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Chapter 1

Introduction

Motivation and Goal

The studies of the interior of matter and its underlying principles have been part
of human culture for many centuries, possibly during the whole of the existence of
mankind. This curiosity is the main source of motivation for the study of the struc-
ture of the proton. The reasons for it have been discussed extensively in philosophy
and literature.

After Rutherford in his famous scattering experiment had found, that an atom
contains a massive nucleus, a huge amount of effort was put into the research of
the different kinds of elementary particles and the forces that act upon them. It is
now widely accepted, that the proton consists of quarks with electroweak and colour
charge and gluons that mediate the strong force.

The proton structure in a broader sense is described in terms of cross sections,
which are measures of the extent of the proton viewed by the scattering of point-like
particles, such as electrons or positrons. In a strict sense the proton structure refers
to the parts of the cross section, which contain all the information on the quark and
gluon content of the proton. These parts are described by the structure functions.

The interesting positron-proton scattering reactions in the context considered
here, are the deflections of the positron off the proton, thereby ejecting a quark.
These reactions are called deep inelastic scattering events. In particular, when the
deflected particle remains a positron, they are called neutral current events, as no
electric charge is exchanged. The measurement of cross sections from neutral cur-
rent events in positron-proton scattering and the extraction of the corresponding
values of the structure function were goals of the analysis presented in this thesis.



Experiment and Analysis

The experimental setup for positron-proton scattering consists of the accelerator
for the positron and the proton beams, the HERA collider, and the detector of the
scattering reactions, the ZEUS detector. The data taking consists of colliding the
beams, online processing of the signals in the detector, selecting events by trigger
requirements and offline reconstruction of the data, stored in relational data bases.
At the same time simulated events are produced using a Monte Carlo method, be-
ginning with the physics of the scattering process and particle production, giving
rise to signals in the detector simulation and passing them through the same chain
of event reconstruction as the real events.

Note that in the frame of this thesis data always refers to the real events taken with
the detector, while M always denotes simulated events.

The main selection criterion for neutral current events is the detection of an
isolated positron and the application of energy and momentum conservation. The
analysis starts with a so called Faze job, which runs on the relational data bases for
reconstructed data and MC and stores partially corrected and calculated quantities
of pre-selected events in ntuples. The analysis job runs on the ntuples, applying final
corrections and calculations, counting the selected events in the appropriate bins.
Finally, the number of data is compared to the number of MC in each bin, and the
cross sections and the structure function are extracted. This extraction technique
is called unfolding.

Structure of the thesis

First the basic theoretical concepts are explained (Chapter 2), introducing the rel-
evant kinematic quantities and defining the cross sections and structure functions
that are topics of the analysis. A brief review of the theory of structure function
predictions and their parametrisations is given. Then the experiment is introduced,
with emphasis on the detector components most relevant for the analysis presented
(Chapter 3). The description of the simulation follows in Chapter 4, which is crucial
for the unfolding of the data. Data and MC meet in Chapter 5, where the event
reconstruction is described, which is mostly identical for data and MC. Chapter 6
explains the backgrounds and motivates most of the cuts applied to select only
events for the analysis that pass the criteria set by the characteristics of neutral
current events. The clean event samples in bins lead directly to the extraction of
the cross sections and the structure functions with a discussion of the uncertainties
of the measurement (Chapter 7). Finally, the results are presented and interpreted
in Chapter 8.






Chapter 2

Deep Inelastic Scattering

This chapter introduces the basic terms that govern the physics presented here.
In the first section the kinematic quantities of the scattering process are described
in the framework of the naive Quark-Parton-Model. The second section discusses
the cross sections and structure functions, which are topic of the thesis. Then the
concept of the parton density function is brought up, to give an idea of how the
theoretical prediction of structure functions is derived. The last section contains a
quick summary of the CTEQSD parametrisation, which was used for the unfolding
of the data.

More detailed overviews on the topics discussed in this chapter can be found in [1]
and [2] and references therein.

2.1 Kinematics and the naive Quark-Parton-Model

The process in which constituents of the nucleon (partons) are probed, here by
means of lepton-nucleon scattering, is known as Deep Inelastic Scattering (DIS).
Deep inelastic means that the struck parton leaves the proton while it is probed
with a gauge boson that resolves small distance scales!.

For e*p scattering two fundamental classes of reactions can be distinguished: The
neutral current (NC) scattering, e™p — e X, which is considered in lowest order
as mediated by the exchange of a virtual photon or Z-boson between the positron
and the proton, and the charged current (CC) process, e'p — .X, in which the
exchanged virtual boson W carries electric charge and the outgoing lepton is a
neutrino. NC is topic in this thesis, CC can be found elsewhere|[1].

!More precisely: Deep inelastic denotes reactions where the momentum transfer is large enough
to serve as a hard scale for pQCD.
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Figure 2.1: Leading order Feynman diagram of NC DIS process

Figure 2.1 shows a Feynman diagram of an NC process in lowest order with
the assigned four-momenta. The final state consists of the scattered positron and
the hadronic final state, which comprises a number of particle sprays called jets,
representing the struck parton and the proton remnant. For the inclusive analysis
events are considered regardless of the composition of the hadronic final state.

The relevant Lorentz-invariant kinematic variables are:

s = (k+ P)* (2.1)

Q* = ¢ =—-(k—k) 9.
Q2

r = 5P (2.3)
_ Py

Yy = B (2.4)

W? = (P+¢)? (2.5)

Neglecting all mass terms the following relationships exist:

Q* = say (2.6)
W? = Q*1/z—1) (2.7)
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The variable /s represents the centre-of-mass energy of the positron-proton sys-
tem. With this fixed parameter only two of the remaining Lorentz-invariant param-
eters are independent.

? is the four-momentum transfer squared and corresponds to the virtuality or
squared mass of the photon and Z. It defines the scale in the interaction (see
Section 2.3.1). It is also related to the resolving power, which is, in analogy to a
microscope, limited by the wavelength of the virtual boson. The resolved transverse

distance probed by the boson is? A ~ 1/4/Q%.

An interpretation of the Bjorken-r and y variables is given in the framework of
the naive Quark-Parton Model (QPM)[3]. The basic concept of the QPM lies in the
short interaction time (Tppoton/z ~ 1/ \/@) of the hard scattering process, which is
much shorter than the lifetime of fluctuations in the nucleon (7parton ~ 1/Mproton)-
The probe therefore sees free partons. Those partons, which interact with the probe
directly, carry electric and weak charges and are identified with quarks.

Viewed in the infinite momentum frame — a frame in which P, — oo — partons
have no transverse momentum. Struck by a photon, the on-shell condition for the
outgoing quark with four-momentum &P is:

= (EP+q) (2.8)
mz)uark + 2£P 4 — Qz

2
mQuark

With MQuark =~ 0

Thus the Bjorken-z can be viewed as the momentum fraction of the proton, which
is carried by the parton.

The variable y can best be described in the positron-quark centre-of-mass sys-
tem (eTq c.m.system) . It is related® to the scattering angle 0* (with respect to the

2Throughout this thesis the natural system of units is used with ¢ = k = 1.
3This can easily be calculated by boosting cos® from the laboratory frame (see Section 5.1),

zyEy—(1-y)E,  Priotal .. —E.tazE, . .
wyE Ty B, Recall that Seg ¢, = “Ftotel — -2 and keep in mind that 0

is defined w.r.t. the incoming proton direction.

which is cos ) =

11



positron direction):

y = %(1—COSQ*> (2.12)
= sin®(6*/2) (2.13)

High y then corresponds to the positron coming close to the quark, such that it
scatters at a large angle, whereas low y means that the positron passes the quark
far from it and does not change the direction much.

In the proton rest frame, y is the fraction of the positron’s energy that is transfered
to the proton[1].

The concrete observation and calculation of the kinematic variables in the labo-
ratory frame will be described in Section 5.1.

2.2 Structure Functions

Most generally, the cross section of unpolarised e*p scattering depends on a lep-
tonic and a hadronic part, o ~ L, W#. The leptonic tensor L,, can be calculated
exactly from electroweak theory, whereas the hadronic tensor W#  absorbing the
ignorance of the precise proton structure, is parametrised in terms of structure func-
tions . In this section the cross section will be introduced step by step, for reasons of
interpretation starting from the QPM; the precise calculation and parametrisation
of the cross section can be found e.g. in [3].

2.2.1 e'qg Cross Section with pure v Exchange

As a first step the positron-proton cross section is considered in QPM as e™q scat-
tering cross section of a (hypothetical) free quark (¢) with pure v-exchange. The
ansatz is analogue to that of e*u scattering. The Feynman graph in Figure 2.2
at Born level, i.e. ignoring the corrections for higher order electroweak processes,
yields :

docT o e2e?
e 2ma’ Qf(l + (1 —19)%) (2.14)

« is the electromagnetic coupling, e, and ¢, are the positron and quark charges in

12



Figure 2.2: Leading order Feynman diagram of positron quark scattering with pure
~v-exchange.

units of the electron charge.

e? and e represent the coupling strengths at the vertices in the Feynman diagram
and 1/Q* comes from the photon propagator. The term (1 + (1 — y)?) results from
angular distribution in the e™¢ c.m.frame depending on the helicities of the incoming
particles; the (1 — y)? = cos?(0*/2) term implies backward suppression in case of
equal helicities and 1 for isotropic scattering in case of opposite helicities. The
expression is commonly called the helicity term.

2.2.2 e'q Cross Section with v and Z Exchange

Figure 2.3 shows the leading order Feynman diagrams of a positron interacting with
a quark via photon exchange and via Z exchange. Within the Standard Model
framework the couplings are fixed by the SU(2), x U(1l) gauge structure of the
electroweak theory and are given in units of the elementary charge. e. and e, denote
again the (electromagnetic) charges of the positron and the quark and (v, a.) and
(vg, ag) are their vector and axial-vector couplings to the Z boson. For a fermion
f (i.e. positron or quark) the latter are related to the fermion’s charge e and the
third component of its weak isospin [ ‘?:

1

= I? — 2e;sin? 2.15

v 2 sin By cos QW( Y ey sin” Oy ( )
1

— V5 2.16

“ 2 sin Oy COS@W( f) ( )

Ow denotes the Weinberg angle.

13
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Figure 2.3: Leading order Feynman diagrams of interfering v and Z exchange pro-
cesses in positron quark scattering

It turns out that the e¢ cross section now contains two additional terms: The v7
interference term, which contains the propagator 1/Q*(Q* + M%) and mixed terms
of the couplings, and the pure Z exchange term, which contains the propagator
1/(Q* + M2%)? and the weak couplings squared.

The terms can be regrouped into parity—violating terms containing linear quark
axial-vector couplings and parity—conserving terms, which are all others. The e™q
cross section is[4]

+g :
do€ 97+2  21a? V. o2
- [ +eq

de? Q*

=Y., v, - 2equ, Py + Y+(Ug + ai) : (v§ + ai)Pﬁ

+Y_a, - 2e,a,Py7 — Y_2v.a, - 2v5a,PF) (2.17)
with
Py = _@ Vi=14+(1-y)? (2.18)
Q>+ Mz’

P is merely a short notation to factor out the electromagnetic propagator. Y, is
an abbreviation of the helicity term.

2.2.3 eTp Cross Section

Expanding now from positron scattering on a single free quark in QPM to scattering
on a proton one takes the sum over the e’ ¢-cross sections for all flavours of quarks

14



and anti-quarks incoherently. The incoherent sum assumes no flavour changing ef-
fects among the quasi-free quarks. In addition, the cross section depends on the
momentum z of the individual struck quark, which is distributed inside the proton
according to a distribution function ¢¢(x) for each flavour. To account for that, a
second derivative is needed:

d2octP

dae f

f=aq.q

with ¢ € {u,d,s,...}, § € {a,d,5,...}. The dots represent the other electroweak
terms that can be developed correspondingly. Experimentally it is not the aim of an
inclusive measurement to resolve the individual quark flavours in the sum. They are
grouped together in the structure functions including the momentum distributions:

Z el ¢ylz (2.20)

The complete step from quark to proton cross section is performed by replacing
in each of the terms in Equation 2.17 the quark property by structure functions[5],
ie.

37 =N a2ep0, ¢4(x) (2.21)

F} = g:q (v3 +a?) () (2.22)

aF7 = f_zq:qx%qaq d(x) (2.23)

oFy = f_iquqaq o¢(z) (2.24)
f=a.9

The factor z in front of Fy /% and F¥ is convention.

The separation into parity conserving (F») and parity violating (zF3) terms is
conventional, since there seems to be no simple method to isolate the individual
contributions in experimental data. The structure functions with same index are
therefore compiled to the generalised structure functions F5 and xF3, respectively:

Fy = FJ —v.PyF)? + (v} +d®)PiF? (2
©Fy = —a,PyaFy% + .0, PlaF? (2.

15



This finally leads to the double differential, inclusive NC DIS etp cross section,
including F7,, which is explained below:

dPo'P - 2ma?

dQ%dr  Q*x

F is a term that does not exist in leading order e*q scattering. This so-called
longitudinal structure function takes into account that the virtual photon, as well
as the Z have partially longitudinal polarisation. Spin—% partons cannot absorb

longitudinally polarised vector bosons. This fact is stated by the Callan-Gross
relation for photon exchange:

(Y F, —Y_xF; — yzFL) (2.27)

F) =0 (2.28)

As longitudinally polarised photons can interact with gluons and quarks in higher
order diagrams, Equation 2.28 is not valid anymore. However, F} is a very small
correction to the cross section in the kinematic range examined here. The structure
functions F}’? and FZ are even much smaller.

Fy is dominated by Fy, but FZ is not negligible for Q% > M2. F)' as well as
xFZ are negligible throughout the kinematic range, because with sin?fy, = 0.2312
it turns out that v, ~ 0. zF} /Z on the other hand can be determined from difference
measurements using e~ p and eTp data[6]*, exploiting the fact that the interference

of v and Z is destructive for e™p and constructive for e”p (change of sign in front
of zFy in Equation 2.27).

All structure functions depend on both z and Q?, i.e.
F; = F(z,Q%) (2.29)

because of QCD effects involved in interactions between quarks and gluons. They
cannot be derived from first principles, but are the main subject of the measurement
presented in this analysis. The theoretical approach will be described in the next
section.

