pipe and a yjB cut which ensures not only that the event is well measured but
also that a substantial part of the current jet is contained in the detector. The
peak in the forward direction of rf stems from the current jet and shifts towards
higher values for larger values of W2 (around rf = 2.5 in fig 5.12c and rf = 3 in
fig 5.12d), as expected due to the larger available phase space. The polar angle
cut results in a cut around 0 in pseudorapidity. As was shown in section 4.3, the
condensates around the current jet will often contain more than one particle and
thus will not be very sensitive to the higher particle density around the current jet.
The reconstructed distribution therefore falls significantly below the generated one
and does not show the same peak structure at higher values of rf. On the other
hand near the fragmentation plateau between the proton remnant and the current
jet, i.e. for low values of 77*, the condensate distribution does show a peak. Since
this peak is absent in the generated distribution, it implies that the condensates are
quite sensitive to the proton fragmentation and that in order to be free from these
effects one would like to go to higher values of rf.
As condensates reproduce the energy flow more closely than the particle multiplicity one expects that the transverse energy weighted rapidity distribution will be
reproduced better. This is borne out in fig. 5.13. The peak structure in the forward
direction of rf is here reproduced much better by the condensate distribution than
in fig. 5.12. There is some energy loss over the whole range of 77*, due to energy
cuts on cells and condensates and due to the fact that not all low energy particles
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Figure 5.13: The transverse energy weighted pseudorapidity distribution in
the HCMin different ranges ofW2, with <??rue > 10 GeV2 and y,rut > 0.03.
The full histogram is the generated distribution, the dashed histogram is the
generated distribution with 9pkIi > 5° and the shaded histogram is the reconstructed distribution. In a) 1000 < W2 < 4000, in b) 4000 < W2 < 10000, in
c) 10000 < W2 < 30000, in d) W2 > 30000.
reach the detector.

5.5

The influence of the boost and of electromagnetic radiation to the HCM

In the previous section the boost to the hadronic centre of mass was performed by
using the exact exchanged boson four-vector as given by the Monte Carlo generator.
In fact, going to a system where the exchanged boson and the incoming proton
together are at rest means boosting along the vector (q + P), where P is the proton
four-vector and q the exchanged boson four-vector. (See also fig. 5.1 where 7* = q.)
It is useful to express q in terms of the electron energy and angles:

92
93
9o

=
=
=

-Esinöcoscj)
—EsinOsmcj)
-Ee-Ecos6

where E is the final state electron energy, Et the electron beam energy and 6 and
<j> are the polar and azimuthal angle respectively of the final state electron. If one
uses the reconstructed electron angles in the above equations, the only unknown
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remains the final state electron energy. We can then reconstruct the boost vector
by filling in the electron energy, which can be obtained in several ways, e.g.:
1 Using the energy deposit in the calorimeter, assigned to the scattered electron
by the electron finder,
2 Using the scattered electron energy calculated using the double angle method:
E

-

-

3 Using the scattered electron energy calculated using the yd method:

2E,(1 - yjB)
(1-cosl?)
In the following we will discuss the influence of using the reconstructed boost
vector. This implies that we use the full detector simulation for our reconstruction.
We will then use this reconstructed boost •-•actor to boost generated particles, which
have not undergone the detector simulation. Thus we are independent of detector
effects other than those coming from the boost uncertainty. Next we will boost
condensates instead of particles. Hereby we will investigate the combined effect of
boost and particle reconstruction due to the condensate algorithm. We will also
investigate effects caused by initial and final state QED radiation.

5.5.1

Comparison of different boost methods

In order to establish which method is the best in reconstructing the boost vector, we
compare the three methods described above with the exact exchanged boson four
vector. We do this by looking at the 1 - T distribution for 3.2 < log Wt2rue <4 (figure 5.14a) and the mean 1-T distribution as a function of log Wt2rue (figure 5.14b)
for generated particles with Q2 > 10 GeV 2 . The full line represents the distribution using the exact exchanged boson four vector, the dashed line represents the
distribution using the double angle method, the dotted line the yd metho 5 and the
dash-dotted line the distribution using the measured electron energy. In figure 5.14a
we see that the distribution using the DA method reproduces the ideal distribution
well. The y9 method seems to shift the distribution slightly to smaller values of
< 1 — T > , the electron method has the largest effect on the distribution, shifting
it significantly to larger values of < 1 — T > . These effects are also observed in figure 5.14b where the electron method shows a large shift to higher mean 1-T values
in the low W2 region whereas the distribution using the DA boost vector follows
the ideal distribution over the whole range of W2 and the y6 distribution follows
the ideal distribution but with a shift towards lower values of 1—T. The behaviour
of the electron method is in accordance with the expectation that for low y this
method yields a poor reconstruction of the kinematical variables (see section 2.4).
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Figure 5.14: The log (1-T) distribution for 3.2 < log W2 <4 (a) and the mean
< 1 — T > as a function of log W2 (b) for generated particles using the true
and various reconstructed boost vectors. Q2 > 10 GeV 2 .

The main difference between the DA and the y9 method is that the former uses the
electron and hadron angle to reconstruct y and the latter uses the hadronic E — pz,
rather than the hadronic angle. This implies that the y9 method is more sensitive
to energy loss in the detector and that yjB, which is used in this method, will be
systematically lower than yoA (see also fig. 4.11a-b). In our kinematic region y is
equivalent to W2 (up to a scale factor), therefore the Wjg will also be lower than
W^A. In that case the reconstructed boost will be harder, since the Lorentz factor
7 is given by:

7 - M
7
~ w'
where p is the three-vector and W the mass of the hadronic system. The harder
boost causes particles to be more collimated in the current hemisphere, hence one
gets narrower event shapes. This is reflected in fig. 5.14b were the y9 method shows
a shift to lower < 1 — T > over the whole range of W2.
In conclusion the DA method provides an excellent approximation to the true
boost vector and the systematic shift is very small over the full range of W2. Taking
into consideration the fact that the ZEUS data show that the energy scale for the
scattered electron and for the hadrons is not completely reproduced by the Monte
Carlo (see section 6.8.1), we will hereafter only use the boost vector reconstructed
with the double angle method.
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5.5.2

Boost and radiation for generated particles
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Figure 5.15: Distributions for generated particles in the HCM. The full thin
line represents the distributions for events with no electroweak radiation, the
dashed thin line for events with QED radiation, the thick full histogram for
events with QED radiation and a boost using the double angle method. In
(a) the energy How as a function of 9', in (b) the average pj. 2 as a function of
xp, in (c) the average pj. a as a function of log QJ and in (d) the average pj1
distribution.
In figs. 5.15- 5.17 we show distributions of generated particles in three classes. In
all plots the full thin line shows the distribution for events without QED radiation
using the true boost vector, the dashed thin line the distribution including radiative
events still using the true boost vector and the full thick line the equivalent inclusive
distribution using the boost vector reconstructed with the DA method. So going
from the full thick line to the dashed thin line shows the influence of QED radiation
and going from the dashed thin line to the full thick line shows the influence of
using a reconstructed boost vector. In figs. 5.15-5.16 cuts were used of Q 2 r u e > 10
GeV2 and ytTue > 0.01, in figure 5.17 only the Q 2 r u e > 10 GeV2 cut was used.
In figure 5.15 hardly any difference is seen between events with and without
radiation. In fig. 5.15a we show the energy flow as a function of 6* [6* is defined
in fig. 5.2). Figure 5.15b shows the distribution of the mean p£.2 relative to the
exchanged boson direction as a function of xp (the "seagull"-plot). Figure 5.15c
shows the same variable now as a function of log QtTue. The full <p5- 2 > distribution
is shown in fig. 5.15d. Plots 5.i5b,c and d all show an increase in the average value
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Figure 5.16: The transverse energy weighted pseudorapidity distribution in
the HCM in different ranges of W2 for generated particles. The full thin
line represents the distributions for events with no eiectroweak radiation, the
dashed thin line for events with QED radiation, the thick full histogram for
events with QED radiation and a boost using the double angle method. In a)
1000 < W2 < 4000, in b) 4000 < W2 < 10000, in c) 10000 < W2 < 30000, in
d) W2 > 30000.

<VT > when using the double angle boost vector. In that case the boson direction
is not reconstructed correctly which causes in general the particles to be further
away from the event axis.
In figure 5.16 the transverse energy weighted pseudorapidity distributions are
plotted for four ranges in W?rue. Radiative events seem to have some influence in
plot 5.16a and to a lesser extent in plot 5.16b (going from the full thin histogram
to the dashed histogram). The peak in the forward direction of rf in the case of
radiative events are caused by photons that are erroneously taken to be part of the
hadronic system.2 There are only a few of these entries but these photons will have
a large energy in the HCM and so a large weight in the histogram.
In figure 5.17 event shape variables are plotted. The influence of radiation is
not significant. The use of the double angle boost vector narrows the events shape
2
When a radiative photon has a Bphot < ! ^ 0 and an opening angle ^> > 5.7° w.r.t. the
scattered electron direction and therefore would be visible as a separated energy deposit in the
calorimeter, the photon is taken as a final state hadron.
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Figure 5.17: Global event shape distributions for generated particles in the
HCM. The full thin line represents the distributions for events with no electroweak radiation, the dashed thin line for events with QED radiation, the
thick full line for events with QED radiation and using the double angle reconstructed boost vector. In a) 1—T distribution, ir- b) <1—T> as a function
of log W2, in c) the sphericity distribution, in d) the mean sphericity as a
function of log W2.
slightly. We also observe that the lowering of the mean value is due to those events
with a high log S or high log 1 - T in the full distributions in plot 5.17a and 5.17c.
Note that the event axes for thrust and sphericity are determined by the particles
themselves after the boost, they are therefore different from the exchanged boson
direction (or z*-axis) used in fig. 5.15.

5.5.3

Influence of the Boost using condensates as particles

In figs. 5.18- 5.19 we show distributions of both generated particles and condensates. In all plots the full thin line represents the generated distribution including
QED radiation, the dashed line the condensate distribution using the true boost
vector and the full thick line the condensate distribution using the double angle
reconstructed boost vector. In figure 5.18 the event shape distributions are plotted,
using a Q2DA > 10 GeV2 cut for the condensates and a Qjrue > 10 GeV2 cut for
the paiticles. For the particles the true W?TUC was used and for the condensates
the reconstructed W^A. In figs. 5.18a and 5.l8d the full distributions are plotted
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Figure 5.18: Global event shape distributions for generated particles and condensates in the HCM. The full thin line represents the distributions for particles including events with QED radiation, the dashed thin line for condensates
using a true boost and the thick full line for condensates with QED radiation
and using the double angle reconstructed boost rector. In (a) the 1-thrust
distribution, in (b) I-thriist as a function of log W2, in (c) the sphericity distribution, in (d) sphericity as a function of log W2.
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Figure 5.19: Distributions in the HCM. The full thin line represents the distributions for the generated particles with eJectroweak radiation, the dashed
thin line for condensates using the true boost, the thick full histogram for condensates using the double angle reconstructed boost vector. In a) the energy
How as a function of 6', in b) the average p?2 as a function ofxp, in c) the
average p j 2 as a function of log Q2 and in d) the average p*T2 distribution.
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in the low W2 range of 3.2 < log W2 <4. For thrust the influence of the boost
and the bin-to-bin migration in WpA is very small. For sphericity the mean values
do not change but the shape of the full distribution in fig. 5.18c is different. The
thick full line in fig. 5.18c shows an excess of events with very high S (log S > —0.6)
compensating for the shift to lower values of S for the other part of the distribution.
In figure 5.19 we see in all plots that there is quite a big effect going from
patticles to condensates (the full thin line to the dashed line), but a small effect
when we change the true boost vector to the reconstructed one. TLe peaks in the
dashed histogram of fig. 5.19a are caused by a small number of radiative photons
mistakenly identified as hadions: the true boost will give these photons a very large
energy in the HCM and so a large weight in the histogram. When the reconstructed
boost is used, the kinematic reconstruction is wrong for these radiative events and
the photon will not have such a large energy. Since in the forward or current jet
region [XF > 0) one typically has a higher particle density, several particles will
belong to one condensate and therefore one condensate contains the sum of the
pr's of the particles. The average p j 2 thus clearly increases with the forming of
condensates.

5.6

Structure iunction dependence

In studying &he hadronic final state we want to use a structure function parametrization that describes the structure function as measured at HERA[41], At the
time of this analysis this parametrization was not yet available, but the result of the
measurement of Fi is shown in figure 6.11. In several regions of the x — Q2 plane
f2 is best described by the MRSD- parametrization, however in some regions the
data lies between the MRSD- parametrization and the MRSDO parametrization [5].
In figure 5.20 we show distributions in the HCM using two different structure
function parametiizations. We use two extreme parametrizations, MTB1 with a
fairly flat gluon distribution at low x and MRSD- with a steeply rising gluon distribution at low x. None of the distributions show any large structure function
dependence. The distributions using MRSD- show a shift towards flatter event
shapes in comparison with MTB1. In the former case there are more events at low
x which typically have a more pencil like event shape. In the following analysis
where we will compare the data with Monte Carlo results we will use the MRSDparametrization in all plots as the best approximation of the measured F2.

5.7

Conclusions

In this chapter we have used a Monte Carlo program to study in detail the characteristics of particle distributions in the hadronic centre of mass frame. First we
studied distributions at the generator level, next we included detector effects like
the use of condensates as particles. We systematically studied the effects of con-
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Figsue 5.20: Distributions in the HCM using two different structure function
parametrizations, MTBi and MRSD-. For 3.2< log W£A <4 we plot the
log(l—T) distribution in (a), and the log S distribution in (b). In (c) we plot
the mean \—T distribution as a function of'log W&A and in (d) as a function
of log Ql A .
densate forming, of using a reconstructed boost vector and of QED radiation in our
distributions in the HCM.
On the generator level we observe in the hadronic centre of mass frame differences
with e+e~ data and find that the HCM is not the most appropriate frame for
comparison. Several distributions show a sensitivity to as . In addition global
event shape distributions are sensitive to several Monte Carlo parameters and can
therefore be used for tuning.
The use of energy cuts for condensates does not have a large influence on distri-
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butions in the HCM; a polar angle cut results in loss of information in the low W2
region, but does improve the mean sphericity distribution. Since thrust is linear in
the particle momenta, it is not as sensitive to detector effects when compared to
sphericity, which is quadratic. We choose to use the energy cuts of chapter 4 to remove the 'bad' condensates and we include a polar angle cut to remove condensates
around the forward beam pipe.
The effects of QED radiation are negligible, except for low W2, where in some
cases radiative photons are regarded as hadrons.
The boost extracted from the double angle method reproduces the true boost
extremely well. Event shapes are hardly affected when using the DA boost. Furthermore the method is totally insensitive to QED radiation. This result is in marked
contrast to the methods which are sensitive to the absolute energy scale of the detector. This result allows us to continue our investigation of the hadronic system
in the HCM, without introducing large biases due to the boost. We will compare
the Monte Carlo predictions with the ZEUS data in chapter 7.
When we compare the condensates with particles, we see that condensates do
not reproduce the particle multiplicity as a function of the polar angle very well,
but they do follow the transverse energy flow. The forming of condensates tends to
narrow event shapes, but to increase the average p j 2 .
Event shapes do not show a large dependence on the structure function parametrization. Finally, we conclude that we understand the influence of using condensates, of the reconstructed boost vector, of QED radiation and the structure
function parametrization.