2.3 Parton Distribution Functions

The structure functions are well defined for one specific process, e.g. F,* of the pho-
ton exchange process in ep scattering. However, the proton can also be probed by
exchange of other bosons such as W¥ in the charged current process in ep scattering

4In some publications F)'/” is called G; and FZ = H;, for i € {2,3,L}.
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or Z in neutral current processes of vp scattering. In the various cases different
structure functions Fy? — for different vector bosons V — describe the proton. In
theory on the other hand, underlying quantities describe the proton universally, i.e.
independent of the considered scattering process. In the current picture the proton
contains quarks and gluons which together are called partons. Parton Distribution
Functions (PDF's) describe the distribution of partons in a given hadron with re-
spect to z and Q2. However, the PDFs are not observables. In particular, they
depend on the factorisation scale (see 2.3.2), which needs to be set arbitrarily. Nev-
ertheless, for a given factorisation scale, the PDFs represent the knowledge about
what the proton looks like in its interior, independent of how the proton is looked at.

2.3.1 Renormalisation

The theory describing the interactions of quarks and gluons via the strong force is
called Quantum Chromodynamics. QCD relies on colour as “strong charge” with
three different settings (red, blue, green). It is assumed that a combined system has
to be “neutral” in the strong force’s terms, that is “white” or colourless. The cou-
pling strength o falls with decreasing distance, i.e. with increasing Q? and is there-
fore called running coupling. There are eight gauge bosons (gluons) carrying colour
and anti-colour, allowing a quark to change colour, when it interacts with a gluon.
The gluons, however, can also interact among themselves®. These self-interactions
are the underlying reason for the Q* dependence of s, which is different from aggp.

The calculation of «; involves the addition of an infinite series of single loops
as depicted in Figure 2.4. This is referred to as the leading order (LO) calculation,
which can then be written as

o (117)
a,(Q%) = - ; (2.30)
1+ Pag(u?)log %
with
11N, — 2N
fo=—5— (2.31)

(N, = number of colours, Ny = number of flavours). p? denotes the renormalisation
scale, which is needed to remove the divergence of the summation. ([, is the first
coeflicient of the §-function. The meaning of the latter two quantities will briefly

SMathematically spoken the gauge theory is non-Abelian, i.e. the transformations between the
colours do not commute.

17



- >MQM Nl e e+

Figure 2.4: To calculate LO ay single loop diagrams have to be added up. The solid
lines represent positrons, the curly lines stand for gluons.

be explained in the following paragraph.

The renormalisation scale y? is not an observable and has to be set arbitrarily.
But as soon as any quantity R(a,(Q?)) is measured for one value of Q?, a,(?) can
be calculated for the arbitrarily chosen u? and R(a.(Q?)) can then be calculated for
any other Q*. Since the physical observable R is independent of p? it complies with

the renormalisation group equation:

d 13) 0
2 7 R= |2 5 = 2.39
R (uraﬁw(a)a%)z% 0 (2.32)

Equation 2.32 defines the F-function, which expanded is

Q0sli) _ g o) _ 5 02
Bar i) = 220 _ g ), 624%

)
5 T (2.33)

The solution of Equation 2.33 is a,(Q?) which was already shown in leading order
in Equation 2.30. More details on the calculations can be found e.g. in [7].

Often Equation 2.30 is written in terms of A%, = 12 exp(4m/Bocrs(12)[8]:

4

3 log Q7

2
AQCD

as(Q*) = (2.34)

This expression reveals the nature of the strong force best. «,(Q?) is small for
Q? > Aéc p and large for Q? =~ Agch- Quite a few synonyms and equivalent ex-
pressions exist for these two distinct regions.
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The region of )? ~ AQQCD is called confinement region, where the quarks are as-
sumed to be in a bound state, and, since ay is large, calculations on perturbative
QCD are not possible.

On the other hand, the region of Q? > A%CD is called the region of asymptotic
freedom, because the quarks can be treated as free particles, where the scale is a
hard scale and where techniques from perturbative QCD, pQCD, are used for calcu-
lations. @? is large enough for individual quarks to be resolved.

2.3.2 Factorisation

The QCD factorisation theorem states that it is possible to factorise the structure
function expressions into a short-distance and a long-distance part of the parton
interaction, i.e. hard-scale processes, which are calculable in pQCD, and soft-scale
processes, which are non-perturbative and not calculable in pQCD.

According to [7] the structure function F)”, describing the interaction of a vector
boson V with a proton p, is expressed by the product of two flavour (f) dependent
functions Cy7 and ¢/# such that

1
PP =3 %5 oyt glr (2.35)

f:quyg Q

Hence, the structure function is an incoherent sum of all partons (quarks ¢ €
{u,d,s,...}, antiquarks § € {@,d, 5,...}, gluons g). The integral runs over all pro-
ton momentum fractions & of the parton. C’;/ T is called the coefficient function and
¢'? is called parton distribution function (PDF). It will be shown, that the latter
corresponds to the quark distribution function introduced in Section 2.2.3. The co-
efficient function C' is calculated in perturbation theory, whereas the PDF ¢ contains
all non-perturbative parts of the structure functions.

Figure 2.5 demonstrates what is meant by the factorisation approach. The sep-
aration makes use of an arbitrary so-called factorisation scale yif, such that the
coefficient function Cy depends only on the ratio Q?/ ,u?, while the PDF ¢ depends
on p,fc In addition, the coefficient function depends on the vector boson V' and on
the parton f, but it is independent of the identity of the hadron in the scattering
process, which is here the proton p. The PDFs, on the other hand, are specific to
the hadron (here: p) but independent of the hard scattering process and assumed to
be the same for different structure functions. They are considered as being universal
depending neither on the vector boson V, nor even on (2, but on ,u?. The PDFs
are a direct generalisation of the QPM quark distribution.

19



Figure 2.5: The factorisation scale ufc splits the scattering process in a long-range
(¢) and a short-range part (C).

Of course, both functions depend on a, and w, in the framework of QCD. In sum-
mary the dependencies of the two functions are:

Cyl = Ol (/€ QP ik 1 e () (2.36)
o7 = ¢TP(E 1l s (ud)) (2.37)

Defining a factorisation scale is meant when a factorisation scheme is chosen.
In the DIS scheme, which is used here, both arbitrary scales are set to the same
value p? = p3 = Q2. In this scheme, the corrections to the structure function £ "
are absorbed in the PDF distributions of the quarks and anti-quarks to all orders
in perturbation theory. The coeflicient functions are exactly equal to their QPM
values. For the pure v exchange the expressions are:

Cil(x) — exd(x/E—1) (2.38)
Cyz) — eld(x/E—1) (2.39)
Clz) = 0 (2.40)

All information about the gluons is moved into the PDFs of the quarks. The hard
scattering process in the coefficient functions is reduced to scattering on point-like

20



quarks. The structure function F3* becomes

1

d
ey = Y [ el ehe e 2.41)
=499
1

- Y [ 60w ) 242

f:qu Q

= Z xeffgbfp(:zz, Q%) (2.43)

f=q9,q

In the following the upper index p of structure functions and PDFs is omitted.

Note that ¢/ depends on Q? now, because of its dependence on the factorisation
scale (ufc = (J*). Note also that the form in Equation 2.43 is obviously just the form
that was derived in Equation 2.20 in the QPM. The DIS scheme was used for the
evolution of PDFs for this measurement.

2.3.3 Evolution

Everything in the process just described, was considered for definite values of Q. A
consequence of factorisation and the renormalisation group equation is that calculat-
ing PDF's from a structure function measured for one scale p allows their prediction
for any other scale p/, as long as both u and i/ are large enough, such that both
as(p) and ag(p') are small. This result is called the evolution of PDF's and structure
functions. Thus, for instance, measuring F5 (x, Q?) is enough to predict F; (x, Q?)
for all larger Q2, Q" > Q2.

The evolution of the parton distributions is expressed in the DGLAP® equa-
tions. They can be written (with p2 = p5 = Q* > @) in terms of coupled
integro-differential equations[9]:

5Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
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Figure 2.6: The splitting functions. The upper branch represents the “measured”
parton, the lower is the emitted one.
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The Pl-j(g)—functions are called splitting functions and can be understood in leading
order as the probabilities for a parton j, with momentum &, to emit another parton,
with momentum fraction & — z, leaving the “measured” parton ¢ with momentum
x. x/€ stands for the momentum fraction parton i receives from the initial parton
j. The splitting functions treat antiquarks the same way as quarks (e.g. F,, = Py3).
Figure 2.6 shows the four possible parton splittings in leading order.

The interpretation of the DGLAP Equations 2.44 and is 2.45 is as follows: Mov-
ing a quark ¢ in a strong field, it may have emitted gluon radiation with probability
F,,, but may also have evolved from a gluon g splitting into a quark-antiquark pair
with probability F,,. This way the change in quark distribution depends not only
on the initial quark distribution (i.e. before the change), but also on the previous
gluon distribution.

The corresponding Equation 2.46 for the gluons has to be interpreted as the change
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Figure 2.7: The notations for a ladder diagram with n radiated partons.

in gluon distribution with (%, that is dependent on the previous gluon distribution,
but also on the quark distributions of all quark and antiquark flavours, since they
may have emitted the “measured” gluon|9].

For large ()% in the scattering process partons from long chains of subsequent
radiations can be resolved. There are many such partons (mostly sea quarks) and
they are predominantly soft, since there is little chance that after many decays, the
final partons will carry large energy. On the contrary for small Q?, rather few and
energetic partons from the early stage of the parton cascade are seen (mostly valence
quarks).

On this basis, parton distributions in the proton can be described by ladder
diagrams. The ladder diagram shown in Figure 2.7, describes the development of
one parton cascade. The finally struck quark evolves from the incoming proton
via parton emission losing its longitudinal momentum. The fraction of longitudinal
momentum z; carried by the side rails of the ladder decreases while their transverse
momenta kp; are assumed to increase:

DAy = (2.47)
Q.. <k <. <k, <@ (2.48)
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Note that Equation 2.48 assumes strong ordering in kp. This assumption is valid
only in the kinematic region for reasonably high Q% > Q2 > 1GeV? and z > 1072

It implies also strong ordering in the pp;, which are the transverse momenta of the
emitted partons (the rungs in the ladder)[10, 11].

The leading contribution in the perturbation series obtained in this way are of
the type
o’ In" Q* (2.49)

keeping only the dominant part of the ladder, omitting small terms of the type
asIn(1/2). This procedure is called the leading logarithm approximation (LLA) in
(Q*, which means that all terms of a” In™ Q” are kept in the calculation of a physical
quantity R that depends on Q?:

R(Q*) = Ro(a® + ol m Q*Ry + o*In” Q*R, + ...) (2.50)

Going beyond LLA means taking into account also less dominant terms, such as
a”In" ' Q? in next-to-LLA (NLLA)[12].

Splitting and coeflicient functions have been calculated in LLA and NLLA and
progress has been made on next-to-next-to LLA. A discussion about corrections due
to parton masses and so-called higher twist effects can be found elsewhere[13]. For
the calculation of cross section predictions for the HERA high Q? analyses, as well
as for the Monte-Carlo simulation the NLLA" prescription has been used[14].

2.4 Parametrisation of PDF's

The DGLAP equations do not give an absolute prediction for the PDF's, only their
evolution with Q? is predicted. The absolute distributions have to be determined
from experiments. Once they are known, however, they are universal and can be
used to predict cross sections in any other process.

The PDFs and theoretical structure functions, which were used for this analysis
were provided by the CTEQ[14]® group, which published their CTEQ5 parametri-
sations in 1999. Starting from a value Q3 = 1 GeV? an analytic shape of the PDFs
¢’ (z,Q3) was assumed®:

zd! (2, Q) = Agx™ (1 — 2)42(1 + Aza™) (2.51)

"Note that another widely used terminology uses the names leading order (LO) and next-to-
leading order (NLO) for the terms LLA and NLLA

8Coordinated Theoretical-Experimental Project on QCD

9Except for the combination ¢7 — ¢5 where the last term is slightly modified.
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Figure 2.8: Kinematic map of the (1/z, Q) range covered by the data sets used in
the CTEQ5 global analysis.

The PDFs ¢/(x, Q%) were extrapolated performing a direct numerical integra-
tion of the DGLAP equations at NLLA to higher Q2. Then the structure functions
were calculated and fit to previously measured structure functions. From the fit
parameters the input shape of the PDFs is specified. The parametrisation used in
this analysis was obtained in the DIS scheme, labelled as CTEQ5D[2].

The parametrisation relies on data from various experiments and processes. Fig-
ure 2.8 (from [14]) shows their data sets in the kinematic plane (1/z, Q). Although
the data sets are partly overlapping it should be noted that there are still kinematic
regions that are dominated by single data sets.

The fixed target DIS experiments are BCDMS, NMC (both CERN) and E665 and
CCFR (both FNAL) with muon-nucleon and neutrino-iron scattering. The HERA
data sets used so far, are from H1 and ZEUS collaborations (both DESY) from the
run periods 1993 and 1994. The E866 and EG05 collaborations (both FNAL) have
measured the ratio of lepton-pair production (Drell-Yan process) in pp and pd col-
lisions. There is also one measurement from NA51 (CERN). The D0 and the CDF
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collaborations (FNAL) took part with data from jet production. The CDF collabo-
ration (FNAL) provided measurements of the asymmetry of W= — [*v. The E706
collaboration (FNAL) contributed with cross-sections of high energy fixed-target
direct photon production. Similar data were from WA70 and UA6 collaborations
(both CERN). Further information and references to the experiments involved can
be found in [14, 15].

The new measurement provided by this analysis can help to improve future
parametrisations especially due to the much more precise measurement of cross sec-
tions at high Q2.
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Chapter 3

The ZEUS Experiment

Structure function measurements need elementary particles accelerated to highest
possible energies and their collisions measured to best available precision. As a con-
sequence the experimental setup requires an accelerator for the particle beams and
a detector to collect the data.

The HERA! collider provides electrons or positrons together with protons and is
located at DESY? in Hamburg, Germany. Some technical details are given in Sec-
tion 3.1.

The ZEUS detector is operated by an international collaboration of more than 400
physicists and additional engineers and technicians from about 50 institutes, spread
all over the world[16]. The detector and some of its components are the topics of
Section 3.2.

In Section 3.3 the amount of data collected at ZEUS with positrons in 1999/2000
are presented.

3.1 Hera

In Figure 3.1 the layout of the HERA collider and its injection system are shown. It
is located 15-25 m under ground and is 6.3 km in circumference. In the 1999/2000
running period, which provided the data analysed in this thesis, 27.5 GeV positrons
were collided with 920 GeV protons which corresponds to a centre-of-mass energy of
Vs = 318 GeV.

The beams in HERA are divided into bunches which provide bunch crossings
every 96 ns. There is space for 220 bunches in the HERA ring. The number of col-
liding bunches, was typically 174 in the 1999/2000 running period, because of pilot

'Hadron-Elektron-Ring-Anlage
2Deutsches Electronen Synchrotron
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Figure 3.1: The HERA collider
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bunches of positrons only (usually 15 in the 1999,/2000 runperiod) and protons only
(usually 6), which do not collide with another bunch. The currents of the proton and
positron beams were usually after filling at ~ 101 mA and =~ 43 mA, respectively,
which correspond to about 7.4-10'% protons and 3.0-10'° positrons per bunch. As the
acceleration frequency is much higher than the bunch crossing frequency, additional
satellite bunches evolved, preceding and following the nominal positron and proton
bunches. The particles in a nominal bunch were distributed longitudinally according
to a Gaussian distribution with width oprotons = 11 cm and opesitrons =~ 0.8 cm. The
transverse beam size at the ZEUS interaction region was o, X 0, =~ 205 pm x 54pm.
The luminosity of HERA varied between 1.3 and 2.0 - 103! cm™%s7![17].

Four experiments were in operation during the 1999/2000 data taking period.
The ZEUS detector, described in the next section, used the colliding positron and
proton beams for a variety of analyses including this measurement of the proton
structure function F5. The H1 detector also used the colliding positron and proton
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beams and is similar in design to the ZEUS experiment. The HERMES detector
used the longitudinally polarised positron beam on a polarised fixed target for spin
structure function measurements. The fourth detector, HERA-B, was prepared for
using the proton beam on a fixed target to study decays of B mesons.

3.2 ZEUS

3.2.1 Overview

The ZEUS detector [18] is a nearly hermetic multi-purpose detector designed to
investigate photoproduction and deep inelastic neutral current and charged current
scatterings of electrons/positrons on protons. The detector is asymmetric along the
beam axis to accommodate the boosted centre-of-mass energy at HERA.

The layout of the ZEUS detector is shown in Figure 3.2. It measures approxi-
mately 18 m in length and 12 m in both height and width. The ZEUS coordinate
system has its origin at the centre of the ZEUS detector with the Z axis along the
beampipe. The bunch crossing takes place close to origin, which is consequently
called (nominal) interaction point (IP). The protons travel in the positive Z direc-
tion and the positrons travel in the negative Z direction. The positron scattering
angle, 0., is the polar angle measured with respect to the positive Z axis.

The components of the ZEUS detector that were important for this analysis are
the following:

e The Rear, Barrel and Forward Uranium Calorimeters (RCAL, BCAL, and
FCAL, respectively)

e The Central Tracking Detector (CTD) and magnetic coil (Solenoid)
e The Forward Tracking Devices (FTD)
e The Rear Presampler (RPRES)

e The Luminosity Monitor (LUMI, located at Z = —107 m, not shown in Fig-
ure 3.2)

Other components, which are less important for this analysis are the Hadron

Electron Separator (HES)[19] and the Small Angle Rear Tracking Detector (SRTD)[20]

Cbh-counter and VETO wall[18]. The latter three are used in the trigger (Section 6.1).
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Figure 3.2: The ZEUS detector




3.2.2 The Uranium Calorimeter

The calorimeter is the most important component for this analysis. It is needed
for the identification and the energy and position measurements of the scattered
positron, as well as for the determination of energy and position of the particles of
the hadronic final state.

The ZEUS calorimeter[21] is a compensating sampling calorimeter. It is made
of layers of depleted uranium as absorber and of scintillator as active material for
signal read-out.

As can be seen from Figure 3.3 it consists of three separate calorimeters: the
rear, barrel and forward calorimeters. FCAL and RCAL are subdivided into 23
modules which are further subdivided into 11-23 towers. The BCAL is subdivided
into 32 modules, which are further subdivided into 14 towers. The tower’s transverse
size varies between the calorimeters. Each tower is also divided longitudinally into
a hadron section (HAC) and an electromagnetic section (EMC). The EMC section
of the towers are again subdivided into 2 cells of 10 x 20 cm? (RCAL) or 4 cells of
5 x 20cm? (FCAL)

The thicknesses of the uranium and scintillator layers were designed such that
electromagnetic and hadronic showers produce signals of the same magnitude for the
same energy (compensation). According to the sandwich structure only samples
of the energy are detected and the deposited energy has to be reconstructed from
it (sampling). The energy resolution of the calorimeter measured under test beam

conditions, was o/ E = 35%/+/ E(GeV) for hadrons and o /FE = 18%/+/E(GeV) for

electrons.

As the particles pass through the uranium, they produce showers in which the
electromagnetic part creates UV light in the scintillator. The light is collected in light
guides and wavelength shifters separately on the left and right hand sides of each
tower. The light signals are fed to photomultiplier-tubes (PMT) located behind the
calorimeter. From the relative amplitude of the left and right signals an X position
in the forward and rear calorimeters and an R¢ position® in the barrel calorimeter
can be obtained with a resolution of 1.3cm. The Y position in the forward and
rear calorimeters and the Z position in the barrel calorimeter was measured by a
logarithmic energy weighting of the calorimeter cell positions for the positron cells.
The Z position in the forward and rear calorimeters and the radius in the barrel
calorimeter is determined using a logarithmic shower profile formula[22]. Moreover,
the calorimeter also provides timing information. Here the resolution is better that

3R¢ denotes the azimuthal arc length along BCAL
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Figure 3.4: Layout of wires in the CTD. One octant is shown. Sense wires are
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1ns for energy deposits greater than 4.5 GeV.

3.2.3 The Central Tracking Detector

The Central Tracking Detector (CTD) [23] is a cylindrical drift chamber surrounding
the beam pipe. The CTD is important for measuring both the event vertex position
(Section 5.5) and the outgoing positron in the event. It consists of 9 superlayers with
8 sense wire layers per superlayer (see Figure 3.4). 5 of the 9 superlayers contain
wires parallel to the chamber axis for X, Y position measurement (axial layers), and
four layers have small-angle stereo wires for Z position detection (stereo layers). The
active length is 205 cm, the active inner (outer) radius is 18.2 cm(79.4 cm). The full
polar angle acceptance of the CTD is 15° to 164°; however, tracks required to pass
through at least 3 superlayers are restricted to an angular range of 22° to 157°.
The CTD is inside a superconducting solenoid which produces a 1.4 Tesla magnetic
field in the positive Z direction. This provides a transverse momentum resolution
of o(py)/pr = 0.0058p, & 0.0065 & 0.0014/p, with p; in GeV [24]. A hit resolution of
o(zni) =~ 0.1 cm results in an angular resolution of # ~ 10 mrad depending on vertex
position and track angle.
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3.2.4 The Rear Presampler

The presampler[25] (PRES, not shown) is a layer of 20x20 cim scintillator tiles placed
in front of each calorimeter. Only the rear presampler (RPRES) was used in this
analysis. The purpose of the presampler is to count the number of minimum ionizing
particles (MIPs) that were produced from particles showering in inactive material
in front of the calorimeter. Based on the signal in the RPRES, the RCAL energy of
the positron was corrected to account for its energy loss in the inactive material.

3.2.5 The Forward Tracking Devices

The three Forward Tracking Devices (FTD1-3)[26] as part of the Forward Detector
(FDET) are planar drift chambers that cover the polar angle range of 7° < 8 < 28°.
Four modules of Transition Radiation Detectors (TRDs) were installed between the
FTDs, until the end of the 1999/2000 running period[27]. They were then replaced
by two modules of the Straw Tube Tracker (STT)[28]. In the rear direction a fourth
planar drift chamber (RTD) is located.

Each FTD consists of three identical layers of drift cells which are rotated by
120° with respect to each other (see Figure 3.5). The drift cells are made of six
signal wires, so that a track passing one chamber produces up to 18 signals. The
three layers are redundant and allow the reconstruction of track segments even in
cases where only two layers can be used due to limited chamber performance.

3.2.6 The Luminosity Monitor

The luminosity is measured via the bremsstrahlung process, ep — eyp using the
luminosity monitor (LUMI-y). The theoretical cross section is calculated by the
Bethe-Heitler formula[29] and is well known.

LUMI-y (see Figure 3.6), a lead-scintillator calorimeter, is positioned at Z =
—107 m and accepts photons at angles < 0.5mrad with respect to the positron
beam direction. The LUMI-v calorimeter has an energy resolution of o(E)/E =
26.5% /v E GeV as determined from the bremsstrahlung data.

In addition to the photon detector, three electron tagger detectors are located
at Z = —8,—35 and —44 m. The 35-m tagger is also refered to as LUMI-e detector.
Positrons that have lost part of their energy are deflected from the nominal beam
orbit by the magnetic field of HERA. The detectors were designed to detect the
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bremsstrahlung electrons and were used in this analysis for the estimation of the
photoproduction background corrections in DIS.

The main contributions to the systematic uncertainty in the luminosity measure-
ments are acceptance error, cross section calculation and energy scale uncertainty(30].
The total uncertainty is estimated to be 2.25%.

3.2.7 The Trigger System

The ZEUS trigger system has the general task of selecting interesting events among
the many final states and background events. Due to the large number of interac-
tions, this decision has to be taken online during the process of data taking. At a
luminosity of 2 - 10%! cm™2s~", high-Q? NC events (Q? > 100 GeV?) occur at a rate
of about 0.11 Hz. Background events have rates that are higher by several orders
of magnitude. The main types of background are: proton beam-gas interactions
(=~ 10000 Hz), proton beam halo events and cosmic induced events (=~ 1000 Hz)
[18]. In this section the ZEUS trigger system in general will be presented. The
specific trigger logic required by the high-Q? NC analysis is explained in Section 6.1.

Events are selected by a sequence of trigger decisions on three levels. A diagram
of the three trigger levels is shown in Figure 3.7. The primary selection is based on
separating events with an isolated positron from events in which either the positron
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goes down the rear beampipe or a proton collided with a residual gas particle in the
beampipe.

CAL CAL CTD CTD
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Figure 3.7: The three trigger levels are shown along with the readout path. The
event processing rate is shown on the left.

The First Level Trigger (FLT) is a hardware trigger, designed to reduce the input
rate below 1 kHz. Several detector components provide FLT information, which are
stored in a pipeline, and are used to make a trigger decision within = 2 us after
bunch crossing. Most important are the Calorimeter FLT component (CAL FLT or
CFLT), which detects isolated positrons, identifies patterns of energy deposits and
recognizes characteristic deposits of total transverse energy [31], and the CTD FLT
component, which searches with a simple algorithm for CTD hit patterns consistent
with a charged track. The decision from the local FLTs are passed to the Global
First Level Trigger (GFLT), which decides whether to accept or reject the event,
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and returns this decision to the component readout within ~ 5 us.

If the event is accepted at the FLT level, the data are transfered to the Second
Level Trigger (SLT), which is software based and runs on a network of transputers.
It is designed to reduce the rate to below 100 Hz. Several components pass trigger
decisions to the Global SLT (GSLT)[32]. The GSLT decides then on whether to
accept or reject the event and in case of accept sends it to the Event Builder. This
merges the event information from the different components into one data block of a
defined format (ADAMO) and makes it accessible to the Third Level Trigger (TLT).
The TLT is software based and runs part of the offline reconstruction on a computer
farm. The raw data are transferred to the DESY computing center and are written
to tape. From this moment they can be used for offline physics analyis[18].

3.3 The Data Sample

Soon after data taking the triggered events (see Section 6.1) are reconstructed from
raw data (RAW) (see Section 5.2) and written on tape in so-called RDST format,
that includes all reconstructed data and the RAW data. In addition, selected re-
constructed data are written on disc (MDST) to make them quickly accessible for
physics analyses. After several months the data are usually reprocessed to take into
account corrections to the calibration of detector components and updates to the
reconstruction software, which have been developed in the meantime.

As soon as the RAW data are available on tape they pass a data quality monitor-
ing (DQM) system to ensure that they are not affected by any problems that occured
during data-taking. During reconstruction the so-called ZMON allows monitoring
on a run-by-run basis and calibration of software parameters for the reconstruction.
Both DQM and ZMON are performed in parallel by the groups which are in charge
of the individual components as well as by the groups that are employed with the
particular physics analyses.

SFEW DQM* is a monitoring system for RAW and RDST/MDST looking into
positron energy distributions, vertex distribution, calorimeter timing, LUMI ener-
gies, trigger efficiencies and more. The Bonn group developed FDETD@M, which
takes care of the FTDs, RTD and TRDs spot checking every tenth tape to find
possible hardware problems quickly and to allow calibration of reconstruction pa-
rameters such as the drift velocity scale. The associated ZMON checks the track

4DQM of the Structure Functions and Electroweak Physics working group
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Figure 3.8: Integrated luminosity collected by ZEUS for all runperiods before EV-
TAKE and other run selection criteria were applied.

reconstruction quality for each run.

Most information from DQM and ZMON was combined to a run and event se-
lection routine used by the whole collaboration, called EVTAKE. During analysis

a slightly tighter run selection was applied to account for more recent results in
understanding detector performance.

Figure 3.8 shows the amount of data before EVTAKE collected for all running

periods of ZEUS operation. After the run selection, the data sample used for this
analysis amounted to

EDATA = 063.2 pb_l.

39



Chapter 4

Monte Carlo Simulation

Measurements of structure functions and cross sections require corrections for accep-
tance, efficiency and resolution effects of the detector. As the detector components
are highly complex, analytic calculations are too complicated and hence not prac-
tical. Instead, well-established Monte Carlo techniques are used to simulate the
relevant aspects of the ZEUS experiment. The simulation will later be used for the
unfolding of the data (Section 7.2).

Several samples of MC events were generated: firstly, the NC DIS Monte Carlo
that represents the signal to be measured; secondly, the diffractive MC, which is
actually a subset of the DIS MC, but is not covered by the first sample; thirdly,
photoproduction MC, which provides the main background. An NC DIS MC was
generated also in a second version for systematic checks (Section 4.1.2).

4.1 NC DIS Monte Carlo: DJANGOH

NC events were simulated with DJANGOH 1.1[33], which was fed with the CTEQ5D
PDFs, which were explained in detail in Section 2.4. The simulation was restricted
to the following kinematic region:

107< = <1 (4.1)
1007< y  <0.9999 (4.2)
Qrpnin < Q2 < 10°GeV? (4.3)
5GeV < W (4.4)

gpp refers to the apparent Q% , which is calculated from the final state positron,

taking into account the shift of the kinematic variables due to radiative effects,
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especially initial state radiation (ISR). Radiative effects are topic of the following
section. Qpr,min is a variable quantity and requires a reweighting method for differ-
ent MC samples when samples are combined. This is explained in Section 4.1.5. If
not otherwise stated, all other parameters to the Monte Carlo generators were set

to the default values given in [33].