Page 106 Chapter 5. H&dronic Final State in the Hadronic Centre of Mass frame

Chapter 6

Selection of Deep Inelastic
Events
6.1

Introduction

At HERA the interaction rate that produces measurable signals in the detector
is quite high (w 1 KHz); of this rate only a very small fraction is attributable to
Neutral Current Deep Inelastic Scattering, NC DIS ( « 0.01 Hz). In this chapter we
will show how the NC DIS events are selected. We will discuss the characteristics of
the DIS events and the sources of background. We will describe the strategy used
in the trigger and offline selection to remove as many unwanted events as possible
while retaining NC DIS events with high efficiency.
The data under consideration were taken in the fall of 1992. During this running
period 26.7 GeV electrons collided with 820 GeV protons. An integrated luminosity
of 24.7 n b " 1 was collected by ZEUS, yielding a total of 4.2-106 triggers, out of
which 2776 NC DIS events were selected. Approximately 1900 of these events have
a Q2 > 10 GeV 3 . Taking into account the overall acceptance this gives a cross
section of about 125 nb.
The final sample of events covers a range in x and Q2, x > 10~*4 and 4 GeV2 <
Q < 4700GeV2. We will show some general properties of the data and compare
them with Monte Carlo predictions. We will also show the first published results
on the measurement of the F^ structure function [41] and discuss some properties
of the hadronic final state. The results are limited to the laboratory frame, whereas
in the next chapter we will discuss the hadronic system in the Hadronic Centre
of Mass. The diffractive events, which are a subset of NC DIS, will be the main
subject of chapter 8.
2
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The Data Selection Procedure

The selection of NC DIS data is performed at several levels:
• Online trigger (at three levels).
• Selection for the Data Summary Tape (DST).
• Rough "preselection".
• Final event selection.
The goal of this selection chain is to reject as many background events as possible
at each level. Going down the chain, more processing time and more information
is available at each subsequent level so the quality of the sample will be enhanced
step by step. First of all we have the online trigger, the main goal of which is to
retain a manageable "ep physics enriched" data sample on which analysis can be
performed. This system is devised not only to retain NC DIS events, but all kinds
of other processes, such as photoproduction and CC DIS. The triggered events are
stored and then reconstructed offline. During offline reconstruction a first selection
takes place for specific physics analyses. The selected events are written to the Data
Summary Tape (DST). The event sample from the DST is reduced by the so called
"preselection", where further elimination of background can be applied. The last
step is the final event selection which is a further fine tuning, not only to reduce
background events, but also to ensure a high quality of the data we are interested
in.

6.3

Background sources

For NC DIS the event characteristics are a scattered electron in the detector and
some hadronic activity from the current jet and usually the proton remnant. With
the given instantaneous luminosity we expect an event rate of O (0.01) Hz. Selecting
these events is troublesome because of the many background processes which have
a very large event rate. Before we describe the different phases of the data selection
separately, we will briefly discuss the sources of background and their signature in
the ZEUS detector. At the trigger level the most important sources of background
are:
• P r o t o n - b e a m gas collisions. The protons interact with the residual gas
in the beam pipe or with the beam pipe itself. Particles from interactions
with vertices up to 100 m upstream can reach the detector. This leads to a
visible rate of 0(1) kHz, about 5 orders of magnitude larger than the physics
rate. The events will typically have a high number of tracks with an upstream
vertex, the energy deposits will be out of time (see section 6.4), there will be
no longitudinal momentum conservation and no scattered electron (although
sometimes an energy deposit in the detector can falsely be recognized as such).

6.4. Calorimeter Timing
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• Electron-beam gas interactions. Elections can collide with nuclei of the
rest gas in the beam pipe. Pilot bunches were used to study these events,
showing that the event rate was low. Only a few events remain in the final
sample. The most difficult signature consists of energy deposits in the RCAL
from the electron when it is deflected inside the detector. These events will
have little or no energy in the FCAL. Of these events 80 % have very low
energy electrons.
• Cosmic M u o n s . Background stemming from cosmic rays, occurs at a trigger
rate of about 3 Hz. Muons typically do not shower in the calorimeter and can
be recognized by timing and the characteristic topology of energy deposits in
the calorimeter.
• B e a m M u o n s . These are muons (beam halo muons) produced by decaying
pions from interactions of the proton beam with the residual gas in the beam
pipe. The first level trigger rate is about 1 Hz. The signature is typically a
number of adjacent calorimeter cells parallel to the beam axis. Muons do not
deposit large amounts of energy and so no reliable time measurement can be
performed for these events.
• 'Spark' events. A discharge in a PMT base or between a PMT cathode and
the /z-metal shield can cause a non-zero measured energy, at a random time
in a single channel. This 'energy' can be as high as a few GeV. The sparks
resulted in a high trigger rate of about 6 Hz. In this case only one PMT of a
cell contains a large amount of energy. Removing this cell leaves us with little
energy in the remaining part of the calorimeter.
• P h o t o p r o d u c t i o n . Photoproduction occurs in ep interactions, when the exchanged photon becomes real, i.e. Q2 w 0 GeV2. The total cross section for
photoproduction was measured to be 153±16 ± 32 /ib [42], which is about
1000 times the DIS cross section for Q2 > 10 GeV2. In these events the scattered electron is barely deflected and so is not detected in the main detector.
Most of these events will thus be rejected due to the absence of an electron,
however due to the large cross section and the large activity in the detector a
substantial number of events are found where an energy cluster is mistakenly
identified as the scattered electron. The missing longitudinal energy, due to
the missed electron gives a handle with which to reject these events.

6.4

Calorimeter Timing

Measuring the time associated with an energy deposit in the calorimeter relative
to the HERA bunch crossing time is a very efficient tool for rejecting background.
A genuine ep interaction occurs when the proton and electron beams cross at the
nominal interaction point inside the detector. In other words, these interactions
should take place inside a gate of the HERA bunch crossing time and the outgoing
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particles should reach the calorimeter within a few nanoseconds. Interactions that
originate from outside the detector will not fall inside this time gate. Since this
timing measurement plays such an important role at all stages of the selection
process, we will now describe the principles.
For each PMT a time offset is determined such that for an ep collision all particles
that come from the nominal interaction point (NIP), which has a certain fixed value
of 2, arrive at the calorimeter at time zero for all cells, see figure 6.1a. The thick
black bar depicts the proton bunch (length ss 40 cm), the dashed square box is the
much smaller electron bunch (length « 3cm). When we calculate a global time for
each part of the calorimeter (i.e. FCAL, BCAL, RCAL) we take an average over the
cells in the corresponding section: the global times are expected to be around zero
for the ep interactions. For a proton-beamgas interaction upstream of the detector
(fig. 6.1c), particles stemming from the interaction (either at IP1 or at IP2) will
reach the RCAL before the proton bunch reaches the NIP, giving a RCAL time, tT
of about (—2d±o-z(p-bunch))/c ?» —11 ns (where c is the speed of light and d ss 160
cm). Also the timing difference, {tf - tT), between the FCAL and RCAL, will be
large for upstream beam gas events. This quantity is also independent of the proton
bunch length. Timing therefore gives us a clear handle to reject these events.
In ep collisions the electron can interact with the proton at any point in the
proton bunch. In the case that the electron interacts with a proton at the forward
edge of the proton bunch, say at a distance R(= 1/4 bunchlength) before the NIP
as in fig. 6.1b, particles that reach the FCAL did not have to travel to the NIP and
back so will arrive 2R/c earlier than zero. Particles reaching the RCAL will be more
or less in time. When the interaction takes place at the other edge of the proton
bunch, at R after the NIP, particles arriving at the RCAL will still have time zero,
but particles reaching the FCAL will arrive at 2R/c later than zero. The width of
the FCAL timing distribution therefore has a contribution from the proton bunch
length which is 2<rz (proton bunch)/c. The RCAL timing has only a contribution
from the e-beam length, which is very small.
The timing resolution is a function of the deposited energy and is about 3 ns
for 200 MeV and below 1 ns for deposits above 1.2 GeV (see sec. 2.3.1). The global
times for each calorimeter section are calculated as an energy •weighted average over
those PMT's that have a minimum energy deposit:
t = 5^>

wi = min{EPMT,2 GeV)

where EPMT is the energy of the PMT. At least two PMT's are required for a
timing measurement. On the DST level a threshold of 1 GeV is used and on the
preselection level a threshold of 200 MeV per PMT. Typically a resolution of about
1 ns is obtained.
From run to run the arrival time of the bunches can shift by a few ns with
respect to the HERA RF clock, which defines the timing of ZEUS. These shifts
can be determined offline, using the observed timing distribution of the C5 beam
counter. The timing measurement is thus more accurate offline.
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RCAL

b)

FCAL
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Figure 6.1: Schematic view of the detector showing the time of arrival of particles in the FCAL and RCAL. The thick black bar depicts the proton bunch,
the dashed square box the much smaller election bunch fin a and b only).
NIP stands for the nominal interaction point, d for the distance between NIP
and the RCAL, R for the distance between NIP and the actual vertex. In a)
an ep interaction inside the detector at NIP is shown, in b) at NIP plus R. In
c) a proton-gas interaction is shown outside of the detector.
In fig. 6.2a we show the offline distribution of (tf —tT) versus tT for a subsample
of all triggers, with an energy threshold of 200 MeV. Two separated areas are seen,
one for the proton-beamgas interactions around tT ss —11 ns, and one for the ep
interactions around tr — tf « 0 ns. A lot of the beamgas interactions are already
discarded by the online trigger system before entering this plot. Note that the plot
incorporates timing resolutions both in if and iT, as well as the proton-bunchlength
in tf for ep interactions. On the basis of this plot one can define a cut in order to
reject beamgas background events. At all levels of the data reduction chain more
progressive timing cuts are used, because the presence of more information results
in a better resolution. In fig. 6.2b we show the tr distribution for the DST events,
for the preselected events and the events from the final analysis sample. The events
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of the latter sample show a clear peak around tr = 0. This peak is shifted compared
to the DST and preselected distribution, because the C5 correction was taken into
account.
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Figure 6.2: In a^ the FCAL time minus the RCAL time versus the RCAL
time for a subsample of all triggers. In b) the RCAL time for DST events,
preselected events and the final selected sample (the dashed histogram).

6.5

Trigger

After having explained the principles of calorimeter timing and its power to reject
background events, we will now return to the first phase of the selection chain, the
online trigger system.

6.5.1

FLT

The main part of the ZEUS trigger system is the first level trigger, FLT. For this
running period it made use of the C5 beam monitor counters, the barrel muon
chambers and the calorimeter. The calorimeter readout was grouped into 448 nonoverlapping trigger towers, constructed by summing the signals of 2 adjacent normal
calorimeter towers, EMC and HAC separately. The energy in these trigger towers
were compared tower by tower to programmable thresholds. These thresholds varied
for different regions in the calorimeter. The RCAL was divided into two such
regions, one consisting of towers adjacent to the beam pipe and one with the other
towers. The FCAL was divided into three regions, one adjacent to the beam pipe,
one consisting of a ring of towers outside of the beam-pipe region and one with the
outermost towers. The BCAL was regarded as one region. The thresholds for the
different regions are given in table 6.1.

6.5. Trigger
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CAL FLT thresholds (GeV)
|
section
EMC HAC
FCAL beam pipe
50
70
inner
20
25
outer
10
10
RCAL beam pipe
10
2.5
outer
1
1
BCAL
2.5
1

Table 6.1: CAL FLT trigger tower energy thresholds in GeV for the different
calorimeter regions.
Whenever the energy threshold was exceeded in any EMC region oi the FHAC
region, the event was accepted. Events with a BHAC trigger in coincidence with
a trigger from the barrel muon chambers were also accepted. The C5 counter was
used as a veto when its timing wa? wrong, reducing beam-gas background. The
total FLT output rate was about 20 Hz.

6.5.2

SLT

The second level trigger (SLT) made use of CTD and calorimeter information. It
rejected cosmics by rejecting BHAC*BMUON triggers that did not give a good
potential track in the CTD. 'Spark' events were also rejected when events were
triggered by the BEMC only with very little energy in the rest of the calorimeter.
At this level the global CAL times can be calculated and ate used to reject beamgas
events. The SLT output rate was about 8 Hz.

6.5.3

TLT

The third level trigger (TLT) made use of more advanced calorimeter timing algorithms, reducing the beam-gas background considerably. More complicated 'spark'
events were rejected and special algorithms were run to identify cosmic muons and
beam halo muons. The TLT rate was about 5 Hz.

6.5.4

Trigger Acceptance

The trigger acceptance for neutral current DIS events was studied with Monte
Carlo simulated events, using the full detector and trigger simulation. The trigger
acceptance was found to increase with increasing Q2, and was flat in x, except for
the very high a; region, x > 0.2, where an increase in acceptance is observed. For
x > 2 • 10~ 4 and Q2 > 8 GeV2 it exceeds 97.5%. The efficiency of the trigger
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Figure 6.3: The acceptance of neutral current deep inelastic events for the
trigger and the final selection as a function oflog Q2 and log x.

hardware was monitored with selected data samples and with charge injection and
was found to be better than 99% in the above mentioned regions of x and Q2.
Concluding one may say that the trigger has a high acceptance. A total of
4.2-108 triggers were recorded on tape.

6.6

Offline event reduction

The events are read from tape and reconstructed offline. In this reconstruction
cell energies are calibrated and the timing offsets from the C5 counter are used to
improve the timing measurements. A special DST is created for NC DIS. These
events have to satisfy the following criteria:
• The event has to be triggered by an EMC trigger from the RCAL or BCAL,
reflecting the energy deposit from the scattered electron in a EMC section.
• A minimum amount of calibrated energy was required, for BCAL-EMC triggers EBEMC > 5 GeV, for RCAL-EMC trigger EREMC > 2 GeV.
• The timing requirement was tightened. See below.
• Clearly identified muons were rejected.

6.6.1 Further reduction using timing
Events are rejected at this level if they do not satisfy the following criteria on timing:
| if
| tr
tf — tT

<
<
<

6 ns,
6 ns,
6 ras.

(6.1)

6.6. Offline event reduction

Page 115

|| Number of events
Recorded
4.2 • 10"
DST
228491
Detector not fully operat.
218997
116043
Spark cut
Final timing
105623
Vetowall
102649
6 > 25 GeV
19422
Remaining muons
18913
Offline check(vertex,time)
17461
35 < 6 < 60 GeV
6620
Electron Energy> 5 GeV
6234
Box cut
3710
2836
yjB > 0.01
ycUc < 0.95
2776
2620
Vmax > 1-8
Q2DA > 10 GeV
1803

Rejected
94.5 %
4.1%
47.0 %
9.0%
2.8 %
81.1 %
2.6%
7.7%
62.0 %
6.0%
40.5 %
23.6 %
2.%
5.6%
31.2 %

Filter stage
Trigger
DST selection
Preselection

Final selection

Hadronic selection

Table 6.2: This table shows the background rejection cuts. The Rist column
states the name of the filter, the second the number of events that survive
this and all preceding filters. The third column gives the rejection percentage
compared to the previous filter and the filter stage is given in the last column.
For the final selection the electron finder E F l was used.

The BCAL time is used to reduce cosmic muon events, specifically those muons
that enter the detector from above and cross it to the lower half. We then expect
a time-difference between the upper half of the BCAL and the lower half. We
therefore compute these times separately and then reject events for which:
- f(,(down) | > 10 ns.

6.6.2

(6.2)

Preselection phase

From the DST we create a preselected sample, that should yield events of relatively high quality, but that leaves us with ample information to study background,
acceptances and efficiencies. In table 6.2 we show the six selection criteria used
and we show how they reduced our sample. First of all in some cases the detector
was not fully operating, i.e. a failure had occurred in one of the detector components (calorimeter, CTD, magnet or LUMI detector). In those cases events were
rejected . Remaining 'spark' events and muons were removed with higher efficiency
and the vetowall was used to remove beamgas events. Timing cuts were tightened
and momentum conservation was used in a loose fashion (see also below). These
requirements resulted in a sample of about 19000 events.
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Figure 6.4: The S-distribution for photoproduction events compared with DIS.
The dashed histogram shows the distribution for photoproduction events before any cut is applied. In the black histogram the events are shown which
survive the electron identification algorithm (EFl, see the next section) with
Ee > 5 GeV. The solid line is the DIS MC sample and the events in the shaded
histogram survive the electron finding algorithm.

6.6.3

Final selection cuts

The preselected sample is now reduced using the final selection. The most important
requirement is that an electron be found. The momentum conservation requirement
was tightened. Furthermore, a reconstructed vertex was required and some quality
enhancing cuts were performed. We have used condensates here for our calculation
of the event kinematics. In table 6.2 we show the results, a further discussion follows
in the next sections.

6.6.4

Momentum conservation

The remaining event sample consists of DIS events, beamgas events with very little
or no energy in the backward direction and photoproduction events. It is now useful
to look at the fourmomentum conservation of ep interactions.
The colliding beams at HERA are asymmetric in momentum and collinear in the
longitudinal direction. Furthermore, energy flowing in the very forward direction
of the detector (i.e. the proton remnant going down the beam pipe) can not be
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detected. For these very low polar angles however, the lost energy is almost equal
to the lost longitudinal momentum. It is therefore useful to look at the conservation
of both energy E and longitudinal momentum Pz at the same time and to take the
difference 5:
6 = E-Pz = Y^lEi{1-cosei)>
(6-3)
£

where the sum runs over all calorimeter cells and 0,- is the angle with respect to the
incoming proton. The contribution of the proton remnant to 6 will be around zero,
which makes this quantity interesting for HERA physics. Before the interaction we
get:
E-Pl=Ep + Ee-Ep + Ee = 2Ee,
(6.4)
since ppTOtm = Ep and p;l"tTon
= -Et. Due to momentum conservation 6 should
equal twice the initial electron energy after the interaction; it will therefore be
peaked around 53.4 GeV for NC DIS events.

20

40

80

00

E - p , CGeVl
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Figure 6.5: In a) the E — p„ in b) the z vertex distribution for DST events,
preselected events and the final selected sample (the dashed histogram).
For proton-beamgas interactions, S will be distributed around much lower values, because no incoming electron is involved and all events with appreciable energy
deposit in the RCAL have been removed by the timing requirement. For photoproduction interactions, the scattered electron goes almost unperturbed down, the
backward beam pipe. In that case not only the electron energy, but also the Pz of
the electron (which is ss — Ee) will not be detected, hence the value of 5 is lowered
considerably. In figure 6.4 we show the Monte Carlo generated 8 distribution for
NC DIS events and photoproduction events. We observe the peak at 2Ee for DIS
events (the solid line) and we see that the bulk of the photoproduction events are
at low 5 (the dashed line). Demanding an electron of at least 5 GeV reduces the
photoproduction background significantly, as can be seen by the black histogram.
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Finally, in the case of initial state QED radiation, the radiated photon may
disappear in the rear beam pipe, effectively leading to a lower initial electron energy,
hence lower values of 6. A requirement of 6 > 35 GeV is equivalent to a cut on
the unobserved photon of EySR w 9 GeV. This effectively means that the radiative
corrections are reduced substantially This will improve the understanding of the
kinematics and thus the quality of our sample.
In figure 6.5a we show the 6 distribution for the DST events as the full histogram
and we observe that the bulk of the events is at low 6, but that a bump shows
up around 53.4 GeV reflecting the presence of the NC DIS events. The events
in the tail of the distribution are beamgas events with large energy deposits in
the backward direction. A cut on 5 results in reducing the beamgas background,
the photoproduction background and a large fraction NC events with initial state
electromagnetic radiation. We therefore used at the preselection level 6 > 25 GeV 1
and at the final selection level:
35 < 6 < 60 GeV.

(6.5)

The shaded histogram in fig, 6.5 shows the distribution of the final event sample,
distributed around twice the electron beam energy, up to a value of 60 GeV, due to
energy resolution.
To emphasize the importance of the quantity 6 we will also look at it in a different
way. We take the kinematic variable y that can be calculated using the scattered
electron or using the hadronic system (the Jacquet-Blondel method), as described
in section 2.4:
y

'"<
VjD

=

~

1

2ËC

(E-Pz)had
2Ee

then we find:
S = ScUc + Shad = 2Ee(l + yJD - y e U c ) .

(6.6)

Although 6 is a global quantity and thus independent of finding the scattered electron, it produces a good measure of how well the measurement on the hadronic side
agrees with the measurement of the electron. In the ideal case yJD = yeiec, but when
this match doesn't occur, 6 is far from the expected value and the reconstruction
of y is unreliable.

6.6.5

Electron Finding

At this stage of the selection procedure we try to identify the scattered electron:
this will largely reduce the presence of photoproduction events. In photoproduction
we sometimes misidentify an energy cluster as the scattered electron. Requiring a
1

At the preselection S included a contribution of the LUMI photon calorimeter.
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minimum electron energy of 5 GeV will remove most of these, as can be seen in
figure 6.4.
The energy deposit of the electron will cause an electromagnetic shower, typically
in the electromagnetic part of in the calorimeter with a specific longitudinal and
transverse shape. The transverse shape of the shower is narrow and is contained
within a distance of 2 Molière radii ( « 4 cm for our calorimeter). The depth of
the shower is typically less than 20 units of XQ ( « 6 cm), with the position of the
shower maximum at 5 XQ (RJ 1.5 cm). The largest fraction of the energy will thus
be contained in one EMC cell.
Using this shower signature, several algorithms were designed to identify electron
candidates. In our analysis we made use of two electron finders. The electron
finders must find electrons efficiently even when the electron impinges on cracks,
cell boundaries, etcetera. In these cases special algorithms are used. Here we
present the general criteria used in the electron finders used in this analysis. The
first one, E F 1 , makes use of a cone algorithm where cones are formed around an
electromagnetic seed cell in order to find energy ratios between the cones. These
ratios define the likelihood of this object being an electron.
The second electron finder, EP2, uses the condensate algorithm (see chapter 4)
to form geometrical objects and then uses special criteria to find the electromagnetic
condensates. It uses the ratio of EMC energy to the total energy as a measure of
the longitudinal shower shape and the ratio of the energy in the 4 EMC cells with
highest energy to the total EMC energy as a measure of the transverse shower
shape.
The electron finder EP2 was found to be slightly less efficient than E F 1 but its
purity is higher [43],

6.7

Quality improvement of final sample

The event sample now consists of NC DIS events, with most of the beamgas events,
photoproduction events and background muon events rejected. We will now focus more on improving the quality of these events, i.e. how well these events are
measured.

6.7.1

Box cut for electron impact

In the x — Q2 domain we are looking at, 99 % of all scattered electrons enter the
RCAL. Moreover, many of these electrons enter the RCAL close to the beam pipe
at a distance within a few Molière radii, i.e. less than 10 cm. This implies that
a significant part of the electromagnetic shower may disappear inside the beam
pipe, hence the electron energy will be underestimated and the reconstruction of
the impact position of the electron will become uncertain. This position is critical
for the methods used for reconstructing the kinematics of the event. It is therefore
very important to define a minimum distance from the beam pipe at which the
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energy loss is negligible and where the electron parameters can be reconstructed
reliably.
It was found that when the measured position of the electron is at least 6 cm
from the edge of the beam pipe, the position is measured correctly and energy
leakage on average is less than 2 per cent. This then defines the so called box cut,
that requires for the measured x and y position of the electron:
|x| > 16 cm

V

(6.7)

|y| > 16 cm

Furthermore it was clear that the amount of dead material is very high in this
angular region in front of the RCAL. This dead material may cause secondary
interactions, that will produce a shower profile that is significantly different from
the standard electron shower. When the description of the dead material in this
area is slightly wrong in the simulation, this will produce large mismatches with
electron energies and angles.

6.7.2

Minimum hadronic activity

0.02

0.04

0.08

0.08

0.1

Cut value of yM

Figure 6.6: The RMS of the difference in the measured hadronic angle and the
true hadronic angle, yICC — fttne, as a function of a cut in J/JB.

On the hadronic side, we now want to make sure that the current jet is well contained
within the detector. This will enable us first of all to determine the event kinematics
with an acceptable accuracy, and secondly to measure the hadronic energy flow
without large experimental bias.
We stated before that a good measure of the hadronic activity is yjB = 6h.ad/2Ee.
The energy lost in the beam pipe from the proton remnant does not contribute
significantly to this variable. In section 4.3.4 we have shown that for low values of
Vtrue {ytrue < 0.01) the reconstruction of the event kinematics becomes problematic

6.7. Quality improvement of final sample
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(see figure 4.11). We have also shown that yjg is a good estimator for y down to
the low value of 0.01. It therefore seems reasonable to require yjB > 0.01 as our
cut off value.
In accordance with what was mentioned before, yjB is very sensitive to noise in
the detector, especially at low values of y where the current jet is close to the forward
beam pipe. In particular when energy is found in the backward direction, there can
be a large contribution to yjB, due to the large polar angles. Energy deposits that
should be assigned to the electron but are erroneously not, also contribute to yjs',
each electron finder therefore contributes in a different way. In our analysis we use
condensates to calculate the kinematics, using the cuts described in section 4.3.4.
The contribution of noise is then greatly reduced, in contrast with the standard
method where cells are used, we can extend our measurements to values below the
standard cut of ycfg > 0.04 [41]. This is also reflected by the fact that when we
measure the hadron angle 7, this angle is well reconstructed even at low values of
. The angle 7 is determined by:
p

thad ~

COST -

p 2

2

x2

At low y noise can contribute substantially to yJB, therefore leading to large shifts
in 7. In figure 6.6 we plot the resolution in 7, RMS of (7r(!c — 7tr«e)i as a function
of the cut value on yjB • Using condensates, we see that there is not a very large
dependence on yjB. The situation is different when we use cells for reconstruction,
where the resolution is worse for all values of yjB and where at values smaller than
= 0.04 the RMS is larger than 18° (see [22]).

6.7.3

Fake FCAL electrons

Due to the large energy deposits from the proton remnant around the FCAL beam
pipe, the probability of finding an electron in that area is large. Photoproduction events can therefore easily have energy clusters around the FCAL beam pipe
misidentified as the scattered electron. A requirement of j/ e i ee = [1—^-(1—cos 9)] <
0.95, with E the energy and 6 the angle of the measured electron, will remove these
fake electron events, removing only a small part of the NC DIS phase space. From
figure 2.9 we see that no RCAL electrons are affected by this requirement, because
RCAL electrons with more than 5 GeV will have a value of ytuc < 0.84.

6.7.4

Vertex requirement

It is very important to measure the interaction vertex in the z direction correctly.
First of all, this defines the angles of all outgoing particles, hence the kinematics of
the full system. Furthermore, the acceptance of the events with low Q 2 depends on
the vertex position. Events with a vertex more towards the FCAL can have scattered
electrons with a smaller scattering angle because they will still reach the RCAL.
These events correspond to lower Q2 events where the cross section is higher due to
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the propagator term. At the same Q2, events with a vertex more towards the RCAL
will tend to have scattered electrons that fail the box cut. Hence the acceptance
will be lower for these events. In order to determine the acceptance correctly, it is
imperative not only to really measure the vertex, but also to simulate the vertex
distribution correctly in the Monte Carlo detector simulation program. As an input
vertex distribution we used the vertex position of the photoproduction sample,
which has no acceptance bias. The mean z position of this input distribution is at
-6 cm.
There are two ways of determining the vertex in the ZEUS detector. First of all,
the central tracking device, CTD, and the vertex detector are used to reconstruct
tracks. For the estimation of the primary vertex, only tracks are used that reach the
first superlayer of the CTD (the trajectory is followed going inwards starting at the
outmost superlayer) and point to the beamline. A vertex fit is now applied, taking
the a; and y position at zero. In addition to this standard procedure, for DIS events
the vertex is only accepted when at least two tracks participated in the vertex fit.
For events with a reconstructed vertex the resolution of the vertex z-position is
approximately 4.5 cm.
Not all events have a vertex that can be reconstructed by the tracking devices.
For instance low Q2 events that have an electron that is hardly scattered and a
current jet in the direction of the forward beam pipe region, will not leave enough
hits in the tracking detector for a high quality vertex fit. For these events the calorimeter timing information is used to obtain the vertex. As explained in section 6.4
the timing in the FCAL depends on the event vertex. We calculate the vertex by
taking the energy weighted average of the vertices calculated from each cell, with
the requirement that only cells with more than 400 MeV are used and EFCAL > 5
GeV, because of resolution effects. The resolution of the timing-vertices is about
12 cm.
In the final event sample 88 % of the events had a tracking vertex, 9 % have a
timing vertex and about 4 % of the events are rejected because they do not have a
vertex.

6.7.5

Scanning of events

The final event sample was scanned visually using graphical display programs. In
this way the fraction of background was checked and obvious background events
were removed. The scanning resulted in finding a few cosmic muon events, beam
halo events and elastic Compton events. The latter type are events where the electron elastically scatters off a quasi-real photon emitted from the proton. Typically
the proton goes undisturbed down the beam pipe and the electron and photon enter
the detector, therefore two electromagnetic clusters are found in the detector. The
sum of the energies of the two clusters is approximately equal to the electron beam
energy. These are not simulated in the Monte Carlo and are therefore removed from
the sample.

6.8. Results

6.7.6
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FC AL energy and -qmax

After the final selection, events were found with no energy in the FCAL. Apparently these events have no visible energy from the proton remnant, which is not
consistent with our expectation that the colour flux between the proton remnant
and the current jet will cause a continuous energy flow between these two parts. To
characterize these events we introduce the quantity T)max- This quantity is defined
as the pseudorapidity of the most forward energy cluster in the detector. An excess
of events with very small values of Tjmax were found (see chapter 8). Studies with the
pilot bunches showed that the number of events was not consistent with electrongas events. These events were then classified as diffractive-like events. Since the
standard Monte Carlo's do not predict these events, the event sample was split in
a standard DIS sample for the study of the hadronic final state and a diffractivelike event sample. For the standard sample studying the hadronic final state we
required:
Vmax >

1.8

For the diffractive-like sample the requirement is f]max < 1.8. This sample is further
investigated in chapter 8.

6.7.7

Acceptance and quality

In figure 6.3 we have plotted the acceptance of NC DIS events after the final selection
as a function of Q2TUe and «true- The acceptance is low at low Q2, due to the
requirements on the impact position of the electron and on the electron energy.
The yJD cut also removes low Q2 events for an x value of x > 10~ 2 . This explains
the decrease in acceptance for the high x range, where more and more of the current
jet disappears down the forward beam pipe. It is clear that at HERA it is difficult
to measure NC DIS events at very low Q2 and at very high x.
In figure 6.2b we have plotted the RCAL time for the data sample after the
preselection and the final selection (the dashed histogram). In figure 6.5 we show
the 6 and the z vertex distribution for events after the preselection and the final
selection. The timing and the vertex are distributed around zero as we expect for
genuine ep interactions. The 6 distribution shows that the final event sample is
already visible as a bump at the DST level.

6.8

Results

The final sample of 2776 events is plotted in the x — Q2 plane in figure 6.7, using the
DA method. The sample consists of events that can all be well reconstructed. Also
shown are lines with y = 0.01 and y = 1 and lines of constant W2. Note that for
our sample the isolines in W2 are parallel to those in y. We observe that the sample
covers a large range in Q2 of at least two orders of magnitude and the sample goes
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y«0.01

W 1 —»•

Figure 6.7: The final event sample plotted in the x—Q2 plane. Also shown are
the isolines ofy = 0.01 and y = 1, as well as the isolines in W2, the invariant
mass of the hadronic system. Note that for our events y = 0.01 means W2 «
1000 GeV.

down to very low values of x, x < 10~4. We also see that a large part of the data
lies at values of very high W2 > 104. In figure 3.5 we show pictures of two events
from the final sample. The scattered electron is clearly visible in both pictures as
an isolated, narrow energy cluster. The large energy deposit of the electron in the
electromagnetic calorimeter is depicted by a yellow box. In the upper picture of
fig. 3.5 we see the current jet as several tracks pointing to energy clusters in the
calorimeter.