4.1.1 Electroweak Corrections at the Positron Vertex

DJANGOH includes an interface to HERACLES 4.6.1[34] for the simulation of elec-
troweak radiative effects of O(«) to the Born diagram. The first-order electroweak
radiative corrections are known to be large, particularly in the low-z/high-y region.
They are mostly due to radiation of real and virtual photons from the positron (see

Figure 4.1).

With initial state radiation (ISR), where a real photon (4-momentum /) has been
radiated collinearly to the incoming positron, the positron momentum £ in the scat-
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Figure 4.2: QEDC Feynman graphs. Note that the positron between the vertices is
virtual.

tering process has to be replaced by & — [ in the Equations 2.1 to 2.5. This results
in lower centre-of-mass energy. The ISR photon is usually not detected, because it
escapes through the beampipe. Note that (k —1)? = m? ~ 0 and Q* > 0.

With final state radiation (FSR), where a «y is radiated collinearly to the outgoing
positron, and in vertex corrections the equations change similarly[2].

In case the positron turns virtual, initiated by the exchange of a quasi-real pho-
ton with (k — 1)? > 0,Q?% ~ 0, the processes are called QED Compton processes
(QEDC), as shown in Figure 4.2. In the detector a positron and a photon with
balanced transverse momenta can be found[35].

HERACLES includes separate treatments of the Born term and ISR, FSR and
QEDC. These corrections together with the fermionic contributions to the v, Z and
~Z self-energies (vacuum polarisation, Figure 4.1 lower right) are sufficiently precise
to describe the cross-section with an accuracy of better than 1%, for Q? < 2000 GeV?
and better than 5% elsewhere(36].

4.1.2 QCD cascade

The parton cascade was simulated using the colour-dipole model of ARIADNE 4
version 10[37]. Parton cascade denotes the gluon radiation and ¢¢ production of
gluons, which originate from colour flow between the struck parton and the proton
remnant. ARIADNE uses the Colour Dipole Model (CDM), which describes the
gluon radiation in terms of radiation from the colour dipole built up by a ¢ pair.
The emission of a second, softer gluon is treated as radiation from two independent
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dipoles, one built up by the g and ¢ and one by the ¢ and 7; and so on. ARIADNE
takes into account that the struck parton is point-like, but the proton remnant is
considered as an extended object.

As a systematic check, the MEPS model of LEPTO 6.5[38] was employed in par-
allel to ARTADNE. The differences in the results of the cross sections and structure
functions served as an estimate for the systematic uncertainty of ARIADNE (see
Section 7.4). Furthermore, the errors were scaled with separate factors to receive
appropriate upper and lower errors. The factors resulted from detailed studies of
the hadronic energy flow in the calorimeters, see [39] for more details.

In the following MEPS MC will denote NC DIS Monte Carlo applying the MEPS
model, while (NC) DIS MC denotes that ARIADNE was applied.

4.1.3 Hadronisation

After the development of the parton cascade the coloured quarks are transformed
into colour neutral hadrons. This process is called hadronisation or fragmentation
and was modelled by the Lund string model in JETSET 7.41[40]. Here each quark-
antiquark pair is thought to be connected by a string, which represents a colour field
with constant energy density per unit length. When the string is stretched and the
stored energy becomes large enough, the string can break apart and create a new
qq pair from the vacuum. The process is repeated with the new string pieces until
all the available energy is used up[10].

4.1.4 Detector Simulation

The generated events are passed through a simulation of the ZEUS detector, called
MOZART/[18], which is based on the GEANT3.13[41] package. It contains the best
present understanding of the detector in terms of geometry, efficiency and calibra-
tion of the detector, as well as the full knowledge about the reactions of the particles,
that are swum through the material. Together with the trigger simulation, which is
performed by ZGANA[32], the simulated events are produced in the same format as
data events. Consequently, the reconstruction and the physics analysis were done
with identical programs for data and MC.
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4.1.5 Event Samples

A sufficient number of events had to be generated, such that statistical uncertainties
from the MC event sets were low. Since the cross section falls with Q*, several sets i
of MC events with different lower kinematic limits Q2 . . and therefore different
cross sections opc; were generated and combined by assigning appropriate weight
factors. The number of MC events from the different samples were reweighted to
the number of data events using a luminosity reweighting procedure to ensure that

the acceptance is in MC the same as in data (see Section 7.2).

In general, it is possible to calculate a quantity £, with dimension of lumi-
nosity for a MC sample, by dividing the number of generated events (N ) by the
cross section oyy¢ used for the generation. Then each MC event can be weighted with

Lpara _ oMC
w = = Lpara

£]V[C N]\/[C

(4.5)

Figure 4.3a) shows the number of MC events (up to generated Q2 — 5100 GeV?)

app
before reweighting for the different Q% .. cuts. The different Q% . . values are

recognisable by the solid lines.

To take this into account, a different weight was assigned to the generated events
in every bin m, that is limited by Q2 ..., and Q2 . . . This has been done

by counting the number of all MC events generated within this bin (Nyc,,) and
calculating the weight using?

OMCi — OMCi+1

(4.6)

Wy, = LpaTa N
MCm

Figure 4.3b) shows the shape of correctly luminosity reweighted and combined MC
samples.

The luminosity reweighting is not only crucial for a correct unfolding and nor-
malisation, but it allows also the generated MC to be compared to the data for all
observables directly via so-called control plots.

The generated DIS MC samples using DJANGOH together with ARIADNE (and
JETSET) are presented in table 4.1. The largest kinematic region that was finally

!This is equivalent to w,, = Lp ATAﬁ? with j running over the MC samples with
J=1 SN

2 2
Qapp,min,j < Qapp,min,i‘
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statistical fluctuations superimpose the effect of the luminosity reweighting.
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measured was Q? > 185 GeV?. From Q? > 100 GeV? on, at least twice the data
luminosity was generated; from Q2 > 2500 GeV? the MC statistic exceeds the data
by almost a factor of 14. The low @* MC samples have been generated in order to
investigate migration effects.

The MEPS MC samples using DJANGOH and MEPS (and JETSET) are pre-
sented in table 4.2. The luminosity reweighting was performed in the same way as
explained above.

Lilm | Q2 il GeVZ] | oncilpb] | Nucon | Loara/wn[pb~] |
1 25 22630 | 43207 4
2 40 12783 | 108488 23
3 100 8122 | 845998 122
4 400 1167.7 | 211075 218
5 1250 197.54 | 64857 468
6 2500 98.915 38 360 870
7 5000 14.846 | 29981 2488
8 10000 2.7936 27334 11 006
9 20000 0.30999 | 22510 88 086
10 30000 | 0.054443 13485 309 509
11 40 000 0.010874 12422 1418765
12 50000 | 0.0021185 14 962 7062 545

Table 4.1: Summary of DIS MC used.

4.2 Diffraction: RAPGAP

A class of events was not covered by DJANGOH, although it is implicitly included
in the total NC DIS cross section. These events have as main characteristic a large
rapidity gap, i.e. there are no energy deposits in the angular region between the
struck quark’s jet and the proton remnant (Figure 2.1). In terms of QCD they
have no colour flow between jet and remnant. This process is called diffraction.
As diffractive events were not expected in conventional physics prior to HERA at
such a high rate, they have been generated independently from DJANGOH by RAP-
GAP2.08/06[42]. Parton cascade and hadronisation were simulated in the same way
in the detector as the default DIS MC.
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Lilm | Q2 minil GeVZ] | oncalpb] | Nucon | Lpara/wanlpb ] |
1 25 22630 0 0
2 40 12783 0 0
3 100 8122 | bRO 347 83
4 400 1167.7 | 130398 134
5 1250 19754 | 36193 261
6 2500 58.915 20514 465
7 5000 14.846 15284 1268
8 10000 2.7936 13793 5553
9 20000 0.30999 11252 44031
10 30000 | 0.054443 0727 154 398
11 40 000 0.010874 4233 483 467
12 50000 | 0.0021185 6 982 3295728

Table 4.2: Summary of MEPS MC used.

105 T T T I T T T
FE RAPGAP only, R=.064
. DJANGOH + RAPGAP
10 ® DATA

10°

#Events

n max

Figure 4.4: The 7,4, distribution in data, RAPGAP MC reweighted and RAPGAP
added to DJANGOH, both weighted, such that they agree best with the data for
low Mmaz-
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The rapidity[43] of a particle is defined as = 1 In gf—ﬁ;. In the non-relativistic
case of the velocity vz — 0, 1 is approximately equal to vz. For vz — 1 1 depends

only on the polar angle, such that the pseudo-rapidity can be written as

n = —Intan(6/2). (4.7)

Large rapidity gap events have also a low pseudo-rapidity value 1,4, of the most
forward energy cluster?. Since events generated by DJANGOH have higher 7,4,
the distribution of 7,4, in data serves to determine the fraction of RAPGAP events
in the total inclusive cross section. The RAPGAP MC was reweighted down by a
factor R < 1 of the initial weight, while the DJANGOH MC is scaled down by
(1 — R). The reweighting factor R was determined by a linear fit to R between
—2 < Mmae < 3 such that for each bin ¢:

Nipara = (1 —R)- N;prancou + R+ Ni grapcap (4.8)

The event numbers N; para, NV; pranvcon, Nirapcap were counted after the event
selection described in Section 6.

Figure 4.4 shows the 7,,,, distribution for data and the mixed sample of DJAN-
GOH and RAPGAP with a mixing factor R — 0.064, which reached best agreement
in the low 7,4, region. The RAPGAP subsample is shaded to make its large impact
visible there.

As a systematic check the reweighting factor was raised to R,, = 0.09 and lowered
t0 Rgown — 0.03 to observe the effect of the change in the cross section measurement
over the whole kinematic range. The effect was relatively small and is shown in
Section 7.4.

Table 4.3 gives a summary of the amount of RAPGAP MC events used in this anal-
ysis. The luminosity reweighting is performed similarly as described in sec 4.1.5. In
the following no distinction, e.g. in control plots, will be made between the fractions

of DIS MC and RAPGAP MC.

4.3 Photoproduction: HERWIG

The most important background for DIS analyses is given by photoproduction
events. In these events, positrons provide quasi-real photons (Q* ~ 0) and they
are defined such that the scattered positrons disappear along the beam line and are
not detected in the calorimeter. In principle, such events are distinguished from NC
events, because there is no scattered DIS positron. However, the vp interaction may

2cluster with an energy above 0.4 GeV to account for noise in the calorimeter
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Lilm | Q2 il GeVZ] | oncilpb] | Nucon | Loara/wm[pb ] |
1 25 22630 0 0
2 40 12783 6 0
3 100 8122 | 85959 12
4 400 1167.7 | 111970 115
5 1250 197.54 | 71230 513
5] 2500 58915 | 22171 503
7 5000 14.846 6 068 503
8 10000 2.7936 1166 469
9 20000 0.30999 116 454
10 30000 | 0.054443 15 344
11 40000 | 0.010874 4 457
12 50000 | 0.002118&85 0 0

Table 4.3: Summary of RAPGAP MC samples.

produce a hadronic final state in the detector, which can fake a DIS positron. This
could be e.g. an isolated high-ps-electron from the decay of charm or bottom mesons.

It is impossible to reject all photoproduction events in the final sample (see Sec-
tion 6.3.3), since the cross section is very large. To estimate background from photo-
production (PHP) (see Section 6.3.3) 7.59 million events were generated using HER-
WIG 6.2 Monte Carlo[44]. The phase space covered was limited by @ < 4 GeVZ.
The total transverse energy of the generated final state within an angular cut cor-
responding to the detector coverage was restricted to Er > 20GeV. The parton
densities of the proton and the resolved component of the photon® were due to the
CTEQ5-LO[14] and GRV-LO[45] parametrisations, respectively.

Two different samples that consisted of 1.75 million events of direct and 5.84 mil-
lion events of resolved photoproduction events, were generated and mixed according
to their relative cross section as implemented in HERWIG. Since the cross sections
are not precisely known, a normalisation procedure (see below) was applied to the
photoproduction MC. The mean effective cross sections in HERWIG are 15454 pb
(direct) and 81033 pb (resolved).

3The photon participates in the interaction directly as QED quantum or resolved, where it is a
source of quarks and gluons.

49



The photoproduction normalisation

The idea for the normalisation procedure was to find a subsample of photoproduction
events in data and MC, with a fake positron in the detector and the true positron
in the LUMI-e (35m)tagger. This subsample was scaled to the corresponding sub-
sample in the data. Then it was assumed that the full photoproduction MC sample
can be used to estimate the whole photoproduction background in the data.

Note that the procedure makes use of definitions and reconstruction techniques in-
troduced in Chapter 5 and Chapter 6.

At first events were selected within much looser cuts than used for the final
analysis:

e DST bit 12

o F.>10GeV

o PT,total/\/m < 3v/ GeV
e —50cm < Zyyp < 50cm

o Q* > 120 GeV?

[ ] ET,total > 20 GeV

Especially the cuts excluding photoproduction events were omitted from the usual
event selection (see Chapter 6). In this section the events which passed these cuts
are referred to as “DIS events with loose cuts”.

The subsample of events that was found in the 35 m-tagger passed additional
cuts on the energy measured in the LUMI-e and the LUMI-v taggers:

o ELUMI_AY < 2GeV

o 5GeV < Eromi—e < 15 GeV

The first cut is to prevent background from bremsstrahlung, the second is the
energy range in which the positron is expected to be scattered into the LUMI-e tag-
ger. In this section the events which passed these additional two cuts are referred to
as “tagged” events. To some extent the data is contaminated by “overlay” events,
due to pile-up of DIS events with photoproduction events (without fake positrons).
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Figure 4.5: Distribution of (E — Pz )iora for data, total MC (DJANGOH-+HERWIG)
and PHP MC (HERWIG) only. The distribution of the tagged events in data and
MC are also shown.
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Figure 4.6: Left: The energy deposited in the LUMI-e tagger in both data and
HERWIG MC for tagged events w/o overlays (LUMI-e cut not applied). The hashed
histogram shows measured events with bremsstrahlung from random triggers added
to the PHP MC (HERWIG). The solid lines represent the cut on Epymi_.. Right:
Angular distribution of positrons in the calorimeter for data, total MC (DJAN-
GOH+HERWIG) and PHP MC (HERWIG) only. The 6, distribution of the tagged
events in data and MC are also shown; they have been rebinned due to low statistics.

52



Figure 4.5 shows for data and MC the distribution of (£ — Py )it in the detec-
tor?, for DIS events with loose cuts as well as tagged events.
The quantity (E — Pz)ita was used to discriminate against the overlay events,
which can be clearly identified by the peak at 55GeV, see Section 6.2. Their
share in the tagged data at lower (E — Pz)iw is estimated from the ratio in
data of both DIS events with loose cuts and tagged events, at the peak between
50GeV < (E — Py)iotar < 60GeV. A number of 0.1% of data DIS events with loose
cuts were subtracted from the tagged data events.
The data and MC in Figure 4.5 neither agree for the DIS events with loose cuts,
nor in the tagged events. In this plot the photoproduction cross section was scaled
down by a factor 1/1.75, which is a compromise of the HERWIG implemented cross
section (factor 1/1.00) and a fit to the ratio of tagged MC events and tagged data
events between 30 GeV < (E' — Py )i < 45 GeV, resulting in a normalisation factor
1/2.5. The compromise was chosen, because on the one hand, the HERWIG imple-
mented cross section made the distributions for the DIS events with loose cuts agree,
whereas on the other hand, the normalisation factor 1/2.5 made the distributions
for the tagged events agree.

The acceptance of the LUMI-e tagger was compared to the 1996 /1997 run-period
for random triggers and it was shown that it had not changed. The simulation of
the LUMI-e tagger was similarly checked, by comparing the acceptance in the MC
sample used in this analysis with a MC sample from an earlier analysis and with an
MC sample for vector-meson production [46].

Figure 4.6 (left) shows the distribution of positron energy in the LUMI-e tagger,
after loose DIS cuts, LUMI-v cut and a cut against overlay events: (£ — Pz )iotar <
45 GeV. Events with bremsstrahlung (see Section 3.2.6) were added to the MC from
random triggers. The data are well described.

Figure 4.6 (right) shows the distribution of the found positrons in the detector.
The distributions of DIS events with loose cuts in data overshoots the MC most at
high angles, but also around the super-crack region between FCAL and BCAL. The
distributions of the tagged events do not favour the same shape.

It was not possible to track down the reason for this disagreement giving rise to
a systematic uncertainty. The mean effective cross section of the photoproduction
background was set to 1/1.75 of the value implemented in HERWIG (see above)
and the resulting weights were scaled up and down by +43%, to give an estimate of
the systematic uncertainty involved, which is equivalent to choosing normalisation

4excluding energy in the LUMI-taggers
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factors of the weights from HERWIG of 1.0 and 2.5. The prolongation of the uncer-
tainty bars turned out to be small in almost all bins (see Section 7.4).
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Chapter 5

Event Reconstruction

For the analysis presented here, the task is the reconstruction of the events accord-
ing to the hypothesis e™p — et X. In general, at this stage, data and MC pass the
same treatment of the reconstruction.

The first section describes the kinematic reconstruction method, the second section
sketches the official ZEUS reconstruction of the events from detector signals and
the following three sections are about the selection and correction of the quantities,
which characterise the event kinematics.

5.1 Kinematic Reconstruction

5.1.1 The Observables in DIS

It was shown in Section 2.1 that two independent quantities are needed to describe
the event. The quantities used in Chapter 2 are the Lorentz invariant quantities x
and @2, which have to be reconstructed from observables in the laboratory frame.
From the scattered positron as well as from the hadronic final state both energy
deposits and the positions of the latter w.r.t. the event vertex can be determined,
such that four independent observables exist. Any observable constrains the kine-
matic plane by one degree of freedom. This results in lines of constant value, called
isolines of the observable.

In the laboratory frame and negelecting particle masses, the incoming positron
momentum and the incoming proton momentum are set by the HERA accelerator
to
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beam beam
B £

0 0
k= 0 and P = 0 (5.1)
_Egeam +E1l;eam

with B2 — 27.5GeV and EX**™ — 920 GeV. From the beam energies the centre-
of-mass energy squared is given by

§ = 4B e (5.2)

The outgoing momenta of the positron e and the hadronic final state, distinguishing
between the proton remnant (not measured) and the hadronic final state A (mea-
sured in the detector), are:

Eé Eh + ERemnant
E!sin 0, cos ¢ E}, sin y, cos ¢y,
r e e e ’
k E! sin 6, sin ¢, and P Ej, sin vy, sin ¢y, (5:3)
Eé COS ee B}, cos Yh + ERemmant

with E!, E, being the measured energies and (0., ¢.), (v, @) being the polar and
azimuthal angles of positron and measured hadronic final state.

Figure 5.1 shows isolines of the scattered positron energy E, in the z-Q? kine-
matic plane. The energy is below 10 GeV only for high y at Q% < 1000 GeV2. Around
x ~v Bheam | Eheam — (.03 the scattered positron’s energy is equal to the beam energy.
At this value of z the e”¢ c.m.frame coincides with the laboratory frame and in the
naive QPM the struck quark momentum is equal in magnitude and opposite to the
positron momentum. This kinematic region is called kinematic peak region. Note
that here small errors in the energy measurement can lead to strong migrations in x.

Figure 5.2 shows isolines of the positron polar scattering angle 6, in the z-Q?
kinematic plane. At large angles and large x the angle isolines run almost parallel

to the o axis. That means that it is almost possible to identify log Q? with 0,.

The two observables from the hadronic final state are (E' — Pz);, and Pry. The
hadronic (E — Pz), is defined as:

(E — Py)y = Z E,(1— cos,) (5.4)
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Figure 5.1: Lines of constant positron energy in the z-Q? kinematic plane

i
I }
‘_ Positron 6 in degrees .

Figure 5.2: Lines of constant positron angle in the z-Q? kinematic plane
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Hadronic E-P, [GeV]/
Positron E-P, [GeV] /y

Q? [GeV?

Figure 5.3: Lines of constant hadronic (£ — Py),, positronic (£ — Py). and y in the
2-Q)? kinematic plane. Note that in principle they are equivalent.

with E; and ~; being the energy deposit in and the angle of calorimeter cell ¢ w.r.t.
the vertex. 7 runs over all cells except for the ones which belong to the positron.
(E' — Py), has no bias towards the proton remnant, since (E — Py)gemnant ~ 0. In
fact, for DIS (E — Pz)ora = 2E%™ = 55GeV is a conserved quantity (see Sec-
tion 6.2). Figure 5.3 shows isolines of (E — Pz),. Note that they are equivalent to
(E—Pz). = 2E%*—(E—Py);, and also to y through Equation 5.10 or Equation 5.13.

Figure 5.4 shows isolines of the hadronic transverse momentum pr . Consistently
with Equation 5.4 this is defined as

Prj =) E;siny (5.5)

The transverse momenta of the positron and of the hadronic final state balance as
a consequence of momentum conservation (see Section 6.2), such that pr, = pre.

Figure 5.5 shows isolines of the angle ~;, of the hadronic final state, which rep-
resents the angle of the struck quark in the QPM. ry; is calculated from the cell
energies via
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Positron Py = Hadronic P [GeV]

10*
-
=
Q
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o
e/

Figure 5.4: Lines of constant hadronic Prj and positronic Pr. in the 2-Q)? kinematic
plane. Note that their absolute values should be equal.

Pt — (E - Pg);,
PZI2‘,h+<E_PZ)%1

cos 7y, = (5.6)

vy, decreases with increasing x, the isolines, however, running parallel to y rather
than to Q2. At low vy, with the current jet in FCAL, mis-measurement can lead to
migrations in .

5.1.2 The Double Angle Method

As there are four independent observables E!, 0., (E — Pz), and Pr, available for
the reconstruction of two kinematic quantities  and @?, several different methods
can be used for the analysis. The Double Angle method (DA), which uses both
the positron angle and the current jet angle, turns out to be best for the high-Q?
analysis. The following formulae are used for calculating the kinematic variables:
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Figure 5.5: Lines of constant angle v, of hadronic final state in the z-Q? kinematic

plane

Qba
Ypa

IDA

sin vy, (1 4 cosf)

2Ebeam 2 5.7
(2E™) sin 7y, + sin @ — sin(0 + vy) >0
| sin 9. (1— COf%) (5.8)
sinyy, + sin 0 — sin(0 4+ ;)
Eseam sin vy, + sin @ + Siﬂ(e + 'Vh) (59)

Ebeam sin -y, 4 sin 6 — sin(f + ;)

The Double Angle method was chosen due to the observation in the ZEUS exper-
iment that angles are usually measured more accurately than energies. The method
is, to first order, independent of the absolute energy scale of the calorimeters. More-
over, both the positron and the hadronic jet are often within the CTD acceptance.
The positron angle can then be reconstructed from a CTD track and the vertex is
constrained by the positron track and a number of hadronic tracks.

In Figure 5.6 the Double Angle method is compared with two of several other
methods in use at ZEUSI[1]: The electron method, which uses angle and energy of
the positrons only, and the Jacquet-Blondel method, which uses (E — Pz)y and Pr,
from the hadronic final state only. Obviously, the Double Angle method is best.
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Figure 5.6: Resolution in % in different bins of apparent z and Q? obtained from
DIS MC by the Double Angle method, the electron method and the Jacquet-Blondel
method. The value of Q? is given in GeV.
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While the electron method (index e) will be used for a specific selection cut, the
Jacquet-Blondel method (index JB) is shown just for completeness. The formulae
are:

E.
Y = 1—2Ebmm(1—cosﬁe) (5.10)
Q> = 2E"™E, (1+cosf,.) (5.11)
Q2
T = — (5.12)
SYe
E — Pg)y,
Yip = <2ETZ) (5.13)
Pry
Qg = - 5.14
JB 1—-wysB (5.14)
2
rip = syﬁ (5.15)

Figure 5.7 shows a display of a high-Q? event in the ZEUS detector with the two
measured angles indicated.

5.2 ZEUS Reconstruction: Zephyr

The reconstruction of hardware signals from the various detector components into
energy clusters and particle tracks for both data and MC is performed by the ZEUS
offline reconstruction package Zephyr. In the following paragraphs the calorimeter
reconstruction and the tracking reconstruction are briefly outlined.

CCRECONI[47] is the name of the reconstruction programme of the uranium
calorimeter. The basic entity there is cell. A cell is a unit of 2 PMTs, located at
opposite sides of the modules (see sec 3.2.2). The PMT signals’ charge, which is
directly proportional to the deposited energy, and the time of arrival are stored. In
a next step, after the data has been calibrated using uranium noise, the energy and
some more information from each cell, is stored!.

The cell energies are corrected cell by cell removing noisy cells and sparks. They

lin the CALTRU table
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Figure 5.7: A high-Q? event with the kinematic variables reconstructed from the DA
method. (Run 33712, Event 37446, Q? = 10548 GeV?, z = 0.308, y = 0.337, 0, =
0.82rad, v, = 0.44rad, Ee corr = 119GeV, (E — Pz = 58 GeV, Zyy, = —10cm)
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can be identified by means of coincidence in all events of a run and large imbalance
between PMTs, respectively. After all noisy cells were removed, all the EMC cells
in RCAL were re-scaled up or down individually? according to [48, 6]. In the same
step BCAL EMC is also scaled up by 5% overall.

From these cell energies the local clustering starts, since particles entering the
calorimeter deposit energy in a characteristic way for their identity. The result
of the local clustering procedure is a three-dimensional cone island. A (cone) island
generally corresponds to the shower of a single particle, if it is isolated. In jets, the
showers from several particles are often merged into one or a few islands.

From this stage on, sophisticated packages, explained in the following sections, find
DIS-positrons and reconstruct the hadronic final state.

The track reconstruction package of the CTD is called VCRECON[49]. Ap-
propriate calibration constants are used to convert a CTD wire signal into a drift
distance from the wire. Hits generate two-dimensional coordinates on the sense
wires. Pattern recognition attempts to assign trajectories to these coordinates. The
axial superlayers measure trajectory projections in the XY plane. The stereo su-
perlayers are therefore needed to support three-dimensional reconstruction. Inside
the solenoid the magnetic field is approximately parallel to the Z axis. At any point
of a track’s trajectory, the path is approximately an axial helix. The reconstructed
helices are stored?.

An important task is the reconstruction of the vertex of the e'p interaction. This
is achieved by fitting the tracks to the proton beam axis with a fairly large error
(0 = 0, = 0.7cm) to discriminate against secondary tracks and off-axis vertices
caused by low multiplicity or imprecise trajectories. Iteratively, tracks that do not
improve the vertex fit, are removed until convergence. The tracks left are finally
fit again without the proton beam line as a constraint[50]. The vertex from this
reconstruction is called the VCRECON vertex (see Section 5.5).

VCRECON also swims the trajectories, distinguishing between vertex tracks and
non-vertex tracks, through the (inhomogeneous) magnetic field into the calorimeter,
predicting the position of energy deposits.

The reconstruction in the planar drift chambers in the forward (FTDs) and
backward direction (RTD) is accomplished using the reconstruction package TFRE-
CONI51, 52] on both data and MC. Similar to VCRECON single hits represent
two-dimensional coordinates in a drift cell. A track can produce at most 6 hits
per cell. Pattern recognition combines up to 6 hits in one layer of cells into two-
dimensional projections (LTE) of a linear track segment. In general, three of these

2Using RCALCORR
3in the VCTRHL table
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LTEs in one chamber are combined to a linear track segment, which is stored as a
spatial point with a slope*.

Due to high occupancy, especially of the long inner cells, so-called ghosts may appear
— reconstructed segments without corresponding particle track. They lower the pu-
rity of the reconstruction below 20% if the number of segments = 30[53]. Purity is
defined here as the ratio of the number of reconstructed segments in a chamber to
the generated tracks traversing it.

Since there are missing cells and — for part of the data taking — missing layers,
track segments were also reconstructed using a 2-layer reconstruction . It has been
applied for RTD and for FTD2 and FTD3. For the latter ones an extrapolated seed
from CTD or FTD1[54] is required to reduce the number of possible hit combina-
tions.

During Zephyr the events are categorised for the various analyses using so-called
DST bits. The categorisation scheme allows a pre-selection of NC DIS events and
rapid access to them. It is based on TLT bits and some rough cuts. The DST bit
selection for this analysis will be explained in Section 6.1.4.