6.8.
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6.8.1

General properties compared to Monte Carlo predictions
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Figure 6.8: In a) the electron angle, in b) the electron energy, in c) the electron
energy calculated using the double angle formula, in d) the hadron angle, in
e) the logyjB and in f) the ratio p^xdT'm/p'j:"tT'm
are shown. The data are
shown as the points, the shaded histogram is CDM+BGF(MRSD-), and the
dashed histogram is ME+PS(MRSD-).
We now have established the kinematical range of our sample. Properties of this
data sample will be investigated and compared with the MC predictions. We used
two MC samples, one generated with HERACLES+ARIADNE+BGF (CDMBGF)
and one with HERACLES+LEPTO, ME+PS, both using the MRSD- [5] structure function parametrization. All MC events passed the full chain of detector
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simulation, trigger simulation, event reconstruction and the data selection criteria. Although it is not our goal here to show the differences in using different
structure function parametrizations, we do want to mention that we have also used
other parametrizations, which could not reproduce the data very well. For instance
parametrizations with a flat gluon distribution at low x like the MTB1 parametrization were ruled out. The low z behaviour affects the low energy tail of the electron
energy distribution, the high end of the 7 distribution and the high end of the yja
distribution.
In figure 6.8 we show some general properties of the data and compare them
with the MC predictions. Already from these general plots it becomes clear that the
choice of MRSD- as the structure function parametrization was quite appropriate
for this data.
In fig. 6.8a we show the polar angle distribution of the scattered electron. Most
electrons scatter at low angles (high polar angle with our definition of the positive
z axis towards the proton direction), i.e. close to the backward beam pipe, as a
consequence of the 1/Q4 term from the propagator in the cioss section. We see that
the MC predictions agree very well with the data. In fig 6.8b we plot the measured
electron energy for the electrons found by electron finder E F l . One would expect
a so-called kinematic peak at the electron beam energy of 26.7 GeV, since for a
large part of the phase space the scattered electron energy lies around the electron
beam energy, as can be seen from fig. 2.9. The 1/Q4 dependence suppresses events
at high Q2 hence events with high electron energies. The low energy tail represent
events with low values of x. The structure function uncertainty at low x influences
the shape of the electron energy distribution at low energies. What we observe first
of all is that the MC predictions already show a smeared peak lower than 26.7 GeV,
due to energy resolution and dead material in front of the calorimeter. The data
however shows an even more pronounced shift to lower energies. This energy loss is
probably caused by the presence of more dead material between the nominal vertex
and the beam pipe region of the RCAL than was simulated. The electrons from the
kinematic peak scatter at small angles and are very sensitive to material like the
beam pipe itself, flanges at the edge of the beam pipe, cables and supports. Plots
6.8a and b emphasize the importance of using the double angle method, because
it is not sensitive to these effects. The angle of the electron is measured well, the
energy is not.
In fig. 6.8c we plot the electron energy as calculated using the DA formula:
ED A

=

2Ee .
sin 7 + sin 9 — sin(0 + 7)

Here the data does exhibit the kinematic peak at 26.7 GeV and there is agreement
with the MC simulation. In fig. 6.8d we plot the reconstructed hadron angle, or
parton angle in the quark parton model. The large peak at high values of 7 is due to
the abundance of low x events which have the current jet typically in the backward
direction. The peak in the data is well reproduced by the MC with MRSD- (in
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Figure 6.9: The distributions of the kinematical variables reconstructed using
the DA method are shown. The data is shown as the full points, the shaded
histogram is the prediction of CDM+BGF(MRSD-), the dashed histogram of
ME+PS(MRSD-). In a) is plotted the distribution of log x, in b) logQ7, in c)
log y and in d) log W2.

contrast with parametrizations which have a much flatter parton distribution at low
x). Hence both the hadronic angle 7 and the electron angle 8 are well understood.
The yjB distribution is plotted in fig. 6.8e and shows a slight shift in the data
towards lower values of yjs. This is an indication of a larger energy loss in the
data than in the detector simulation. In fig. 6.8f we plot the ratio of the transverse
momentum for all hadrons, pj. over the transverse momentum of the electron, py.
We expect the pr of the electron to be balanced with the hadronic py. The ratio
is systematically lower than 1, due to energy loss of the many low energy particles
of the hadronic system in the beam pipe and dead material. We should however
point out that this shift is dominated by the events at low yjg, where low energy
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particles have a relatively large contribution. The data distribution suggests that
still some dead material is not well described by the detector simulation. Moreover,
the angular error distribution of the electron is highly asymmetric, leading to a
preference of a larger deviation of the electron from the beam direction.

Figure 6.10: The smearing of the kinematic variables Q2, x and y after all the
selection cuts. In (a), (b) and (c) for the j/0 method, in (d), (e) and (f) for the
DA method and in (g), (h) and (i) for the JB method.
In fig. 6.8 we have demonstrated that the reconstruction of the polar angle of
both the electron and the hadron system is satisfactory. On the other hand we have
seen that the understanding of the energy scale is not very satisfactory, especially for
the electron energy. This leads us to the use of the DA method for the reconstruction
of the event kinematics. Not only is it rather insensitive to the energy scale, but
it is also an accurate method for the entire phase space and insensitive to QED
radiation from the lepton side (see section 2.4 and section 6.8.2). We have also
shown in chapter 5 that this method gives the best determination of the boost
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vector for the transformation to the HCM. We therefore choose the DA method as
the nominal method to reconstruct the kinematic variables.
In figure 6.9 we show the distributions of the kinematical variables a:, Q 2 , y and
2
W , all reconstructed using the DA method. An overall agreement between the
data and the MC predictions is clearly seen. In fig. 6.9b we observe that the log Q2
distribution is dominated by the 1/Q4 behaviour from the photon propagator. The
distributions of log x and log y are sensitive to the choice of the structure function
parametrization and show that the use of MRSD- is a good choice.

6,8.2

Smearing of kinematic variables
Variable
QIA

XDA

WDA

Range
QDA < 10
10 < Q\A < 50
50 < QDA < 100
QIA > 100
XDA

< io- a

XDA

>10"2

2
io- 3 < xDA < 10~

1000 < WDA < 4 0 0 0
4000 < WDA < 10000
10000 < WlA < 30000
WIA > 30000

|

cr
20 %
10 %
9%
8%
50 %
34 %
44 %
23 %
23 %
23 %
18 %

Bias
16 %
14 %
- %
-16 %
-12 %
-12 %
- %

Non-Gaussian |
5%
8%
7%
9%
6%
6%
3%
16%
6%
5%
7%

Table 6.3: This table shows the resolution of the kinematical variables Q2,x,
and W2 using the DA method. Also shown is the bias of the mean value and
the non-gaussian contribution of the tail of the distribution.
As an intermezzo we want to show that using our selection criteria indeed yield
an event sample for which the kinematical variables can be well reconstructed.
In figure 6.10 we use the Monte Carlo data to plot the reconstructed kinematical
variables Q2, x, and y versus the generated variables. Three reconstruction methods
were used, the y-6 method in fig. 6.10a-c, the DA method in fig. 6.10d-f and the
JB method in fig. 6.10g-i. For the y-6 and DA method very good correlations can
be seen, except for very low values ofy(y< 0.01) and high values of x (x > 0.05).
For the JB method, the estimator yjB seems to work very well except again for
very low values of y. The smearing of these variables is acceptable.
The resolutions for the DA method are given in table 6.3, using a gaussian fit to
the distributions of [{VARTKO - VARtruJ/VARtme], where VAR stands for Q2, x
and W2 respectively. We also show the bias and the non-gaussian contribution to
the tail of the distributions. For Q2DA the resolution improves from 20 % at low
Q2 to 8 % at Q2 > 100 GeV2 with typically a non-gaussian contribution of 7 %.
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The resolution in XDA is in the range of 35 to 50 %, with a bias of about 15 % for
XDA < 1CT2. For W 2 the resolution is about 23 % and it does not vary much with
W%A. The non-gaussian contribution is large for Wf,A < 4000 GeV2, 16 %, but
much lower for higher W2, of the order of 5 %.

6.8.3 Measurement of the proton structure function F2
One of the main objectives of HERA is to measure the structure functions of the
proton. In this section we will show the results of the measurement of F^ using
the 1992 data, taken from [41]. For a full discussion, we refer to [22]. Here we
will briefly discuss the results. The structure function F3 is probed by the weak
interaction only and can be neglected for our range of Q2. The double differential
cross section for neutral current DIS with virtual photon exchange is then written
as (see section 1.2):
{Xi Q2)

~ Y^FL{X'

Q2)

\

X

(1+ r(Z) Q2))

*

(fU0)

where Ft, is the longitudinal structure function, Y+ — 1 + (1 — y2) and the radiative
corrections are given by 6T.
First the visible uncorrected double differential cross section d J^Q^ is measured by reconstructing the kinematical variables and measuring the luminosity.
Now one has to unfold this cross section to get i<2. Corrections have to be made for
the Fj, contribution, detector smearing and acceptance and for QED radiation from
the electron. The FL contribution was calculated in each x,Q2 bin from QCD [44].
The radiative Monte Carlo was used to correct for detector smearing and acceptance and for the radiative effects. Bins in a; and Q2 are chosen in such a way
that the kinematics are well measured and that the correction factors are uniform
and not too large. The bin sizes are larger than the resolution in x and Q2. The
photoproduction background was determined to be of the order of a few percent
and subtracted.
The measured F2 is now obtained through an iterative procedure, starting with
a reasonable input structure function parametrization. In figure 6.11 the results
are plotted for F2 as a function of a; for 5 ranges of Q2. The ZEUS data are
represented by the dots, with the inner error bars being the statistical error and
the outer bar the systematic error added in quadrature. Several structure function
expectations are plotted as well. At the lowest Q2 (plot 6.11a) the data points are
slightly below the MRSD- and GRV extrapolations, but above MRSD0 [5]. Both
MRSD- and GRV parametrizations have parton distributions which are singular
at low x (xq(x) ~ a;" 1 ' 2 ). This behaviour is dynamically generated in the GRV
case and input by hand in the case of MRSD-. The MRSD0 parametrization on
the other hand assumes flat parton distributions at low x. For the other ranges
the data seems to be more towards MRSD-, which is also used in all our Monte
Carlo simulations. As was seen in chapter 5 the distributions we are interested in

6.8. Results

Q2

Page 131

= 15

2.5

2

1.5

\
1

0.5 mul

34

103

102

1O1

X

id)

104

103

102

1O1

X

F, 3
Q 2 = 120

|

ZEUS data

2.5

MRSDO
2

-

1.5

-

1

-

0.5

-

MRSDCTEQ MS

\

1k

GRV

„\ , ,,
1Ö 2

Figure 6.11: The structure function Fj as a function ofx for 5 different vaJues
ofQ2. The inner error bar is the statistical error, the outer bar shows the systematic error added in quadrature. The overall normalization uncertainty of 7
% is not included. Also shown are several structure function parametrizations.
(Taien from [41]).
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show only little sensitivity to the structure function parametrization. The data are
reasonably in accord with MRSD-, so we expect that when in the coming chapters
we make comparisons to MC predictions using MRSD- that the error due to the
structure functions will be negligible. Overall the data show a rise at low z, reflecting
an increase of gluon density.

6.9

I

Energy flow of the Hadronic Final State
»

0.0005<xda<0.001

b)

•
ZEUS data
F f i CDUBOF(MRSO-)
MEPS(MRSD-)

Figure 6.12: The energyflow for calorimeter cells in four ranges ofxoA- The
data are shown as points, the shaded histogram is CDM+BGF(MRSD-), and
the dashed histogram is ME+PS(MRSD-).

An extensive study has been made of the hadronic final state in the laboratory
system. These studies are aimed at understanding and differentiating between the
different Monte Carlo generator models. In the study of the hadronic final state, all
calorimeter cells assigned to the scattered electron are removed from the system,
leaving us with cells that belong to the current jet or target remnant system, together called the hadronic system. In addition to the final selection cuts, the rjmax
cut of J7mai > 1.8 was applied and a fiducial cut on Q2DA, Q2DA > 10 GeV2, leaving
us with 1800 events (see table 6.2)

6.9. Energy Sow of the Hadionic Final State
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In figure 6.12 we show the energy flow for calorimeter cells of the hadronic
system as a function of the polar angle 6. The Monte Carlo models and their
mnemonics used in the following figures are explained in table 1.1. We have looked
at four regions of XDA, from very low x, XQA < 0.0005 in plot 6.12a, to high x,
*DA > 0.01, in plot 6.12d. The proton target remnant leaves energy deposits at low
values of 6, whereas the current jet covers an angular range from very high angles
to low angles, depending on the event kinematics. As discussed before, at low x
the current jet is expected at high values of 6 as can be observed in plot 6.12a and
6.12b. Towards higher x, the current jet moves more into the forward direction.
In all plots we see a continuous energy flow over the whole range of 9, between
the current jet and the remnant. The colour flow between the remnant and the
current jet causes the fragmentation to fill up this space. The clear peak in the
very forward direction stems from the proton remnant fragmentation. The two
models, shown for comparison, can both reproduce the data well in the current
jet region, however especially the ME+PS model has difficulty in reproducing the
energy flow in the very forward (small 6) region, especially in plot 6.12a and 6.12b.
In this respect the CDM+BGF performs somewhat better but still underestimates
the energy flow in this region. It is worth noting that the BGF process included
in this model contributes quite strongly in this region. Without this contribution
CDM and ME+PS are almost identical.
In figure 6.13 we show one of the major results of the study of the hadronic final
state [45]. In this figure the energy weighted A 77 distribution is shown as a function
of At), for a low x region, x < 10~ 3 . Here A77 is defined by:
.
ATJ

. ,tan 0/2.
= -ln(
'—),

Uan7/2 ; '

i.e. the rapidity of the energy deposit with respect to the rapidity defined by
the hadronic angle 7. The three plots show the same ZEUS data, represented
by the dots (observe the small error bars), but each plot contains predictions of
different Monte Carlo models. In 6.13a the full histogram is ME+PS, the dashed
histogram PS(W 2 ), the dotted histogram PS(Q 2 ) and the dash-dotted histogram
ME. In 6.13b the full histogram is CDM+BGF, the dashed histogram CDM and the
dotted histogram PS(Q 2 (1 - a;)). In 6.13c the full histogram is HERWIG without
Soft Underlying Event, SUE, and the dashed histogram HERWIG including the
SUE.
First of all one would expect a peak around 7, therefore around A77 = 0, and
a peak in the forward direction (A77 w 4) from the proton remnant. It is now
striking to observe that the larger part of the energy lies between 7 and the proton
remnant, and not around 0. This shift is expected to be due to gluon radiation
from the struck quark.
We see that PS(Q 2 ) does show a peak around AT; = 0, and since the typical
values of Q2 are low for our sample, PS(Q 2 ) reflects the naive quark-parton model.
We can conclude that the naive quark-parton model is ruled out. The Lepto Matrix Elements model, ME, is also ruled out, but when combined with the parton
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the full histogram is ME+PS, the dashed histogram PS(W2), the dotted
histogram PS(Qi) and the dash-dotted histogram ME. In b) the full histogram is CDM+BGF, the dashed histogram CDM and the dotted histogram
PS(Q2(1 - x)). In c) the full histogram is HERWIG without SUE and the
dashed histogram HERWIG including the SUE.

shower model, ME+PS gives a satisfactory explanation. The ME model contains
the first order QCD processes boson gluon fusion and QCD compton scattering,
but apparently the higher order gluon radiation is needed. Some models produce
distributions peaked around the 7 direction, ME and PS(Q 2 ), the other models
produce distributions that are shifted towards positive A77. It turns out that this

6.10. Conclusions
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shift can to a large extent be attributed to the amount of BGF in the model and
higher order processes. It has been shown however that when the ratio of first order
to zeroth order processes is enhanced (resulting primarily in a large BGF contribution at low a;), ME also yields the peak shift. This makes us understand the
origin of the peak shift better, but since in that case some parameters of the model
are no longer physical, the higher order contribution is really needed. The PS(W 2 )
model significantly overestimates the distribution. At low x the values of W2 are
very large compared to Q2. Using the intermediate mass scale, PS(Q 2 (1 - x)) in
fig. 6.13b yields better results around the peak, but underestimates the energyflow
between the current jet and proton remnant.
In fig. 6.13b CDM+BGF gives the best representation of the data, better than
CDM. The importance of the boson gluon fusion process is established. From
fig. 6.13c we observe that HERWIG with SUE does not represent the data for the
remnant region. Without SUE the HERWIG predictions are in good agreement
with the data. This is expected as the SUE model was tuned to pp interactions,
to account for extra hadronic activity in the forward direction. It is clear that this
tuning will not be adequate for ep interactions.