5.3 Detector Alignment

The alignment of the ZEUS detector components, was performed with respect to
the CTD. The Z axis of ZEUS is taken to be exactly parallel to the axial wires of
the CTD. The nominal centre of the CTD is at (X,Y, Z) = (0,0, 2.5 cm)[49].

The calorimeter alignment was done using optical survey during the detector
shutdown and matching of identified electron® clusters in BCAL and RCAL with
the associated CTD track[55]. FCAL alignment was performed similarly by [56].

The basic idea of the FTD’s alignment[57] is to swim particle tracks in the CTD
given by VCRECON to each FTD chamber and compare the extrapolated tracks
with the segments given by TFRECON. The position of each chamber has six de-
grees of freedom. Thus, there are three alignment parameters for translation and
three for rotation. Assuming the correlations among them are negligible and the
displacements are small, the transformation of the FTD-coordinate system to the

CTD-coordinate system is carried out by six independent linear transformations
(AX, AY, A® in the zy-plane, and AZ, AG,, AG, in the rz-plane). Events have

4in the TFMSEGC table
5This study was performed for the 1998/1999 e~ p runperiod, but is valid also for 1999/2000
e*p, since there was no movement of the chambers in between.
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Figure 5.8: The residuals for all pa- Figure 5.9: The alignment parameters
rameters after alignment in FTD1. vs iteration in FTD1.

been selected such that they contain one isolated track whose track parameters are
well reconstructed in the CTD and FTDs. In order to determine which FTD seg-
ment matches with the VC track, it has to pass a x2- test with a probability required
to be > 1%. The parameters are determined in sequence for the zy-plane, then for
the rz-plane. After each iteration a Gaussian is fitted to the distributions of the
residuals as exemplarily depicted in Figure 5.8 for FTD1. The mean of the Gaus-
sians are added to the alighment parameters in the next iteration. Figure 5.9 shows
for FTD1, how the procedure converges within 5 iterations.

5.4 The Positron

The main signature of NC events is the scattered positron. The detection is executed
by so-called electron finders. They analyse the energy deposits in the calorimeter
coming from EMC and HAC cells and distinguish electromagnetic from hadronic
clusters. Electron finders provide not only a positron candidate, but also its energy
and its position in the calorimeter.

The electron finder used in this analysis is SINISTRA95. It consists of two pro-
grams, SIRA95, which searches for electromagnetic clusters in the calorimeter, and
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FINDIS96, which selects the scattered DIS positron among the candidates provided
by SIRA95. SIRA95 is based on a neural network[58]. The input for the net is the
energies of calorimeter cells and the output is the probability for each cluster to be
electromagnetic or hadronic. FINDIS96° chooses the cluster with the highest (elec-
tromagnetic) probability from the candidates that have an additional CTD track,
unless they are outside the CTD acceptance. FINDIS96 needs a vertex to determine
the CTD acceptance. The input Zy, is the VCRECON vertex as mentioned in Sec-
tion 5.2, as long as the x? of the vertex fit is < 5. Otherwise, the setting Zy;, — 0
was used. The transverse vertex position was defined to be Xy, = Yy = 0, since
the size of positron and proton beams, which determine the vertex position, are
smaller than the track resolution provided by the CTD.

The probability of a positron candidate from FINDIS96 had to be > 90%. Stud-
ies have shown that for this probability cut the efficiency of SINISTRA95[59, 6] is
well above 90% for RCAL and most of BCAL, and drops down to almost 75% for
very small angles in FCAL outside the CTD acceptance. SIRA95 is optimised for
finding DIS positrons in the RCAL region and it therefore tends to favour candidates
there. This results in a high efficiency, but also higher background in RCAL than
in BCAL. In FCAL the major source of impurity is photoproduction background.

The energy is calculated from the energy deposits in the cells, which are corrected

as described in Section 5.2. In addition, a correction for dead PMTs in BCAL was
applied, which exploits the strong correlation between the imbalance of the most
energetic cell and the ¢ difference between the CTD track and the centre of this
cell[60)].
A correction for the dead material in front of the calorimeters was applied, because
when the positron travels through inactive material, it loses energy through ioni-
sation and bremsstrahlung. The structure of the calorimeter, with cracks between
towers and cells, causes non-uniformities in the detector response. The dead mate-
rial corrections and the non-uniformity corrections for BCAL were estimated using
CTD tracks[61]. Figure 5.10 (taken from [62]) shows the ratio of measured energy of
DIS positrons and the energy as calculated via the Double Angle method in BCAL,
first using the raw measured energy and then the corrected energy.

In RCAL the positron energy is corrected using the presampler. The presampler
counts the number of MIPs that were produced from the positron showering in the
inactive material. The number of MIPs is proportional to the energy loss and has to
be added to the raw energy from the electron finder with a proportionality factor,
which depends on the position in RCAL and which is different for data and MC[48].

SFINDIS96 Option 5
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Figure 5.10: Effect of non-uniformity and dead material correction in BCAL vs the
longitudinal impact position as determined from the track for both data and MC.

Since the energy resolution is worse in data than in MC, the energy resolution
was smeared in MC for the whole calorimeter due to

Ee,corr,MC - Ee,raw,]\/[C(l +0.03 - TndGauss) (516)

with rndgeuss being a random number, distributed according to a Gaussian with
width one [62]. To account for the uncertainty of energy smearing, a systematic
error was assigned by applying no smearing or a smearing factor of 0.045 (see Sec-
tion 7.4).

Figure 5.11 shows on the left side the energy distribution of the measured
positron and the high energy tail on the right side. The peak at ~ 27 GeV re-
sults from the kinematic peak. The MC describes the data reasonably well both
near the selection cut at 10 GeV(see Section 6.3.3), and at high energies.

As a systematic check the measured positron energy in the data was scaled up
and down by +1.5% for energies below 20 GeVand by +1.0% for energies above
20 GeV (see Section 7.4). The uncertainty was deduced from resolution measure-
ments, comparing the measured positron energy with the predicted energy using

Double Angle method in data and MCI[6].
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Figure 5.11: The positron energy after all cuts, except on the positron energy. The
vertical line indicates the cut on positron energy. Linear scale and, for high energy
logarithmic scale.
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Figure 5.12: Positron angle 8, on linear and logarithmic scales after all cuts.

Figure 5.12 shows the distribution of the positron angle on linear scale (left) and
logarithmic scale (right). The sharp drop at 6, ~ 2.7rad is a consequence of the
kinematic cut 9> > 185 GeV? (see Section 6.2). The dip at 6, ~ 2.2rad results from
the super-crack between RCAL and BCAL. The MC describes the data well.

The angle of the positron @, is important, for the event kinematics rely on it.
It can be determined from both the position in the calorimeter[22] and from the
track in the CTD. Since the tracking has a better resolution, the track angle was
chosen as the positron angle, unless the calorimeter position was outside of the CTD
acceptance. The positron track was defined to be outside the CTD acceptance, when
it had traversed the CTD-endplate at radii of < 45cm. In these cases, the positron
angle was determined from the positions in the calorimeter and at the vertex.
Measurements of the positron track in the FTDs proved to be less successful, because
of heavy electromagnetic showering in the CTD-endplate[63].

Due to low efficiency and insufficient simulation a number of geometrical cuts
were applied on the position of the positron shower in the detector. The variables

x, Yy, 2, T = /2% + y? refer to the global ZEUS coordinate system:

e The super-cracks were cut out between BCAL and FCAL as well as be-
tween BCAL and RCAL: (—104cm < z < —98.5cm OR 164dcm < z <
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174cm) AND 125em < r < 126 cm

e The chimney in front of RCAL, part of the heat exchange system for the
superconducting solenoid, was cut out: y > 100cm AND |z| < 10 cm

e The outer rim of RCAL (HACO), which is — viewed from the IP — hidden
behind BCAL, has no EMC cells and the electron finder efficiency is poorly
simulated and therefore also cut out: » > 175cm
A systematic uncertainty was assigned on the effect of this cut, as it was
applied on an RCAL-radius, where the disagreement between data and MC
in the electron finder efficiency changed continuously. The uncertainty was
quantified to be £15cm (see sec 7.4).

5.5 The Vertex

For a correct measurement of the angles of the positron and the hadronic system, a
precise knowledge of the primary event vertex is essential. While Xy, = Y4, =0,
the Zy:» has to be determined from measurement.

The vertex reconstruction from VCRECON, as described in Section 5.2, is used as
input vertex for the electron finder. However, once the positron is found in the
calorimeter and in case a track is assigned to it, the positron track serves as a seed
for the vertex, exploiting the fact that the DIS positron has come directly from the
primary vertex. This so-called electron-seed vertex requires a positron track with a
track momentum of Pr,, > 5 GeV fitted with hits on more than 8 stereo layers. The
electron-seed method reaches a resolution of AZ a2 0.17 cm [64].

The distribution of Zy, is determined by the length of the proton bunch, which
is about 11 cm (see Section 3.1), and the preceding and following positron and proton
satellite bunches that interact with the nominal bunches. The MC input vertex dis-
tribution was reweighted to the vertex distribution in data using a fit to the data of
five Gaussians which correspond to the bunch structure. Figure 5.13 shows the Zy,
distribution for both data and reweighted MC. Data and MC agree well, except for
the very left bins, in which NC events with Q% < 25GeV? (the lowest simulated Q?
value) migrated into the sample, which had not been simulated. The vertical lines
represent the cuts on the distribution, which were set to —50cm < Zy, < 50 cm in
order to remove the satellites.

As a systematic check of Zy,, the fit to the data distribution was carried out
in various ways. The satellite pairs in positive or negative Z were scaled up and
down by 30 of their fitted height and then fixed in order to redo the fit with the
remaining three Gaussians[62]. The resulting four new vertex distributions were
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Figure 5.13: The Zy, distribution in linear and logarithmic scale after all cuts
except for the vertex cut. The vertical lines represent the cuts on the distribution.

used to estimate the systematic uncertainty (see Section 7.4).

5.6 Hadronic Final State

5.6.1 CorAndCut

Before quantifying the hadronic final state, the EMC and HAC cell energies in
BCAL, which did not belong to the positron, were corrected in data by +1% and
+5%, respectively”. These values had been measured in jet energy studies and en-
ergy studies using diffractive events containing all hadonic energy in BCAL[65]. The
uncertainty in the hadronic energy scale had been estimated similarly resulting in a
1.5% uncertainty for FEMC and BEMC, 1% uncertainty for FHAC and BHAC and

2% uncertainty for REMC and RHAC. These uncertainties were used to estimate
the overall uncertainty in the cross section measurement due to the hadronic energy

scale (see Section 7.4).

"Using the routine CALRECAL
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Figure 5.14: The reconstructed ~y; distribution in linear and logarithmic scale after
all cuts.

The calorimeter response of the hadronic final state served to determine the an-
gle of the struck quark v,. The CorAndCut package was used for this analysis to
perform the necessary calculations and corrections[66].

From calorimeter islands the quantities Px j, Pyn, (E — Pz)n, vn and also Ery
of the hadronic system were determined (see Section 5.1.1), correcting for inactive
material effects, energy-overestimation for hadrons at low energy and energy loss
in super-cracks. In a second step, back scattering of particles, so-called back-splash
was corrected for by cutting away low energy islands for polar angles larger than
a threshold angle Va2 Vmae 18 @ function of ~, and had been derived using MC.
The procedure of cutting away islands and re-calculating v, and v, was applied
iteratively until v, converged.

Figure 5.14 shows the distribution of v;. The data is well described by the MC.
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5.6.2 The Hadronic Final State in FTDs

For sufficient low y the hadronic final state has an angle between ~, ~ 0.1rad and
0.5rad, which seen from the nominal interaction point (IP), points into the sensitive
volume of the FTDs. In this kinematical range the impact of the hadronic final state
in the FTDs was studied. MC was compared to data in order to have a basis for
using forward tracking to determine small ;.

Comparison of data and MC

The FTDs were not running in the same functioning cell and layer configuration
over the whole running period of 1999/2000. For a correct analysis of the data sam-
ple taken with the FTDs, a time dependent MC would have been needed. In order
to approximate mixing, a subsample of ~ 38pb™* of the data was used, where the
FTDs were running in rather stable conditions. The subsample excludes such runs,
which did not fulfil the requirements of proper FTD conditions, using TFTAKE
demanding 4 < Mean #hits per LTE < 5 for each working layer.
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Figure 5.15: The number of hits per segment in each FTD for both data and MC
for vu[rad] € [0.19,0.21], [0.29,0.31], [0.39,0.41], [1.29,1.31]

After the run selection the forward tracking detector had a stable configuration.
In both FTD2 and FTD3 the w-layers were completely off, so that the 2-layer re-
construction mode was used (see Section 5.2). Additional missing regions in other
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layers led to significant gaps in the reconstruction in all FTDs.

The simulation used was the standard DIS MC without rapidity gap events and
photoproduction background. The events were reweighted to the luminosity of the
given data. The same cuts and corrections as for the final event selection (see Sec-
tion 6.4) were applied to both data and MC, so that a clean sample of NC events
with their appropriate simulation could be used.

The number of reconstructed segments in each chamber was limited to less than
30. This takes into account the decreasing purity of segment reconstruction, as for
higher values of segments the number of ghosts increases strongly (see Section 5.2).
In this section the term “purity cut” will refer to this limitation.

Studies of jet shapes in the hadronic final state of NC events have shown that
the majority of jet (transverse) energy is within® R, 5 < 0.2[67]. A cone of R, 4 < 1
contains essentially all the jet energy. Using Equation 4.7 the pseudo-rapidity can
be written in terms of polar angle.

The Figures 5.15 to 5.19 show the results of the comparison of data and MC
broken down for the three F'I'Ds and for v, in narrow intervals (£0.01rad) around
four values: 0.2rad, 0.3rad, 0.4rad and 1.3rad. ~, = 0.2rad represents events,
where — in single jet events — the jet centre is close to the beam pipe. v, =~ 0.3 rad
stands for events, where the jet was in the centre of the FTD angular acceptance,
such that the forward detector contained the full jet energy. ~, ~ 0.4rad was for
events with the jet at the FTDs’ outer rim. v, =~ 1.3rad covers events, where the
jet centre was more than 1 unit of pseudo-rapidity away from FDET and mostly
soft particles traversed it.

As was shown in earlier studies[53, 52], correlated background existed in all
FTDs resulting in additional hits close to the track segments found in data. This
background could not be quantified and was not simulated. Therefore, TFRECON
had more hits to combine along the same track in data than in MC, with the con-
sequence that more segments were found per event, but fewer hits were used in the
individual segment reconstruction.