6.10

Conclusions

We have shown that we are able to select Neutral Current DIS events covering a
large range in x and Q2. We have demonstrated the importance of the calorimeter
timing, momentum conservation and of finding the scattered electron in the selection
process. Our final data sample is in general well described by our Monte Carlo
simulation. The understanding of the data is well under control, apart from some
effects caused by dead material. After all selection cuts, the kinematic variables
were reconstructed with good resolution, especially when using the double angle
method. This resulted in the measurement of the proton structure function 2*2 •
The structure function F2 rises substantially as x decreases, a behaviour which
is adequately reproduced by the MRSD- parametrization, which incorporates a
singular gluon distribution at a Q2 = 4 GeV2.
Finally, we investigated the hadronic final state. Here we observed an excess of
energy around the beam pipe from the proton remnant fragmentation. Many models
were ruled out, because they failed to reproduce the hadronic energy flow of the
data. We observed that first order QCD processes, in particular boson gluon fusion
at low x, are needed in order to describe the data. In addition the contribution of
higher order gluon radiation, parton showers, is well established.
In the next chapter we will study the hadronic final state in the HCM, making use
of only the models that have given satisfactory results so far, knowingly CDM+BGF,
ME+PS and HERWIG.
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Chapter 7

ZEUS Data in the Hadronic
Centre of Mass Frame
7.1 Introduction
In this chapter we will study ZEUS data in the Hadionic Centre of Mass frame,
HCM. We will look at distributions that have been discussed already at the Monte
Carlo level in chapter 5. We will often refer to that chapter where we discussed the
influence of detector effects, boost and QED radiation. Here we will compare reconstructed data with reconstructed Monte Carlo results. The Monte Carlo programs
used in this analysis are CDM+BGF, ME+PS and HERWIG (No SUE), which all
gave a satisfactory description of the energy flow in the laboratory system. All
plots are based on calorimeter information, using condensates as energy clusters,
representing showers produced by single particles or by a set of particles lying close
together.
We will also discuss the unfolding of the measured distributions to obtain distributions at the level of the final state particles. This also includes a study of the
systematic error on the unfolded data.

7.2

Data selection

The events used in this analysis were selected using the criteria of chapter 6 for
the hadronic final state analysis. This implies that in addition to the 'box cut'
(eqn. 6.7) for electrons around the RCAL beam-pipe we use a Q2DA > 10 GeV2 cut.
This also defines the kinematic region for the distributions of the shape variables.
Furthermore we use a cut of rjmax > 1.8, to separate diffractive from non-diffractive
events. The diffractive sample will be discussed in chapter 8. Also, following the
discussion in section 4.2 and 5.4 we require:
137
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MC set
Structure function
HERACLES+ARIADNE
MRSD(CDM+BGF)
HERACLES+LEPTO
MRSD(ME+PS)
HERACLES+HERWIG
MRSD-

range
2
Q > 4 GeV

range
x > 0.0001

2
Qx> 4 GeV

X >

Q*> 4 GeV2

x> 0.0001

2

X

0.0001

Table 7.1: Description of the Monte Carlo data sets used.
• Pure EMC condensate energy cut
• Pure HAC or Mixed condensate energy, cut
• Condensate polar angle energy cut

0.20 GeV
0.50 GeV
5°

The variables thrust and sphericity aie only calculated for events with more than
one condensate in the forward region of the hadronic centre of mass system (xp > 0)
in order to achieve reliable values.
These conditions hold both for ZEUS data and Monte Carlo data.

7.3

Monte Carlo - Data comparison

In this section we will compare reconstructed distributions of the data with Monte
Carlo results. First of all we are interested in comparing Monte Carlo models with
different descriptions of the hadronic final state.
Three different Monte Carlo (MC) sets were used as shown in table 7.1. The
sample generated with Heracles+Ariadne(CDM+BGF) contains 30,000 events, the
other two about 20,000. These Monte Carlos have shown to give reasonable results
in the lab frame (see section 6.9) and will be investigated further here. Following the
results of the Fi measurement, all Monte Carlo's use the MRSD- structure function
parametrization.
In the following plots the points represent the ZEUS data, the full line shows
CDM+BGF, the dashed line ME+PS and the dotted line HERWIG, without soft
underlying event. All kinematic variables are calculated using the double angle
method, unless stated otherwise.

7.3.1

Condensate multiplicity

In figure 7.1a we show the distribution of the number of condensates and in figure 7.1b the mean value of the number of condensates as a function of log W2, all in
the forward hemisphere of the HCM. Although we have shown before in section 4.3
that not all condensates can be associated with a single particle, we can regard
the condensate multiplicity as a measure of the particle multiplicity in the HCM. In

7.3. Monte Carlo - Data comparison
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Figure 7.1: In a) the number of condensates in the HCM. In h) the mean
number of condensates as a function of log IV2. xp > 0. The legend in a)
holds also for b).
fig. 7.1b we see that the average condensate multiplicity increases with the available
hadronic centre of mass energy, in accordance with the expectation that the particle
multiplicity increases with W2.
In fig. 7.1a we see that all Monte Carlo distributions are shifted to smaller
values compared to the data. In figure 7.1b we see that at higher values of W2
ME+PS does not describe the data correctly. The multiplicity at these values of
W2 (equivalent to low x in our kinematic regime) is for ME+PS very sensitive to
the r/cut parameter (see fig. 5.7 of sec. 5.3.2) and clearly demands better tuning and
understanding. CDM+BGF describes the data in fig. 7.1b well. Both CDM+BGF
and HERWIG give a mean multiplicity that is about 1 unit lower than the data.
Part of this may be explained by the presence of extra dead material in the detector.

7.3.2 Energy flow
In figure 7.2 we plot the energy flow as a function of 6', where 6* is the polar angle
w.r.t. the exchanged virtual boson direction (see fig. 5.2). The data shows a clear
peak at 6* = 0 stemming from the current jet, showing us that the current jet and
target remnant are nicely separated in the HCM. The peak from the target remnant
for high 8' is absent due to the polar angle cut-off of 5° (compare with fig. 5.19 for
the generated distribution without cuts). All Monte Carlos describe the data well.
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Figure 7.2: The energy flow as a function of 0'

7.3.3

Pseudorapidity distributions

In figure 7.3 we show the pseudorapidity distribution for four ranges of W2, since
the particle flow in rf depends strongly on the available centre of mass energy. We
observe that the data show a widening in rf with increasing W2. The peak from
the current jet in the forward region (see section 5.4.1) shifts towards higher values
of T)~ for larger values of W2 (fig. 7.3c and d). The beam pipe cut-off of 5° results
in a 7?*-cut around 0. In the low W2 region (fig. 7.3a) all MC sets reproduce the
data well. This region lies close to the regions covered by previous experiments
(e.g. E665) and therefore the Monte Carlo programs have already been tuned at
these energies. In the higher W2 regions we see that for higher values of 77* (around
T)* — 3.0 in fig. 7.3c and rf = 3.5 in fig. 7.3d), where one expects the current jet to
be, both ME+PS and CDM+BGF reproduce the data well. For lower values of rf
the data shows a strong influence of the proton-remnant fragmentation, in the large
peaks in fig. 7.3b, c and d. Only HERWIG and CDM+BGF reproduce a similar
peak, but HERWIG does not describe the data well for higher values of rf for large
W2. It has to be noted that without the BGF process, CDM does not reproduce
this peak and is similar to ME+PS. This emphasizes the importance of the bosongluon fusion process, especially at low x and would indicate that increasing the BGF
contribution in ME+PS is necessary. The multiplicity abundance at low values of
T]" coincides with the results found in the lab system (see fig. 6.12), where a similar
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Figure 7,3: The pseudorapidity distribution in the HCM in four ranges of W2.
The legend in a) holds for all other plots.

underestimate of calorimeter cell multiplicity around the beam-pipe is seen for the
various MC programs.
In figure 7.4 we show the transverse energy weighted pseudotapidity distribution
in the four regions of W2. We have shown before that condensates reproduce the
energy flow more closely than the particle flow. The peak structure around the
current jet (at higher values of TJ* ) as predicted by the different MC programs is
not found as pronounced in the data (plot c and d). Again the low W2 region is
well described by all MC programs. In. fig. 7.4b the data shows a similar abundance
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Figure 7.4: The transverse energy weighted pseudorapidity distribution in the
HCM in four ranges ofW2. The legend in a) holds for all other plots.

as in the pseudorapidity plots at low rf. In fig. 7.4c and d the peaks at low rf are
described by HERWIG and CDM+BGF, but HERWIG fails to describe the part
for higher values of 7?', especially in fig. 7.4d. Again CDM+BGF shows the best
results.
In both the rf distribution as in the transverse energy weighted distributions
we see that the ME+PS model fails to reproduce the distributions near the forward
hemisphere. The CDM+BGF performs much better but still somewhat undershoots
the data in this region. By contrast, the HERWIG MC does not manage to repro-

7.3. Monte Carlo - Data, comparison
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duce the data at intermediate values of 77*. This is most likely due to the absence
of the hard gluon radiation in this model. Overall the CDM+BGF performs best,
because it incorporates both hard scattering and target fragmentation.

7.3.4
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Figure 7.5: In a) the mean p'T2 as a function of log Q2. In b) the mean p^2 as
a function ofxp. In c) the full mean pj. 2 distribution. The legend in a) holds
for all other plots.
In earlier experiments, evidence for QCD radiation was provided by the observed
increase in the average pj. 2 with W2 or Q 2 . Recently, the E665 experiment [47]
presented measurements of the average p j 2 for (l+2)jet events in DIS where the
Q 2 dependence was claimed to be consistent with the running of a, as predicted by
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lowest order QCD calculations. With the present statistics this is not yet possible
at HERA, however we have shown at the generator level that this distribution for
all events is sensitive to a, using ME+PS (fig. 5.3).
In figure 7.5a we show the mean event p j 2 as a function of log Q2. In the lower
regions of Q2 the average value is slightly above the canonical value of 0.3 GeV (due
to effects of boost and condensate forming (see chapter 5) and an increase with Q2
is clearly visible. Except for the lowest region of Q2 (1 < logQ 2 < 1.25) all models
describe the data well. In fig. 7.5b we have plotted the mean p j 2 as a function
of Feynman x, XF, the so-called "seagull"-plot. This distribution has been used
previously because it is very sensitive to different Monte Carlo models and to show
the contribution of soft gluon radiation, which increases the transverse momentum
flow around the struck quark. Both CDM+BGF and ME+PS describe the data
well, but HERWIG underestimates the distribution. In fig. 7.5c we have plotted the
full mean pj, 2 distribution and see no large discrepancies.

7.3.5

Global event shape distributions

In this section we show the event shapes in the HCM, using the global event
shape variables introduced in section 5.2. Remember that for pencil-like events
1 — T fs 0 and 5 « 0, for spherical events 1— T ss 0.5 and S ss 1, for planar events
A « 0 and for symmetric events O ss 0. In figure 7.6 the full distributions are
plotted in the low W2 range, 3.2< logW 2 <4, because this region has the largest
sensitivity to QCD effects. Compared with the data HERWIG shows in all plots a
tendency towards flatter (lower Aplanarity) and less spherical (lower S and 1—T )
event shapes. Both CDM+BGF and ME+PS describe the data well in all plots.
We will now look at the scale dependence of the shape variables. As was mentioned in section 5.3.1, the most natural choice of scale is W2 since this is the
available centre of mass energy in this system. This scale however depends also
on the other kinematic variables and is in addition very dependent on the protonremnant. In figure 7.7 the typical decrease of the mean 1-T and 5 with the available
CMS energy (y/3 in e+e~) is seen when we use W2. The increase in 1-T and 5 with
Q2 stems from the condensate forming and is not representative of the behaviour
at the particle level (see fig 5.4b). In our generator level study we have shown in
section 5.3.1 that the mean 1— T as a function of W2 is sensitive to A.QCD for lower
values of W2, whereas less sensitivity is seen when using Q2 as the scale.
The mean 1 — T distribution as a function of W2 is not very well reproduced
at high W2 by any of the MC programs. Especially ME+PS predicts values several standard deviations away from the data points. HERWIG underestimates all
distributions over the whole kinematic range, showing less spherical event shapes.
The mean S distribution is well described by CDM+BGF. As we have shown in
chapter 5, thrust is linear in momentum and therefore less sensitive to detector effects but more sensitive to real physics, compared to sphericity (which is quadratic
in momentum). This might explain why the discrepancy between data and Monte
Carlo is different for thrust and sphericity.

7.3. Monte Carlo - Data, comparison
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Figure 7.7: The mean 1—T and mean S distribution as a function of log W2
and log Q2. The legend in a) holds for all other plots.
In order to separate the interdependence of the kinematic variables, we show in
figure 7.8 the mean 1-T distribution as a function of W2 for three ranges of x. In the
low x region (fig. 7.8a and b) we see that all models underestimate the distribution
and in particular that the ME+PS distribution is several standard deviations away
from the data. In the region 0.001< x < 0.01 also large differences are seen, but in
the high a; region, x > 0.01, both CDM+BGF and ME+PS reproduce the data.
In figure 7.9 we plot the variables Oblateness, Aplanarity, Thrust-major, Thrustminor as a function of W2. The overall conclusion is that the data shows more
spherical event shapes in comparison with the prediction of any of the MC programs. The differences between the data and the predictions of CDM+BGF are
small. HERWIG shows the largest differences, again indicating the absence of hard
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gluon radiation.

7.3.6 Multijet events
As we have seen before, the global event shape variables are sensitive to higher order
QCD processes. Another way of showing this is is by looking at a sample of multijet events in the HCM. We selected (2+1) and (3+1) jet events in the lab system by
using a cone based jet-finder based algorithm, with RCOne — ^ / ( A T J ) 2 + (A<£)2 = 1.
The number of jets includes the proton remnant, indicated by using the +1 notation.
In figure 7.10a and b we plotted the 1-T and S distributions for multi-jet
events both for data and a ME+PS Monte Carlo sample. The dashed line depicts
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the distribution for all data. We see that indeed the event shapes for multi-jet
events are more spherical in the HCM compared to the inclusive distributions. The
same behaviour can be seen for the < 1 — T> and < S > distribution as a function
of log W2 in fig. 7.10c and d. In the future when there will be more statistics, this
is an interesting way of looking at the <xs dependence as a function of W"1 or Q2.