Figure 5.15 shows this effect especially in the column of FTD1, where the MC
exceeds the data at higher number of hits per segment. In the columns of FTD2
and FTD3 the overall number of hits is smaller due to the two-layer reconstruction

8 R, 6 = \/n? + ¢* with 7 being the pseudo-rapidity (Equation 4.7) and ¢ the azimuthal angle

of the jet centre.
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(max. of 12 hits). Here, the data exceed the MC at the lower numbers of hits.

In Figure 5.16 the number of segments per event is depicted. The effect of corre-
lated background is visible in FTD1, ~, ~ .3rad. Events with 5 to 15 segments are
less frequent in data than in MC, because the data events migrate to values greater
than 30. Those events were cut out by the purity cut (see above) and lead to a
normalisation offset between the event samples. The FTD2 and FTD3 columns are
less affected, since the two-layer reconstruction allows segments only where tracks
were extrapolated from CTD or FTD1. There, data and MC agree well.

Figure 5.17 shows the polar angle, Yposition, calculated from the position of the
segments in the respective FTD and the measured vertex assuming straight line
tracks. For each chamber (column), the dominant peak of the distribution moves
from left, in the first row, to right in the third row, until it is gone in the last row.
A secondary peak, hidden in the first row, has a constant shape, which can clearly
be seen in the last row. The dominant peak is identified with the impact of the jets
in single-jet events. The secondary peak belongs to hadronic activity from boosted
colour flow and from multi-jet events in FTDs, but also from the increasing number
of ghosts from the long cells close to the beampipe. The deficiency in data in the
column of FTDI resulted from the purity cut (see below).

The same deficiency exists in Figure 5.18. There, it is at Orad < @position <
7/3rad for the column of FTD1. It was the region with all layers working properly
and therefore — due to non-simulated background — allowing more segments to be
found in data, such that more events failed the purity cut.

The structure in the shape of the distribution for all chambers corresponds to the
missing cells and cell regions. Data and MC agree reasonably.

Figure 5.19 shows the polar angle ysiope calculated from the slope of the segments
in the rz-plane. The distributions are broader than the ones in Figure 5.17, since
the resolution in the reconstruction of the position is better than the resolution in
the reconstruction of the slope.

All in all the FTDs are reasonably well simulated by the MC. It is therefore
appropriate to use the MC for studies to improve the reconstruction of ;.

Improvement of -, Reconstruction

The measurement of the jet angles via tracks in the forward region is based on the
assumption that the particles with highest momenta in the jet indicate the jet di-
rection, since they should follow the jet most closely. In one jet events with only
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one or few charged particles carrying the majority of the jet momentum the average
track angle in rz-plane can provide an estimate of ;.

The procedure cannot be applied if the central direction of the jet, i.e. -, is
not going through FDET, or in case the event is a multi-jet event, or when most of
the jet momentum is carried by neutral particles. It was therefore required that the
segments had to be in a cone around the CorAndCut estimate of R, , < 0.2.

To prevent background from low momentum tracks, scattered particle tracks and

ghosts, only segments were selected, which pointed close to the event vertex.
When a particle of momentum 500 MeV starts at the IP and moves through the
magnetic field of the CTD, reaching FTDI1 at half the maximal radial distance from
the beampipe (48 cm), its linear extrapolation backwards passes the vertex at a dis-
tance of closest approach of DCA — 10 cm in the xy plane. For particles traversing
longer or shorter paths in the magnetic field, the DC A changes correspondingly[63].
In rz plane the resolution of the slope determination restricts the cut criterion. The
difference between the measured vertex and the Z position of the point of closest
approach is called AZ. A cut of |[AZ| < 10cm takes into account the average un-
certainty in the slope of segments (10 mrad) with vertex at IP[52].
Depending on the position of the segment and the vertex, two variable cuts se-
lect segments with sufficient momentum and without large kinks in their track:
DCA £ 10cm and |AZ| < 10cm, with < for vertex at IP and the track traversing
FTD1 at a radius of 48 cm.

Finally, all the selected segments together with the vertex were fitted to a straight
line, which represents the direction of the hadronic final state. The results can be
seen in Figure 5.20.

Figure 5.20(a) shows the number of events with at a measured angle yyess for the
CorAndCut method alone and for the combined method of CorAndCut with FTDs.
As described in earlier paragraphs, data and MC are in reasonable agreement.
However, while the efficiency — i.e. the ratio of number of measured angles over
all events — of CorAndCut is very close to 100% (not shown), for the combined
method it is < 30%. The F'I'D method works for about 1/3 of the events.

Figure 5.20(b) shows the relative difference between the measured and the true
angle (1) as given from MC for both methods. The combined method proves to
have a smaller spread and less bias at low angles. Nevertheless, the gain is small
due to the low efficiency. The ~; improvement method with FTDs was therefore not
used in the analysis.

Figure 5.20(c) compares data and MC again showing good agreement.
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Chapter 6

Event Selection

The main sources of background in the DIS sample are events with falsely identified
positrons in photoproduction, showers from cosmic or halo muons faking the signal
of a positron, and positron-gas and proton-gas interactions. Backgrounds with high
rates are already reduced by the trigger. The trigger logic is explained and its
efficiency discussed in Section 6.1. In Section 6.2 the characteristics of NC DIS events
are introduced. In Section 6.3 the sources of background are discussed together with
the selection cuts to prevent them. In the last section the final event selection criteria
are listed.

6.1 'Trigger logic and pre-selection

The general trigger system was already introduced in Section 3.2.7. The predom-
inant triggers required for DIS events are almost entirely based on the scattered
positron signal in the calorimeter. The relevant quantities and their logical combi-
nation are described in the following.

6.1.1 The FLT

At the FLT level the CFLT provides several logical bits that indicate the pres-
ence of energy deposits above certain thresholds in the electromagnetic or hadronic
calorimeter section. It produces three types of energy sums: the so-called threshold
sums, the transverse sums and the nominal sums.

The threshold sums are sums of all energies in all calorimeter cells without restric-
tions. For the nominal sums all towers with an energy < 464 MeV are set to zero,
as well as the inner ring of towers in the RCAL and the three inner rings of towers
of the FCAL. The transverse sums are the scalar sums of the transverse projec-
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tions of the energies' in the trigger towers w.r.t. the IP. The precise specification of
the energies are consistent with the discretisation of the energy in the trigger towers.

The FLT triggers are different for the positron scattering into the RCAL, the
BCAL and the FCAL region, taking the angular dependence of the event rates into
account. They are quite specific for RCAL and rather unspecific for FCAL and
represent essentially a logical OR of the conditions listed below. The associated
trigger slot numbers are given in parentheses.

e RCAL:

RCAL-IsoE? AND REMC? > 2.032 GeV (30,46)

— RCAL-IsoE AND REMCth? > 3.750 GeV (30)

RCAL-IsoE AND CalE’ > 0.464 GeV AND SRTD signal(30)
— RCAL-IsoE AND Cal_allEtS> 20 GeV AND Track’ (46)

— RCAL-IsoE AND Track AND SRTD signal(46)

REMC > 3.404 GeV (44)

e BCAL:
— BEMC > 4.776 GeV AND Track (44)
e FCAL:

— CalEMC> 14.968 GeV (40)
— CalEt®> 20.982 GeV (41)
— CalEt > 11.574 GeV AND Track(43)

There are a number of other FLT triggers, which are almost redundant. In addi-
tion, backgrounds from protons interacting outside the detector are rejected using
the time measurement of the energy deposits in the upstream veto counters and the

SRTD.

lecompare with Equation 6.7

2Isolated electrons or muons in the RCAL. A group of up to 4 trigger towers with electromagnetic
or minimum ionising energy deposits is required surrounded by quiet trigger towers

3The nominal sum of electromagnetic energy deposits in RCAL. Analogous definitions are valid
for BCAL (BEMC) and the whole CAL (CalEMC).

4The threshold sum of electromagnetic energy deposits in RCAL

5The nominal sum of Cal

5The transverse sum of all trigger towers including the three inner FCAL rings

"Track candidate from CTD FLT

8The transverse sum of all energy deposits in CAL
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Figure 6.1: Efficiency of the Rcal-IsoE trigger vs. positron energy (left) and vs.
radius of positron RCAL position (right) for both data and MC.

200
E —
2,
2 0
3] |
@ t
=
-200
-200

DATA  Xgcp [cm] MC XgeoaL [€M]

Figure 6.2: Efficiency of the Rcal-IsoE trigger for data (left) and MC (right) in
the RCAL plane, with the scaling code given by scale in between. The bin size is
10cm x 10 cm.
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Figure 6.4: Efficiency of BEMC trigger vs. positron energy E. (left) and vs BCAL-Z

position of the positron (right) for both data and MC.
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The RCAL first-level trigger efficiencies are measured with a sample of events
passing all analysis cuts and passing the CalEt trigger (GFLT 41). A small sub-
sample of these events have the positron measured in the rear calorimeter. The
CalEt trigger for these events was satisfied by the hadronic part of the event. This
sub-sample provides an unbiased sample of events that was used to test the efficiency
for the rear calorimeter trigger to fire due to the positron.

Using the unbiased sample the trigger efficiency is defined as

#events in unbiased sample with fired trigger

Efficiency = (6.1)

#Fevents in unbiased sample

The errors are binomial making some assumptions about the prior distribution
and in case of 0 or 1 considering the number of trials [68]. They are symmetrised,
wrongly allowing unphysical efficiencies > 1.

The efficiency for the RCAL-IsoE trigger (GFLT 46) is shown in Figure 6.1 vs.
the positron energy E,. and vs. the radial distance R of the positron position from
the beam. It is reasonably high. As the length of the error bars reflect the statistics
used in the efficiency determination, its precision is highest at the kinematic peak
(27.5 GeV). The inefficiency at RCAL radius ~ 110 cm in the data was traced to two
calorimeter cells (lower plots in 6.2) at ¢rcar, = —45°. The inefficiency there proved
negligible and was therefore not corrected for. The white areas at ¢rcar &~ 90° is
the region of the chimney in front of RCAL, which is cut out in the offline analysis
due to low electron finder efficiency.

The efficiency of the REMC trigger is shown in Figure 6.3 also w.r.t. the positron
energy and position. The unbiased sample was the same as for the RCAL-IsoE
trigger. The trigger efficiency is here very close to 100% and well described by the
MC.

The efficiency of the BCAL trigger (BEMC & a track) is shown in Figure 6.4. As
unbiased sample again GFLT 41 events after all cuts were taken, requiring a positron
in BCAL. The efficiency is high and the data is well described by the MC. The in-
creasing size of the error bars in both plots result from the decreasing cross section

in Q2.

6.1.2 The SLT

On the basis of a logical OR of 11 GFLT bits, of which the important ones were
presented in the previous section, a more detailed trigger selection was carried out
at the SLT level”.

9The dominant trigger is SFEW SLT 6

86



The full calorimeter information is available, in terms of energy and timing. To some
extent beam-beam interactions can be distinguished from beam-gas background
through calorimeter timing, since the beam—beam interactions take place within the
vertex region of the detector during the time window given by the bunches travers-
ing the detector.

The clock starts at O0ns when the bunch crossing takes place at the nominal inter-
action point. The distance of FCAL and RCAL from the IP are 220 cm and 150 cm,
respectively. The most important timing cuts applied on SLT level are the following;:

e absolute timing: |trcarn| < 8ns, |troar| < 8ns

e relative timing: |tpear — troar| < 1018, tpoaru — tBCALdown > —101s

The absolute timing cut removes upstream or downstream interactions of pro-
tons with gas inside the beampipe. Beam—gas events from the negative satellite in
the proton bunch arrive later in RCAL. Since they have to pass through the whole
detector the FCAL-RCAL time difference was used. The other relative timing cut
was introduced to remove cosmic muons. As they mostly come from above, they hit
the upper BCAL approximately 12ns earlier than the lower BCAL.

The CAL energy information is used in the following trigger cuts:

L (E — PZ)CALSLT < 100 GeV
e OR of four minimal EMC and HAC energy cuts

e (E— Pz)carsir + 2Erumi—y, > 29 GeV

The first and the second cut are to remove events with very high or very low en-
ergy deposition, due to beam-gas events inside the detector or halo muon events
(see Section 6.3.2). The third cut separates DIS events from photoproduction using
(E— Pz )tota conservation (see Equation 6.2). Erya—- denotes the energy measured
in the LUMI-v calorimeter allowing ISR events to be kept, in which the positron
radiated a photon in backward direction.

Note that the CAL SLT calculates (E — Py)car spy w.r.t. the nominal interac-
tion point. CTD SLT information was not explicitely used at GSLT level.
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6.1.3 The TLT

The main TLT trigger for this analysis'® demands a logical OR of all SFEW SLT
bits, tighter timing cuts, and a tighter (E — Pz)ota cut with:

o (B~ Py)rir + 2E1umi—y > 30GeV

The (E — Py)yy requirement is calculated using a CTD vertex, if it is available.
Most important is that a positron is found by at least one of four different electron
finders with an energy of £, > 7 GeV outside a box around the beampipe in RCAL
of 40 cm x 40 cm.

Only events that passed one of the TLT triggers were written on tape and were
available for analysis.

6.1.4 The DST bit

The pre-selection of the data was done using a DST bit!! with a logical AND of the
following selection criteria:

e logical OR of 13 TLT bits
° (E — PZ)total + ZELumi'y > 30 GeV
e logical OR of 5 electron finders with each passing a logical AND of

— FE. > 5GeV
— Q% , > 80GeV?
— Y. < 0.95

The indices indicate the reconstruction method used (see Section 5.1).

After this preselection, a total of 905 164 events were accepted and saved in ntuples.

6.2 Characteristics and Kinematic Cuts

The most important characteristic of NC events is the detection of the isolated DIS
positron. The positron identification was performed by the electron finder and is

WSFEW TLT DIS04
UDST 12 High Q2
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Figure 6.5: The cone isolation for both data and MC after all cuts except for the
E.one cut itself. The vertical line represents the F,..,e cut.

described in Section 5.4.

Afterwards an isolation criterion was applied. The (positron) cone isolation is
defined by the amount of energy E.,,. that is found in calorimeter cells within a
cone of'? R, s < 0.8 around the centre of the positron, which are not used by the
electron finder. Since a scattered positron is usually isolated, it is assumed that
this energy does not belong to the positron. A cut was applied on that quantity of
Fone < 5GeV.

Figure 6.5 shows the distribution of the cone isolation for data and MC after all
cuts except for the isolation cut itself. MC again denotes here DIS and PHP MC,
as explained in Chapter 4. The distribution is well simulated.