7.3.7

Conclusions

From the comparison of our models with the data we have learned that CDM+BGF
gives the best representation. The predictions from HERWIG and ME+PS are
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clearly not in agreement with the data. In HERWIG the hard gluon radiation should
be included before tuning as it is likely that the major part of the discrepancies are
due to the absence of this process. The ME+PS program shows discrepancies in
the proton remnant fragmentation. This could possibly be cured by increasing the
contribution of the BGF process or the addition of parton showers from the proton
remnant. On the whole the BGF+CDM gives acceptable agreement although some
tuning of the forward region is still necessary as indicated by figs. 7.3, 7.4 and 7.7.
We choose to use CDM+BGF to unfold our data distributions in the next section.
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Up to this point we have made a comparison between the ZEUS data and reconstructed Monte Carlo data, but eventually it is preferable to correct the data for
detector effects and QED radiation. In that case Monte Carlo comparison can be
done at the generator level, and the data can be compared with unfolded data from
other experiments.
Generally, measured distributions are unfolded for the effects of finite detector
resolution and acceptance using a bin-by-bin correction. The correction is determined by comparing a distribution of a given variable from a MC sample with-
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out detector simulation i.e. generator level (G), to the corresponding distribution
when detector simulation and QED radiative effects are included (R). These latter
events are subject to the same reconstruction algorithms and event selection criteria used with the experimental data. If NG MC events are generated and H?
is the population of bin i in the variable distribution, the bin correction factor is
d = (H?/NG)/(Hfl/NR).
Here NR is the number of events surviving the detector
R
simulation and H is the bin population.
The corrected bin population, Hf', of bin i in the experimental distribution with
uncorrected population K?, is then Hf - Ci.H? [32]. This technique generally
works well provided the generated and reconstructed values of the variable correlate
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reasonably well, i.e. there are no large migrations. Otherwise more sophisticated
matrix unfolding techniques requiring large MC samples are required [31]. Here we
use the first method, employing the Heracles+Ariadne (CDM+BGF) data sample
with MRSD- to obtain the central value for the correction coefficients.

7.4.1

Systematic checks and systematic error

In order to determine a systematic error on the unfolded data points, several checks
were made. First of all, we varied the different cuts as described in chapter 6 both
for the data and the MC set. We also used a different electron finder, EF2 (see
chapter 6) and lowered the energy cuts on the condensates to remove only the noise
condensates. We varied the structure function parametrization and finally we also
used ME+PS to determine an alternative correction factor. Although we checked
the results with HERWIG too, we did not use this sample in the final error because
HERWIG has shown too many discrepancies with the data in several distributions.
The complete list, of checks is given with an explanation. The following checks affect
the background contribution:
• The E - pz cut was moved from 35 to 30 and 40 GeV.
• The cut on the electron energy was moved from 5 to 8 GeV.
• The yeicc cut was moved from 0.95 to 1 and 0.7.
The following checks affect the efficiency and the dependence on the quality of event
reconstruction:
• The Q2DA cut was moved from 10 to 6 and 15 GeV.
• The box-cut was removed.
• The forward (xp >0) multiplicity condition was raised from 1 to 2.
The following checks affect the contribution of diffractive events:
• The 77mal cut was removed.
• A

EFCAL

cut 0I" 1 GeV was introduced.

The remaining checks are:
• The yJB cut was moved from 0.01 to 0.005 and 0.02. This affects the noise
contribution and the quality of the boost vector.
• A XDA cut of 0.003 was introduced. This reduces the uncertainty at low a;.
• A different electron finder, EF2, was used. This affects the event kinematics
and the migration of electron energy to the hadronic final state.

7.4. Unfolding of the Data
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• The condensate energy cuts were lowered to E™c > 0.11 Gev and
0.17 GeV. This will check the influence of including bad condensates as described in section 4.3.2.
• A different structure function parametiization was used (MTB1), showing the
influence of using different parametrizations.
• Two different Monte Carlos were used, ME-f PS and HERWIG, to show the
sensitivity to the final state simulation.

7.4.2

Unfolded results

In figure 7.11a we show the unfolded data for < 1 - T > as a function of log W2
(compare with fig. 7.7 for the uncorrected data). The full points represent the
unfolded data, where the thick error bar reflects the statistical error and the thin
error bar the total error, where the statistical and systematic errors have been
added in quadrature. The systematic error was estimated by looking at the largest
deviation of the unfolded points from the central value (as described below). Also
a correction was made on the mean value of log W2 in each bin, so that each data
point is corrected to the generator value of < logW 2 > in the bin. The lines
show the Monte Carlo non-radiative (Born level) predictions at the generator' level,
using particles that originate from the primary vertex or the decay products from
particles that have decayed within 10 cm from the primary vertex (see section 5.4),
with Q2rue > 10 GeV. The unfolded data lie above all MC predictions for higher
values of W2. In figure 7.11b the < 1 — T > distribution is plotted for the various
MC programs both on the generator level (the thick lines) and the reconstructed
level (the thin lines). For example the correction factor for CDM+BGF is given by
going from the thin full line to the thick full line. Note that in the low W2 region
the correction factor for HERWIG is substantially different from the other two MC
programs.
In figure 7.12 we show the unfolded data points for < 1 - T > separately for each
bin of log W2, where the bins are taken from fig. 7.11. Each histogram corresponds
with one bin in log W2 and the different points are the results of using different
conditions for the unfolding procedure. The conditions are described in the previous section. The top histogram shows data for the lowest bin in log W2, followed
by histograms for increasingly higher bins in logW 2 , where the histogram at the
bottom is for the highest bin. The first point in each histogram reflects the central
value of the unfolded data, using the standard cuts. The other points ate results
of the unfolding using variations of cuts and of other characteristics. We observe
that for the first two bins of log W2 using HERWIG (check # 20) results in a large
deviation of the central value. Because the overall agreement of HERWIG with the
data is not very good and the large uncertainty in the correction factor when using
this MC program, we decided to discard this point in our estimate of the systematic error. We thus take the largest deviation from the central value without the
HERWIG results as our systematic error. It is clear that the unfolding is not very
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sensitive to the other variations, i.e. within the statistical errors. For instance the
variation of cuts that are known to be sensitive to photoproduction background,
like the E - pt ( # 2 and 3), the Eehe ( # 4) and the yelcc cut ( # 5 and 6), show
no large deviations. Also we see that if we use a different electron finder (#16) or
different energy cuts for the condensates ( # 17) or a different structure function
parametrization ( # 18) only small deviations occur. Variation of the Q2DA cut ( # 9
and 10) shows a relatively large effect, which is probably due to the higher accuracy
of reconstructing the electron with higher Q\)A- This brings us to the conclusion
that the data are well understood and can be used to discriminate between the
various MC programs.
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The five windows each correspond with one legion in log IV2, increasing icom
top to bottom. Each bin represents the result for a particular check.
In figure 7.13 the unfolded data distribution of < S > as a function of log W2 is
plotted (compare with fig. 7.7). No discrepancy between the data and CDM+BGF
and MEPS are seen. The results of the systematic checks are plotted in figure 7.14,
where again we see that HERWIG (condition # 20) gives different unfolded values
compared to the variation of the cuts (conditions # 2 to 18). Unlike the thrust
distribution, sphericity is more sensitive to the cut in yjs, in accordance with
the conclusions of chapter 5. The quadratic nature of sphericity leads to a high
sensitivity of energy around the forward beam pipe. Again the variation in Q2DA
shows a relatively large effect.
In figure 7.15 we unfolded the full 1— T distribution (in a) and the full S dis-
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tribution (in c) for 3.2 < log W2 < 4 (compare with fig. 7.6). The thick error bar
represents the statistical error, the thin error bar the total error, where the statistical and systematic errors have been added in quadrature. We used the same
systematic checks as before to estimate the systematic error. The error is dominated by the difference in the correction factor when using CDM+BGF or ME+PS.
In fig. 7.15b and 7.15d we show the generated distributions (the thick lines) and
the reconstructed Monte Carlo distributions (the thin lines). The correction factors
can thus be found by going from the thin lines (the reconstructed distributions) to
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the thick lines (the ideal generated ones). Although at the reconstructed level the
predictions are similar, the generated distributions really show a different shape,
resulting in different correction factors for CDM+BGF and ME+PS. When using
HERWIG even larger differences are observed. The data indicates a preference for
CDM+BGF, however a better understanding of the Monte Carlo models is needed
before we can get to an acceptable measurement with higher statistics.

7.5

Conclusions

We have observed that Monte Carlo models reproducing the general features of the
data very well in the lab frame, fail when one starts investigating more detailed
distributions in the hadronic centre of mass frame. Although it is clear from the
distributions in the HCM that first order QCD processes and higher order gluon
radiation are needed to describe the data, a better understanding as well as tuning
of the models is necessary. We have emphasized the importance of the contribution
of the boson gluon fusion process in our models and stated that there are signs
that increasing the BGF contribution in the ME+PS Monte Carlo will improve its
predictions. We have also seen that the three models used show different behaviour
for different distributions, although in general we may conclude that CDM+BGF
gives the overall best description. However, it shows discrepancies in the figs. 7.37.4 and 7.7. HERWIG shows the least agreement with the data, the predictions of
ME+PS are slightly better.
We observe a discrepancy between data and Monte Carlo predictions in the pseudorapidity distributions for low values of rf. This coincides with the observation in
the lab system that the data show a higher multiplicity and energy flow around the
beam-pipe in the forward region of the detector. We also observe a higher 1—T in
the data, thus a wider event shape, which might originate from the same cause.
Overall the models seem to have difficulty reproducing the data even in the
current fragmentation region, where these models have been tuned on e + e~ data.
It is thus clear that effects due to the hadronic nature of the initial state (Boson
Gluon fusion, initial state QCD radiation) complicate matters in ep scattering even
in the current jet region. Most notably the region of large W2 poses a problem for
all models and also the exact description of the transition from current jet to proton
remnant fragmentation needs to be investigated more deeply. On the whole however,
the data is well understood qualitatively and when we try to unfold the mean shape
distributions we find that the final correction factors are relatively small. We do
find that for the full shape distributions we have very different correction factors
for CDM+BGF and ME+PS, although both models predict similar distributions
at the uncorrected level. The distributions chosen here are thus quite sensitive
to the details of the modeling of the final state. At present the statistics of the
experimental data are too poor to allow for exact tuning, but is is clear that with
added statistics these distributions will allow a sensitive investigation of the details
of the models.
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Finally we must conclude that the CDM+BGF model is in some sense the most
complete, in that it incorporates the higher order hard scattering matrix elements,
boson gluon fusion and QCD compton scattering and a description of the hadronisation of the proton remnant. It is therefore no real surprise that this model
reproduces the data best. It however does still have some problems in reproducing
the energy/particle flow in the direction of the proton remnant.
The other two models ME+PS and HERWIG suffer from the fact that certain
channels have been ignored; the higher order hard scattering (HERWIG) and boson
gluon fusion (ME+PS). They also do not treat the target remnant properly. These
omissions will first have to be rectified before a detailed comparison will be possible.

Chapter 8

Diffractive events
8.1

Introduction

In this chapter we discuss a new class of events in deep inelastic neutral current
scattering at HERA. These events are characterized by an absence of energy around
the forward beam-pipe, in other words they have a large rapidity gap in the detector
between the proton-remnant direction and the hadronic activity.
We will investigate this sample both in the lab and hadronic centre of mass frame,
in a similar way as we have done in the previous chapters for the non-rapidity gap
sample of events.

8.2

Selection of events with a large rapidity gap

After the standard selection of deep inelastic events, a substantial number of events
were observed which had a very small amount of energy in the Forward Calorimeter.
These events were not reproduced by the Monte Carlo programs. Figure 8.1 shows
the energy distribution in the FCAL where the dots represent the data and the
histogram the prediction of the Monte Carlo program Heracles+Ariadne (CDM).
These events were first thought to stem from electron-gas interactions, which have
a similar event signature, but when more data was collected this possibility could
be ruled out. The measured rate of these events far exceeded the rate extracted
from the pilot bunch measurement.
The standard mechanism in DIS is the electron scattering off a coloured quark.
In this picture the proton-remnant is also a coloured object, causing a colour flow
between the remnant and the struck quark, see figure 8.2a. In that case one expects
a continuous particle flow between the remnant and the struck quark, that is to
say with energy deposits around the forward beam-pipe, as is also observed in the
data (see fig. 6.12). This is not consistent with the class of events with no energy
deposit in the FCAL, since we then have a large angular gap between the remnant
159

Chapter 8. Diffractive events

Page 160

^
•

6

8

10

12

14

16

18

20

Energy in forward calorimeter
Figure 8.1: The energy distribution in the forward calorimeter.

direction and the most forwardly directed hadrons in the detector (see fig. 8.3).
The variable f]max, introduced in section 6.7.6, gives an estimate of the size of the
gap. For standard DIS events one expects 7/ maI ss 4, close to the forward beampipe. In figure 8.4 this distribution is plotted for all data and for two Monte Carlo
predictions, where we used condensates with EEMC > 0.2 GeV and EMix > 0.5
GeV. The different calorimeter regions (the rear, barrel and forward calorimeter)
are indicated with dashed lines. The fact that rjmax can extend to values in the
beam-pipe is caused by an artifact of the condensate algorithm for calorimeter cells
around the beam-pipe region. A clear excess of events is seen in the data for values
of Vmax <1.5) compared to the standard Monte Carlo predictions. In the data we
observe 89 out of 1441 events with rjmax < 1.5, while only 4±1 events are expected
from the Monte Carlo. From Monte Carlo studies we estimate the electron-gas
background to be 7±3 events. We therefore find an excess of 78± 10 events or 5.4
% of the totai DIS sample.
The above mentioned value for r]max corresponds with a rapidity gap of 2.8 units
between the proton-remnant and the most forward going hadron (the maximum
rapidity possible is the rapidity of the beam-pipe, 4.3 units). We now look at the
rapidity gap distribution of the data, in order to see what the probability is to have
a rapidity gap of 2.8 units in normal fragmentation. We order all condensates in
T7 and plot each gap. This is plotted in figure 8.4b, where the dashed line reflects
a gap of AT7=2.8. In [48] it is shown that if particles uniformly populate the full
rapidity range available and the multiplicity distribution follows Poisson statistics

8.2. Selection of events with a Jarge rapidity gap
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Colourless

Pip)
Figure 8.2: In a) a schematic diagram is given for standard DIS, where the
incoming electron scatters off a coloured parton from the proton. This causes a
colour Bow between the struck parton and the proton remnant. In b) a diagram
is given for diffractive scattering in DIS. There is no colour transfer from the
proton to the diffractive state, X, with mass Mx- t is the four-momentum
transfer from incoming proton, P(p), to scattered proton or low-mass nuclear
system, N(p').

with mean <N>, then the density of gaps per unit of rapidity is given by:
=

pexp(-p(A77)),
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Figure 8.3: An example of a rapidity-gap event. The ZR-projection,
.XY-projection and the transverse CAL energy are plotted. The proton remnant around the FCAL beam-pipe is absent. The reconstructed kinematics
are Q2DA = 17 GeV and xDA = 0.0018.
p is the mean rapidity density. For e + e data p « 2. If we fit this function to
our uncorrected data, that is the condensate gap distribution of fig. 8.4b, we get
a p w 1.5 for the right part of the figure (we fitted to a sum of two exponentials,
also one for the steeper part for the lower values of At]). When we integrate this
function for A»; > 2.8, we expect that approximately 0.15% of the events will have
such a gap, corresponding to about 3 events. This shows that the large rapidity
gap events can not be explained by normal fragmentation of standard DIS events.
Deep inelastic events due to diffractive photon-proton scattering are expected
to produce large rapidity gaps. In figure 8.2b this process is schematically depicted.
In contrast with the standard deep inelastic picture of fig. 8.2a, the momentum is
here transferred by a colourless object, represented by the dashed line. Since there
is no colour flow between the recoiled diffractive state X, with mass Mx, and the
scattered proton (N(pi)), one expects no colour flow between the proton direction
and the diffractive state. In the case that the diffractive state is far away from the
proton direction this will cause a large rapidity gap. We will now define our diffractive sample to consist of those events that pass the cut T)max > 1.5. Historically this
was the first selection criterion used in order to further investigate these events [49].
Models that attempt to describe diffractive scattering can generally be put into two
categories. On the one hand we have models that introduce the Pomeron as an
exchanged "particle" [50]. This particle has the quantum numbers of the vacuum
and was introduced long ago to explain both the shape of the proton-proton total
cross section as a function of centre-of-mass energy and diffractive scattering in pp
collisions. On the other hand we have models that attempt to explain diffraction
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in terms of QCD [51] (in lowest order this entails an exchange of two gluons). The
observation of these events at HERA gives us the opportunity to investigate these
models.
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Figure 8.4: In a) the rjmax distribution for the data and for the Monte Carlo
predictions. In b) the rapidity gap distribution for the data, with a double
exponential fit. The dashed line represents a rapidity gap of 2.8 units.

8.3

Comparison with Standard DIS events

We will now look at data distributions for events with a large rapidity gap, rimax <
1.5, compared with the standard DIS events (t]max > 1.5). We discuss how we
determine the mass Mx of the hadronic final state, X. First we determine the
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Figure 8.5: The observed mass, Mx, distribution of the hadionic final state
for events with and without a Jarge rapidity gap.

polar angle of the final hadronic system through:
(8.1)
where the sum runs over all calorimeter cells i, excluding those assigned to the
scattered electron. Then we determine the energy, EH, and momentum, PJJ, of the
hadronic system using the double angle formulae (»de section 2.4), assuming now
that the hadronic system has a mass and that we do not loose much PT in the
FCAL beam hole:
2
H

_

EH = 2EeyDA

s n r BH
PHCOSQH,

(8.2)
(8.3)
(8.4)

In figure 8.5 we plot Mx and we see that for the rapidity gap events the distribution
is very different from the standard events. For diffractive events one expects a low
Mx as is also observed in the figure. It approximately falls off as j^j-, however we
have to mention that the we have large resolution and acceptance uncertainties.
In figure 8.6 we plot Mx versus the invariant mass W of the 7 ' p system. We
observe that the rapidity gap events populate the lower band in the plot, indicating
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GeV)

Figure 8.6: The observed mass, Mx, of the hadtonic final state, X, versus the
invariant mass of the y'p system, for events with and without a iarge rapidity
gapthat Mx is independent of W as one expects for diffractive events. Especially for
values of W > 150 the two samples are clearly separated.
In figure 8.7 we plot the fraction r of the events with a large rapidity gap as
a function of Q2 for two ranges of x. First of all we observe that a considerable
fraction (~ 5-10 %) of events have a large rapidity gap. Secondly we observe that
for a particular a; range this ratio shows little Q2 dependence and thus the rapidity
gap events have a Q2 behaviour similar to "standard" DIS. This means that it is a
leading twist effect [41].
For diffractive events the four-momeutum transfer, t, (see fig. 8.2) between the
incoming proton and the quasi-elastically scattered proton is typically very low.
For t we use:
t = -(p> - p)2 = -(q -Xf
= (X-k + k')2,
(8.5)
and

X + k' =

k

=

(8.6)

(8.7)
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Figure 8.7: The traction r o£ events with a iarge rapidity gap, t/n , . < 1.5, as
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where PT is the transverse momentum, Pz is the longitudinal momentum and E
the energy of the total final state. Therefore,
PT

t

(8.8)

=
E-E,
+ PZ)(E -Pz-

2EC) - PT.

(8.9)

Note that (E—pz —2Ee) is always small and that for difFractive events (E+Pz) is low,
therefore t is dominated by PT. In figure 8.8a we plot the i distribution for all data
and we observe a clear peak at low values. Here we have not used the Q%^ > 10
GeV cut. The rapidity gap events populate most of the peak (indicated by the
dashed histogram), however, one may conclude that an alternative and potentially
better selection criterion would be to select on t instead of rjmax. In figure 8.8b we
plot t versus Mx and again observe a peak at low i and low Mx, indicating that
these are all difFractive events. In the next section we will not use the rapidity gap
cut, but select events with t > —100 GeV2 to be our difFractive sample.
In figure 8.9 we plot the x distribution for the proton remnant (calculated by the
missing Pz in the detector). We see a peak near 1, another indication for difFractive
events. The rapidity gap events also populate this peak.

8.4

Diffractive events in the HCM frame

After applying the selection cut with t > —100 GeV2 we have a sample of 231
difFractive events. This is a fraction of 12.5% of the total event sample and a
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Figure 8.8: In (a) the t distribution for all data and the rapidity gap events,
in (b) t versus Mx for all data. No Q2DA > 10 GeV cut was used.
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Figute 8.9: The x distribution for the proton remnant for all data and the
rapidity gap events.
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Figure 8.10: The mean number of condensates in the forward hemisphere
(xp > 0), as a function of W in a) and as a function of Mx in b). The
diSractive events have t > -100 GeV3.

considerable enhancement compared to the selection of rapidity gap events. We
will now look at the properties of these events in the hadronic centre of mass frame,
or 7*p frame, which is a natural choice for these events. In figure 8.10a we plot the
mean number of condensates in the forward hemisphere (xp > 0) as a function of
W, in figure 8.10b as a function of Mx- We observe that this multiplicity, that can
be regarded as a particle multiplicity, does not show a dependence on W for the
diffractive events. As expected we do see a clear dependence on Mx- In the y*p
frame we expect the difFractive state, X to have positive values of rapidity and the
scattered proton to have negative values, thus clearly separated. In figure 8.11 we
plot the pseudorapidity distribution, »/*, in four ranges of W2. We expect an absence
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Figure 8.H: The pseudorapidity distribution in four ranges of W2. The di/fractive events have t > -100 GeV.

of the peak from the proton remnant for low rf (see section 7.3.3) and this is also
what we observe, especially in figs. 8.11c and d. We also observe a peak structure
at high values of TJ" (r]"=3 in fig. 8.11c and 77* =3.5 in fig. 8.lid). This implies a
higher particle density and indicates that these events are dominated by low mass
excitation. The fact that we still find entries for low values of rf implies that this
sample contains background from standard DIS events. Similar observations can
be made for the transverse energy weighted pseudorapidity distributions, plotted in
figure 8.12.
In figure 8.13 we plot the mean 1—T distribution as a function of log W2. We see
that the difFractive events show a narrower event shape compared to the standard
event sample. This is in accordance with the fact that we observe less multiplicity
at low 77* due to the absence of particle flow between the proton-remnant and the
current jet (or hadronic system X in the case of difFractive events).
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We have observed a class of events in deep inelastic scattering with a large rapidity
gap that cannot be explained by standard fragmentation mechanisms. They contribute 5.4% to the total DIS sample and are a leading twist contribution to the
proton structure function. The existence of these events can be explained by the
diffractive dissociation, where the four-momentum is transferred by a colourless
object, for instance a Pomeron.
When we select the diffractive events with a low value of t, we find a sample
that contributes about 10% to the total sample.
The distributions in the hadronic Centre-of-Mass frame show a behaviour consistent with no colour flow from the current jet to the proton remnant. For low
values of W (i.e. large values of x) the separation between DIS and diffractive dissociation becomes difficult, as a large fraction of the information needed to calculate
t disappears down the forward beam pipe. At large W the separation is very clear.
The diffractive events are significantly more "pencil" like than the DIS events, especially at high W. This is consistent with low mass excitation with no particle
production between current jet and remnant.
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Conclusions
In oui analysis of the hadionic final state for neutral current deep inelastic scattering
(NCDIS) events, we first of all are interested in the reconstruction of individual final
state particles. We therefore investigated the properties of local energy clusters,
called condensates as our approximation of single particles. We found that around
the current jet and the proton remnant fragmentation the particle density is high
and that typically several particles enter into one condensate. Between the current
jet and the remnant, the condensates represent single low energy particles. In
general, the energy flov is well represented by the condensate energies. We also
observed that using energy cuts on the condensates is very useful for removing
noise in the calorimeter. The removal of these condensates in addition results in
a considerable improvement in reconstructing the event kinematics, especially for
lower values of y, down to y = 0.01. In general we conclude that the calorimeter
provides a fine instrument for measuring the hadronic final state.
In our systematic study of the behaviour of shape variables in the hadronic centre of mass frame, wo found that event shape variables are very sensitive to QCD
effects, such as the variation of as and to several model parameters that govern
the hadronization. We showed that we can reconstruct the Lorentz boost vector
with high accuracy and that event shapes are hardly affected by the transformation, when we use the DA reconstruction method. Comparing shape variables, we
found that the variable thrust is not as sensitive to detector effects as the variable
sphericity. This is due to the fact that the thrust variable is linear in the particle
momenta, whereas sphericity is quadratic. Effects of using condensates as an approximation of particles, of QED radiation and of the uncertainties in the structure
function parametrization are well understood, we can therefore reliably perform our
investigation of the ZEUS data in the HCM.
From our study of the data in the laboratory system, we learned that only
three Monte Carlo models describe the data correctly, ARIADNE(CDM-fBGF),
LEPTO(ME+PS) and HERWlG(No SUE). This implies that first order QCD processes as well as soft gluon radiation are necessary to reproduce the data. This fact
is corroborated by our study of the hadronic final state in the hadronic centre of
mass frame. However, we found that although these three models describe general
features of the data well, they fail to reproduce more detailed distributions in the
HCM, where differences emerge between the three models. Only one of the three
173
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models, CDM+BGF gives an adequate overall desciiption. Distributions like the
energy flow in pseudorapidity indicate what the cause is of the deviation between
the models and the data. HERWIG suffers from the fact that the highei order hard
scattering is not included, for ME+PS the contribution of the boson-gluon fusion
process should be increased. The data does exhibit a wider event shape for large
W2 and shows more energy in the transition region between the current region and
the remnant region. This may coincide with the findings in the laboratory frame
that show an excess of energy around the forward beam pipe. Overall we may
say that the hadronic nature of the initial state makes it difficult to describe the
final state correctly, even in the current region of the HCM. The description of the
proton remnant is not complete and far from being understood. However, the data
does give an outlook on the measurement on a$ • Further tuning of the models is
necessary.
Finally we investigated a subsample of the NC DIS events, of which we demonstrate that they show a diffractive behaviour. These events cannot be explained by
standard fragmentation mechanisms and contribute to at least 5 % of the total NC
DIS sample. The distributions of these events in the HCM show a behaviour consistent with the absence of colour flow from the current jet to the proton remnant.
This indicates that the four-momentum is transferred by a colourless object.
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Summary
The main subject of this thesis is the study of the hadronic final state in deepinelastic electron-proton scattering. Fourty years of history in electron-proton scattering has proven it to be invaluable to our understanding of the fundamental properties of matter. In particular properties of the proton have been investigated, which
culminated around 1970 in the discovery of the partonic structure of the proton. In
that time ep scattering experiments were performed at SLAC, indicating that the
proton was built up of point-like constituents, the quarks. The quarks interact with
each other through the strong force bosons, the gluons. The theory of Quantum
Chromodynamics (QCD) describes the strong force and leads to a dynamic picture
of the proton: it consists of 3 valence quarks and a number of sea quarks and gluons, interacting with each other. The deep-inelastic scattering (DIS) experiment
described in this thesis is performed with such a high resolution that the substructure of the proton is probed by the electron beam with a resolution of less than
10- l s cm.
Our study was performed with the ZEUS detector at the ep collider HERA. In
1992 HERA provided a centre-of-mass energy of y/s = 296 GeV through a proton
beam energy of 820 GeV and an electron beam energy of 26.7 GeV. The data used
in this thesis was taken in the fall of 1992 when a total integrated luminosity of 24.7
nb" 1 was collected. The final event sample consists of about 2000 events of high
quality covering a range in x and Q2, x > 10~* and 4 GeV2 < Q2 < 4700 GeV2.
The experimental setup is such that it permits a good measurement of the hadronic
final state in this new range of x and Q2.
To a first order approximation high energy electron-proton interactions can be
considered as electron-quark interactions: the exchanged virtual photon has a wavelength small enough to probe constituents of the proton. The short wavelength 'photon beam' resolves the quarks within the proton and the struck quark is 'kicked' out
of the proton. However, due to the specific nature of the strong force, the struck
quark is not measured directly. The strong coupling decreases when the distance
between quarks gets smaller, but increases to such a value at large distances that
free quarks can never occur. Therefore, when the quark gets 'kicked' out of the
proton, it will create quark-antiquark pairs and will "dress up" as composite particles, the hadrons. We will thus find a jet of particles from the struck quark, the
current jet and a jet from the proton debris, the remnant jet. Hence, QCD does not
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only describe the dynamic structure of the proton but also the hadronic Anal state.
The theoretical principles of DIS are described in chapter 1. The NC DIS process
is described by two Lorentz-invariant variables, x, the momentum fraction of the
struck quark, and Q 2 , the virtuality of the exchanged vector boson. The DIS cross
section is given in terms of structure functions, which can be expressed in terms of
parton densities. The hadronic final state does not only consist of the hadronized
quark and proton remnant, in addition QCD predicts gluon radiation before and
after the interaction, gluons splitting in quark-antiquark pairs and string-like effects
caused by the colour flow between final state partons. In this thesis we show that we
can only describe the experimental data when we incorporate these QCD induced
effects.
Several computer models exist that describe the ep scattering including the QCD
mechanisms. Each model uses a different approach in describing the QCD effects,
some models describe only part of the interaction, so that a combination of models is
useful. In order to compare the predictions of these models with the experimental
data and in order to investigate experimental efficiencies and acceptances, event
generators incorporate these models and produce four-vectors of the final state.
These four-vectors are fed into a detector simulation program resulting in data
similar to the experimental data. For our study of the hadronic final state we use
the ZEUS calorimeter, a hermetic detector that measures the energy of electrons
and hadrons with high resolution as described in chapter 2. In this chapter we
discuss the properties of the HERA collider and the complete experimental setup
of the ZEUS detector in 1992.
In order to process the data we need offline software and a well defined datastructure. This is discussed in chapter 3, where we in particular describe the functionality,
design and use of a sophisticated 3D event viewing package, GAZE. This package
uses computer graphics to display events and it offers the opportunity to interactively investigate any object on the screen, a track, cell, cluster, etc. The package
is used as a tool to investigate events in an extensive way and proved to be very
useful in developing and testing reconstruction software for the tracking chambers.
Furthermore, the full colour pictures are used for public relation purposes.
For our study of the final state we are interested in reconstructing individual
final state particles, therefore we cluster calorimeter cells into condensates which
we use as an approximation of single particles. In chapter 4 we present a study
showing that this approximation works well, enabling us to investigate event shapes
with condensates. Furthermore we have shown that using condensates yields a
better resolution in reconstructing the event kinematics, so that we can extend the
kinematic region to y values of 0.01 (as opposed to the standard value of 0.04).
The analysis of the hadronic system is performed best in a reference frame where
the current jet and the proton remnant are well separated. The hadronic centreof-mass frame (HCM) is such a frame, where according to the quark parton model,
the remnant jet and current jet lie back-to-back. In chapter 5 we present a systematic study using Monte Carlo generated events of event shape variables like thrust
and sphericity in the HCM. We show that we can reconstruct the Lorentz boost
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vector with high accuracy using the so called double angle method. Furthermore
we observe that event shape variables are very sensitive to QCD effects, such as
the variation of the strong coupling constant a, and to several model parameters
that govern the hadronization process. Effects of using condensates as an approximation of particles, of QED radiation and of the uncertainties in the structure
function parametrization are well understood, we can therefore reliably perform
our investigation of the ZEUS data in the HCM.
We now turn to the experimental data. In chapter 6 we discuss the selection
of neutral current deep inelastic scattering events. We use several cuts to reduce
the background contribution and to enhance the reconstruction of kinematic variables. We obtain an event sample of about 2000 events of high quality. Taking
the acceptance into account, this corresponds to a cross section of about 125 nb for
Q2 > 10 GeV2. The general features of the data are in accord with the expectation
for NC DIS, as predicted by the several MC models. A discrepancy is found in the
forward region around the beam pipe, where the data shows more energy than the
several models. This indicates that the target remnant fragmentation is not very
well understood. Distributions of the energy flow in the laboratory system show
that only three models describe the data. These three models, LEPTO (ME+PS),
ARIADNE (CDM+BGF) and HERWIG are further investigated in the HCM by
looking at detailed distributions.
In chapter 7 we present the analysis of the data in terms of event shapes in
the HCM. We observe that all three models show specific behaviour in different
distributions. The model CDM+BGF shows the best results, although it underestimates distributions like the condensate multiplicity and energy flow around the
proton remnant. This model is based on the assumption that colour dipoles can be
formed of the final state quarks and gluons, including the remnant. The complete
final state can radiate gluons, simulating soft gluon emission. In addition the hard
boson-gluon fusion process is included to describe the data. HERWIG shows poor
results in many distributions, which indicates that the first order QCD matrix elements need to be included in this model. The data also indicates that ME+PS
needs a higher contribution of the BGF process. CDM+BGF includes the remnant
in a special way, whereas the other two models do not treat the remnant.
As we are able to investigate the systematics of the distributions and we find
that they are well under control, we show the corrected distributions of thrust (T)
and sphericity, as well as the corrected distributions of the mean value of 1 — T and
sphericity as a function of W2. The largest part of the systematic error comes from
the descrepancies between the MC model predictions. CDM+BGF describes the
data best.
The energy flow in the laboratory system shows a continuous flow of energy
between the proton remnant direction and the current jet. This is in accord with the
expectation that there is a colour flow between the remnant and the struck quark,
incorporated in the fragmentation used in the Monte Carlo models. However, an
excess of about 80 events is found that show a large angular gap wKh no energy
deposit between the remnant direction and the energy flow. These i:.ïge rapidity
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gap events are consistent with diffractive scattering where the four-momentum is
transferred by a colourless object. These events are the subject of chapter 8, where
we show they indeed have different properties as compared to standard DIS events.
When we select the diffractive events with a low value of t, the four-momentum
transfer from incoming proton to scattered proton, distributions in the HCM show
a behaviour consistent with no colour flow from the proton remnant to the current
jet.

Samenvatting
Verstrooiingsexperimenten zyn van grote invloed geweest op ons begrip van de structuur der materie. Reeds in het begin van deze eeuw, rond 1910, werd een verstrooiingsexperiment uitgevoerd waarby alpha-deeltjes verstrooid werden aan een dun
goudfolie. Uit dit experiment concludeerde Rutherford dat atomen opgebouwd zyn
uit een kleine, zware kern en een wolk van elektronen. Na deze doorbraak werden
atoomkernen, bestaande uit protonen en neutronen, onderzocht door er elektronen
aan te verstrooien. Rond 1950 werd het duideüjk hoe belangtijk elektron proton
verstrooiing was, aangezien hiermee de structuur van het proton zelf bestudeerd kon
worden. Dit leidde tot tal van experimenten die een grote hoeveelheid informatie
verschaften over het proton, met als hoogtepunt de ontdekking, in 1969, dat het
proton uit kleinere 'puntdeeltjes' bestond, de quarks. De quarks zyn aan elkaar
gebonden door de uitwisseling van krachtdeeltjes, de gluonen. Deze 'sterke wisselwerking' is een van de vier basiskrachten in de natuur en is verantwoordelijk voor
de stabiliteit van atoomkernen en de protonen en neutronen. Van alle elementaire
deeltjes die onderhevig zyn aan de sterke wisselwerking is het proton het meest
stabiele deeltje.
Het vakgebied van de hoge-energiefysica houdt zich bezig met het onderzoeken
van de meest elementaire bouwstenen van de natuur en hun onderlinge wisselwerking. De theorie die de sterke wisselwerking beschryft, de quantum chromodynamica (QCD), kan nu gebruikt worden om de structuur van het proton te beschryven. (De lading in deze theorie kan 3 waarden aannemen en wordt aangegeven
met kleur. De deeltjes die de kleurkrachten overbrengen noemen we gluonen.) De
theorie schrijft voor dat een quark gluonen kan afstralen, dat een gluon in twee
quarks kan overgaan en dat twee gluonen zich kunnen samenvoegen. Deze QCD
processen leiden tot een grote hoeveelheid quarks en gluonen in het proton, zodat
een gecompliceerd, dynamisch beeld ontstaat.
Hoog energetische elektron-proton botsingen, zoals die met de HERA versneller
tot stand worden gebracht, kunnen by voldoend hoge impulsoverdracht beschouwd
worden als elektron-quark botsingen. De quark wordt uit het proton gestoten maar
kan niet direct waargenomen worden met de meetapparatuur. De sterke wisselwerking neemt namelijk toe in kracht als de afstand tussen quarks groter wordt, zodat
geïsoleerde quarks niet voorkomen. De quark uit de botsing zal daarom quark paren
creëren en zo samengestelde deeltjes vormen, de hadronen. Na de botsing zullen
183
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we dus een stroom van deeltjes vinden, een jet, afkomstig van de geraakte quark
en een jet van de overblijfselen van het proton. Het beeld dat aldus ontstaat is dat
QCD zowel de dynamische structuur van het proton beschrijft als de hadronische
toestand na de botsing. In dit proefschrift wordt deze hadronische eindtoestand
onderzocht en zijn we geïnteresseerd in modellen die met behulp van QCD deze
eindtoestand beschryven.
In hoofdstuk 1 geven we een theoretische inleiding over 'diep-inelastische' elektronproton verstrooiing. Dit proces kan beschreven worden door twee grootheden. De
eerste grootheid, Q 2 , geeft aan hoeveel energie en impuls er is overgedragen door het
elektron aan het proton en bepaalt het oplossend vermogen van de interactie. Bij de
HERA versneller kunnen zulke hoge waarden van Q2 bereikt worden dat strukturen
die 1000 maal kleiner zijn dan het proton geobserveerd kunnen worden. De tweede
grootheid, x, bepaalt welke impulsfraktie van het proton de geraakte quark heeft.
Een botsing met een lage waarde van x betekent dat de botsing plaatsvond met een
laag energetische quark. By HERA kunnen botsingen gemeten worden met quarks
die slechts een fraktie 10~ 4 van de proton impuls dragen. De grootheden x en Q 2
staan niet van te voren vast en moeten per botsing bepaald worden. De theorie
geeft een formule voor de werkzame doorsnede als funktie van x en Q2 die afhangt
van de struktuur van het proton. Door deze werkzame doorsnede te meten, zoals bij
HERA gedaan wordt, kunnen we de dichtheid van quarks en gluonen in het proton
meten.
Zoals eerder is vermeld, wordt de hadronische eindtoestand bepaald door effecten
van de sterke wisselwerking. Er zijn modellen ontwikkeld om de elektron-proton
botsingen te beschryven, waarby de QCD voorspellingen in ieder model op een
andere wijze verwerkt zijn. Deze modellen zijn ingebouwd in computerprogramma's
die de botsingen simuleren, de gegevens van deze programma's worden vervolgens
ingevoerd in een programma dat de meetapparatuur simuleert. Hiermee kunnen
de voorspellingen van de modellen met de experimentele meetgegevens vergeleken
worden en kan een uitspraak gedaan worden over de waarde van deze modellen in
het algemeen en van de QCD effecten in het bijzonder.
Voor het onderzoek van de hadronische eindtoestand wordt in dit proefschrift
gebruik gemaakt van de ZEUS calorimeter, een meetinstrument dat de energie en
richting van elektronen en hadronen met hoge resolutie meet, zoals beschreven staat
in hoofdstuk 2. In dit hoofdstuk beschrijven we de gehele ZEUS detector en de
HERA versneller. De HERA versneller is gebouwd in een cirkelvormige tunnel van
6.3 km omtrek, zo'n 10-25 m onder de grond. Het apparaat versnelt elektronen
tot een energie van 26.7 GeV en protonen tot 820 GeV, wat een zwaartepuntsenergie oplevert van 296 GeV. De bundels zijn op een zodanige wijze in pakketjes
verdeeld, dat de bundels om de 0.1 microseconden kunnen botsen. Rondom één van
de vier botsingspunten staat de ZEUS detector, die de botsingen registreert door
de geproduceerde deeltjes te meten. De detector bestaat uit verschillende subcomponenten die ieder een onderdeel van de meting leveren. Naast de calorimeter zijn
er byvoorbeeld de sporenkamers die de banen van de deeltjes in kaart brengen.
De gegevens van de botsingen worden opgeslagen en moeten vervolgens verwerkt
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worden. Voor dit verwerkingsproces is een goed gedefinieerde datastruktuur nodig
en complexe computer software. Dit onderwerp wordt in hoofdstuk 3 behandeld,
waar met name het ontwerp, gebruik en functionaliteit van een geavanceerd 3D
grafisch pakket, GAZE, beschreven wordt. Dit pakket maakt gebruik van de grafische mogelijkheden van de computer om een botsing weer te geven en het biedt
de mogelijkheid om ieder object dat op het scherm is weergegeven interactief te
onderzoeken. Dit programma is gebruikt om botsingen extensief te kunnen onderzoeken en bleek zeer geschikt voor het ontwikkelen en testen van software voor
de sporenkamers. De kleurenplaatjes van botsingen worden verder gebruikt voor
publiciteitsdoeleinden.
Om de hadronische eindtoestand te bestuderen willen we individuele deeltjes
kunnen reconstrueren met behulp van de calorimeter. We voegen daarom calorimetercellen waarin energie gedeponeerd is samen tot zogenaamde condensaten die we
gebruiken als een benadering van de deeltjes in de eindtoestand. In hoofdstuk 4
tonen we aan dat deze benadering met condensaten goed werkt zodat we de struktuur van de eindtoestand goed kunnen bestuderen. Vervolgens laten we zien dat
het gebruik van condensaten tot een hogere resolutie leidt in de reconstruktie van
de kinematische variabelen van de botsing.
De analyse van de hadronische eindtoestand kan het best uitgevoerd worden
in een coordinatensysteem waar de jet van het geraakte quark en de jet van het
opgebroken proton duidelijk van elkaar gescheiden zijn, zoals in het hadronische
zwaartepuntssysteem. In dit coordinatensysteem vliegen de twee jets in tegengestelde
richtingen. In hoofdstuk 5 behandelen we een systematische studie van struktuurvariabelen (die de hadronische eindtoestand karakteriseren) in het hadronische
zwaartepuntssysteem met behulp van gesimuleerde botsingen. We laten zien dat
we met een hoge nauwkeurigheid de Lorentz transformatie naar dit systeem kunnen
reconstrueren. Effecten die veroorzaakt worden door het gebruik van condensaten
als benadering van deeltjes, door foton straling en door de onzekerheid in de partondichtheden in het proton zijn niet groot en worden goed begrepen. We laten
tevens zien dat de struktuurvariabelen in dit zwaartepuntssysteem gevoellig zijn
voor QCD effecten zoals de sterkte van de sterke wisselwerking.
In hoofdstuk 6 beschrijven we hoe de elektron-proton botsingen geselecteerd
worden. Van de miljoenen signalen die ZEUS meet is maar een fractie afkomstig
van diep-inelastische verstrooiing. Vele signalen zijn afkomstig van achtergrond processen, zoals botsingen van de elektronen en protonen met het gas in de bundelpijp,
kosmische muonen, botsingen waarbij het elektron niet hard botst tegen het proton
zodat het niet in de detector gemeten kan worden en slecht meetbare botsingen.
Een eerste selectie gebeurt door het 'online-trigger' systeem en levert ongeveer 4
miljoen gebeurtenissen op die worden opgeslagen. Vervolgens worden er strengere
en meer tijdrovende selectie criteria gehanteerd, zodat er uiteindelijk ongeveer 2000
goed meetbare gebeurtenissen overblijven. De karakteristieken van deze gegevens
zijn in overeenstemming met diep-inelastische verstrooiing zoals voorspeld is door
verschillende modellen. Er zyn echter aanwijzingen dat de hadronisatie van het
proton residu niet geheel juist beschreven wordt. Energie verdelingen laten zien
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dat drie computermodellen de data correct beschrijven, LEPTO(ME+PS), ARIADNE(CDM+BGF) en HERWIG. Deze modellen worden nader onderzocht in het
hadronische zwaartepuntssysteem.
In hoofdstuk 7 analyseren we de experimentele gegevens door naar verdelingen
van strukt uur variabelen te kijken in het hadronische zwaartepuntssysteem. De modellen geven elk andere voorspellingen zodat een duideüjk onderscheid gemaakt
kan worden tussen de modellen. Sommige karakteristieken worden door geen enkel
model correct voorspeld, maar over het algemeen verklaart het CDM+BGF model
de exerimentele gegevens het beste. Dit model is gebaseerd op de aanname dat kleurdipolen gevormd worden van quarks en gluonen in de eindtoestand. De hadronische
eindtoestand, inclusief het proton residu bestaat uit dipolen die gluonen afstralen.
Het QCD proces waarby een gluon fuseert met het foton dat door het ingekomen
elektron is afgestraald (foton gluon fusie) wordt aan dit model toegevoegd. Verscheidene verdelingen laten zien dat het HERWIG model niet een goede beschrijving geeft en dat de harde processen QCD-Compton verstrooiing en foton-gluon
fusie meegenomen dienen te worden. Het ME+PS model geeft ook geen complete
beschrijving van de karakteristieken en heeft een extra bijdrage van het boson-gluon
fusie proces nodig. Het CDM+BGF model is tevens het enige model dat tekening
houdt niet de speciale eigenschappen van het proton residu.
De systematische eigenschappen van de verdelingen worden goed begrepen zodat
het mogeüjk is om verschillende distributies van struktuurvariabelen te corrigeren
voor de acceptantie en resolutie van de detector met behulp van de computersimulaties.
In hoofdstuk 8 onderzoeken we een speciale klasse van diep-inelastische verstrooiing. Voor de standaard gebeurtenissen laat de energie verdeling een continue
energiestroom zien tussen het proton residu en de richting van de geraakte quark.
Dit is in overeenstemming met het idee dat in alle modellen gebruikt wordt, namelijk
dat er een kleurstroom is tussen het residu en de geraakte quark. Er is echter een
overschot van 80 gebeurtenissen die een gat laten zien in de energiestroom tussen
de richting van het proton residu en de eerste energiedepositie in de calorimeter.
Deze gebeurtenissen kunnen verklaard worden met het mechanisme van diffractieve
verstrooiing, waarby de energie en impuls van het proton overgedragen wordt door
een kleurloos object. Deze gebeurtenissen hebben duidelijk andere karakteristieken
dan de standaard botsingen en laten ook in het hadronische zwaartepuntssysteem
zien dat er geen kleurenstroom is tussen de jet van het proton residu en de jet van
de geraakte quark.

Acknowledgements
During the last few years I have been a member of the NIKHEF team that participates in the ZEUS collaboration. The experience of working together with many
people from different countries was fascinating and educational. My gratitude goes
to many people in the ZEUS collaboration of whom I can only mention a few.
In the first years I have worked on the 3D graphics display GAZE, together with
Els de Wolf who I would like to thank for her guidance. I very much enjoyed working
with Ken Long and Tara Shah with whom I spent many hours. The development of
software would not have been possible without the help and support of the technical
staff at NIKHEF. I especially want to mention Willem van Leeuwen, Gerard Leurs
en Eric Wassenaar.
I want to thank my promotor, Armin Tenner for his interest in my experimental
work and for the thorough way in which he corrected my manuscript. I am very
much indebted to my co-promotor Paul Kooijman for his help and often brilliant
advice. The work I did at DESY on the selection of events and on the hadronic
final state was performed under the supervision of Malcolm Derrick. His ideas and
drive are at the basis of this thesis. The discussions with Brian Musgrave and HansLudwig Schneider on the hadronic final state analysis have been very valuable to
me.
It was very enjoyable to work together with my fellow PhD students at NIKHEF,
Stan Bentvelsen, Marc de Kamps, Hermen van der Lugt, Paul de Jong, Roei van
Woudenberg, Marcel Vreeswyk, Henk Uijterwaal and Andres Kruse. The group
operated as a team and I would like to thank Jos Engelen and Henk Tiecke for their
supervision of the NIKHEF ZEUS group.
Finally, I want to thank my friends and family for their continuous support and
encouragement.

187