As a systematic check the cut was tightened and loosened by +2 GeV for both data
and MC. The resulting cross sections served to quantify the systematic uncertainty
of the cone isolation (see Section 7.4).

Both the energy and the momentum are conserved quantities, which also means
that the energy minus the Z component of the momentum are conserved. Before

2R, s = \/n? + ¢* with 7 being the pseudo-rapidity (Equation 4.7) and ¢ the azimuthal angle
of the positron.
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the interaction (£ — Py)a is given by the beam energies (neglecting masses):

(E - PZ)total — (E - PZ)proton + (E - PZ)posit'ron
~ (Ell;eam o Egeam) + (Eé)eam o (_Egeam))
= 2F"™ = 55GeV (6.2)

Due to the definition of the ZEUS coordinate system the energy and the momentum
of the proton cancel, while they add up to twice the beam energy for the positron.
After the interaction the energy and the longitudinal momentum of the proton
remnant cancel, for the latter escapes down the beampipe in the forward direction:

(E - PZ)total = (E - PZ)h + (E - PZ)remnant + (E; - Pé,e) (63)
~ Eh(]- — COS ’Yh) + (Eremnant - Eremnant) + E(/z(l — COS 06) (64)
~ En(1—cosy,) + EL(1— cosb.) (6.5)

The index h refers to the hadronic final state in the detector, the index remmnant
denotes the hadronic final state that belongs to the proton remnant and that is not
measurable in the detector.

In Figure 6.6 the distribution of (E — Pz)otar is shown with linear scale on the

right side and logarithmic scale on the left side. Since the proton remnant does
not affect the measurement of (F — Py)ia after the interaction, as follows from
Equation 6.5, the distribution peaks at 55 GeV.
Of course, limited resolution of positronic and hadronic £'— P and particles escaping
through the beampipe in the rear direction (a rare case in high ()* analyses) cannot
be circumvented. Keeping in mind also the background from photoproduction (see
Section 6.3.3) and positron—gas interactions, a cut of 38 GeV < (E — P2t <
65 GeV was applied, as indicated by the vertical solid lines in Figure 6.6. The
vertical dashed line indicates the tighter cut 42 GeV < (E'— Py )1q that was applied,
when the positron was measured in forward direction beyond CTD acceptance (see
Section 5.4).

Figure 6.7 shows the positronic and hadronic £ — Pz. The simulation describes
the data well.

As a systematic check the cut was tightened and loosened by 4+2 GeV. The result-
ing cross sections served to quantify the systematic uncertainty on (£ — Py )iora (s€€

Section 7.4).

The total transverse momentum FPr o is also a conserved quantity and will be
defined and discussed in Section 6.3.2.

Cuts on the kinematic variable were applied in agreement with the goal of the
measurement. The cut at low Q? value was set to @2, > 185 GeV? for the double
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describes the data well.

differential cross sections and the structure function. For the single differential cross
sections the low Q? cuts were set to Q% , > 200, 400, 2500 and 10000 GeVZ. The
lower (@? cuts were motivated by the positron acceptance of CTD or RCAL, and
also by bin definitions from earlier measurements.

Figure 6.8 shows the reconstructed kinematic variables Q% 4, zpa and ypa for data
and MC. The MC describes the data well.

The kinematic cut on g, is described in Section 6.3.3.

6.3 Backgrounds

The main source of background events are, as has been said already, beam—gas in-
teractions, cosmic and halo muons and photoproduction events. Other ep-induced
backgrounds, such as prompt photon production (vg — ~q), direct production of
real W or Z bosons and two-photon processes (yy — 1) are known to contribute
by less than 1{b [13] and are not discussed any further.
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6.3.1 Beam-Gas Interactions

Positrons and protons from the beam interact with rest gas in the beampipe. These
beam-induced background events are characterised by high activity in both the
calorimeter and the tracking detectors.

At a vacuum of 107% Torr and an effective sensitive length in front of the detector
of 100 m (Figure 3.1) the rate of beam-gas interactions is about 50 KHz, of which
a significant fraction eventually causes signals in the detector[18]. Most beam-gas
events can be identified using the calorimeter timing. While in an ep-collision final
state particles are emitted from the interaction point and arrive at the calorimeter
at time ¢ = Ons, beam—gas events which occurred upstream or downstream of the
ep interaction zone deposit their energy about 10ns early in the RCAL or FCAL,
respectively. The SLT separates beam—gas events from genuine ep collisions by the
difference tpcar — troar (see sec 6.1.2).

The remaining background in the final NC sample was studied using pilot bunch
data. No events could be detected in proton-pilot bunch events. Although in
positron-pilot bunches up to =~ 200 events were found, this number of events is
consistent with the expectation for the number of protons in the nominally “empty”
bunches. Since these events were not counted in the luminosity measurement, they
were removed from the event final sample, too. No beam—gas events could be iden-
tified in the event final sample.

6.3.2 Cosmics and Halo Muons

Cosmic muons and muons from the beam halo cause calorimeter signals which may
resemble those of a positron.

The beam halo rate is essentially unknown, as it is correlated with fine tuning of the
proton beam and settings of beam scrapers and collimators. The main sources are
the last quadrupole and the last collimator before the protons reach the interaction
point[18].

High energy cosmic muons can trigger the detector. They can produce complicated
events by high-energy knock-on electrons, bremsstrahlung or direct pair production
with subsequent showering. The cosmic ray background has a rate of a few kHz.

Muons of both kinds are rejected using a cut on the total transverse momentum
Pr iotq1, in units of the square root of the transverse energy Er tota1:

Priota = \/(Z Pxa)? + (Z Dyi)? (6.6)
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Braora = 3\ (px.)? + (pr)? (6.7)

summing over all cells ¢ after all energy corrections.

The transverse momentum is balanced in a deep inelastic scattering event so
that the vector sum Pr g ~ 0 and px . = —px and py. = —py, (e for positrons,
h for hadronic final state). In events with muons the transverse momentum is not
balanced.

Since the individual Pr values of positron and hadronic final state are quite large
(Figure 5.4), the accuracy of their difference depends on the resolution of the energy
measurement. This is taken into account by the division through \/E7 ot The

cut was set to Protar/ \/ BT totar < 4V GeV.

Figure 6.9 shows the distribution of Prstar/+/Ertotar after all cuts, except for

the Priotar/ v/ Ertotar cut itself. The data is well described by the MC. It has been
concluded that the halo or cosmic muons left in the final event sample are negligible.
As a systematic check the cut was tightened and loosened by £1v/GeV for both data
and MC. The resulting cross sections served to quantify the systematic uncertainty

of the Pr a1/ v/ Er 1ot distribution (see Section 7.4).
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Figure 6.10: The distributions of quantities of track quality for both data and MC.
Left Pr,, right DC A after all cuts except the one on the respective quantity itself.

6.3.3 Photoproduction

The most important background for deep inelastic scattering analyses is given by
photoproduction events. It is impossible to reject all photoproduction events, since
the cross section is very large and there are events which are indistinguishable from
DIS events. Therefore, vp interactions were simulated and normalised as described
in section 4.3. The background remaining after all selection cuts was estimated from
the simulation and subtracted from the data.

A lot of effort was put in to reduce the amount of photoproduction in the final
sample. Two cuts suppressing photoproduction events have already been described
in Section 6.2: The cut on (£ — Py)q and the cut on cone isolation. (E — Py)totar
is not a conserved quantity in photoproduction, as the positron escapes through
the rear beam-hole carrying (£ — Pz). ~ 55GeV. Fake positrons are part of the
hadronic final state and usually not isolated.

A number of additional cuts to prevent from photoproduction are described in
the following:
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Most electromagnetic depositions that can confuse the electron finder have low
energy. Without cutting out too much of the kinematic plane a cut was applied on
the minimum energy of the positron E, > 10 GeV (see Figures 5.11 and 5.1).

A cut on g, (see Equation 5.10) was applied, with y. < 0.95, because for y. > 0.95
the positron is very likely to be in the forward direction, where also the main im-
pact from photoproduction background is. In fact, already in the pre-selection (see
Section 6.1.4) this cut was applied. Figure 6.9 (right) shows the y. distribution after
all cuts, except for the explicit y, on the final sample. The increasing amount of
photoproduction towards higher y is clearly visible.

As a systematic check the cut was tightened to y., < 0.9. The resulting cross sections
served to quantify the systematic uncertainty of the y. distribution (see Section 7.4).

Cuts on the positron track quality, namely Pr.;, > 5GeV and DCA < 10cm
were applied, when the positron was expected within CTD acceptance. They are
also cuts against photoproduction, since they remove events without an appropriate
track of the positron.

Pr,j is the positron momentum measured from the track curvature in the magnetic
field of the solenoid. Figure 6.10 (left) shows the Pr,. distribution for data and MC.
The vertical lines represent the cuts applied on the quantity itself. The difference
between data and MC result from the fact that for high momenta small changes
in the curvature lead to large migrations in the momentum. However, in the peak
region the data is well described.

Figure 6.10 (right) shows the DCA. The abbreviation refers to the distance of closest
approach between the track swum into the calorimeter and the positron calorimeter
position. Here, too, differences between data and MC show up, that can be un-
derstood from not fully sufficient simulation of the electromagnetic shower in the
calorimeter.

Both Pr,; and DC'A were subject of systematic checks by changing the cuts to
monitor the dependence of the cross section measurement. For both quantities the
dependence is small and continuous (see Section 7.4).

For positrons that hit the FCAL traversing the detector outside the CTD ac-
ceptance (see sec.5.4), two additional, tighter cuts were applied. First, the lower
(E — Py)tota; cut was tightened to 44 GeV and secondly, a cut on positronic trans-
verse momentum, Pr. > 30 GeV was applied, which suppresses low energy, fake
positrons in FCAL and which cuts out only a very small region in the kinematic
plane.

96



6.3.4 Electroweak radiation

Electroweak radiation from the positron turns out to be less severe. They were
included in the simulation and were removed by the unfolding procedure (see Sec-
tion 7.2). In FSR, the v is radiated collinearly to the outgoing positron, so that
its energy is deposited in the same calorimeter cell as the positron itself. In case of
ISR, the photon escapes through the beampipe, so that it lowers the (E — Py)totas
in the detector and eventually the event is cut out by the appropriate cut[2].

QED-Compton events have a cross section peaking at Q% ~ 0, but due to mis
identification of the emitted hard photon as a positron, migrations into high Q? may
occur. They can be divided into two classes: Elastic QEDC and inelastic QEDC,
with the proton breaking apart. Elastic QEDC can easily be identified by two iso-
lated electromagnetic clusters. This class of events was cut out.

Inelastic QED-Comptons have been subject of a study in [62]. It turned out, that
they were simulated well.

6.4 Summary of Cuts

This section provides the summary of the cuts applied in the analysis as described
in the corresponding section given in parentheses:

e Pre-selection: DST bit (including triggers) (Section 6.1.4)
e Positron identification: SINISTRA95 (Section 5.4)

e Probability of positron: Prob. > 90% (Section 5.4)

e Cone Isolation: E..m. < 5GeV (Section 6.2)

e Positron energy: E. > 10 GeV(Section 6.3.3)

e Vertex distribution: —50 cm < Zyy, < 50 cm (Section 5.5)

o Pr conservation: Pr it /\/ Ertotal < 4+/ GeV (Section: 6.3.2)
e Track inside CTD acceptance:

— Track momentum: Py, > 5 GeV (Section: 6.3.3)
— Track matching: DCA < 10 cm (Section: 6.3.3)
— E — P, conservation: 38GeV < (E — Py < 65GeV (Section: 6.2)
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Track outside CTD acceptance in FCAL:

— Positron transverse momentum Pr, > 30 GeV (Section: 6.3.3)
— E — Py conservation: 44 GeV < (E — Pyz)iora < 65 GeV (Section: 6.2)

Kinematic cuts

— Electron method: y. < .95 (Section: 6.3.3)
— Double angle method: Q2 > 185 GeV? (Section: 6.2)

Elastic QEDC rejection (Section: 6.3.4)

Detector cuts: super-cracks, chimney, HACO (Section: 5.4)
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Chapter 7

Extraction of the Cross Sections
and F5

After the event selection in data and MC, the final event sample was filled into bins
of the kinematical quantities and the event numbers in the bins were used to extract
the results. This chapter first introduces the bin definitions and then describes the
unfolding. The last two sections deal with the statistical and systematic uncertain-
ties that need to be quantified.

7.1 Binning

The measurement was performed in discrete bins in the z-Q? kinematic plane. The
size of the bins is a compromise between two opposing requirements. On the one
hand, the number of bins should be as large as possible in order to obtain maximum
information about the shape of the functions. On the other hand, the size of the
bins is limited by the resolution of the z and * measurements. A minimum bin
size is required for a reliable and statistically independent measurement of the cross
sections and the structure functions.

To simplify the combination of different data sets and a comparison between
them, the binning used in this analysis was the same as in previous ZEUS NC mea-
surements (e.g.[69]).

The cross section measurements are quoted at the logarithmic mean of the par-

ticular bin, which is close to the point where the theoretical cross section is equal
to the mean of the cross section in that bin.
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7.2 Unfolding procedure

Detector inefliciencies and analysis cuts reduce the number of events in a bin. More-
over, the limited resolution of the reconstructed quantities imply migrations between
neighbouring bins.

The migrations and inefliciencies are determined by simulation such that a certain
number of events Ny, ; is generated in bin [ and, after passing the simulation of the
whole measurement procedure, a certain number of events Np,eqs 1, is predicted to be
measured in bin k. Bin k contains events that have been generated in £ and events
that migrated into k& from neighbouring bins. A sub-set of events is measured in &
and has been generated in | (Npeas £ & gen.t)-

Assuming correct simulation of all processes, the “true” number of events in data,
which corresponds to the generated number of events in MC, can be calculated from
the measured number in data. This procedure is called unfolding.

The migrations are described by a so-called response matrixz (1};), defined by

Nmeas,k = Z TklNgen,l = Z Nmeas,k & gen,l (7 1)
l l

Bin k is considered. The sum runs over all other bins [. The diagonal elements
of the response matrix are called bin efficiencies, representing the probability of
an event to stay in the bin where it was generated. The off-diagonal elements are
sometimes called migration probabilities. Npeqs i & gen denotes the number of events
that migrated from bin [ into bin k, for [ # k. Consequently, the efficiency of a bin
is defined as

Nmeas ' & gen,k

gen,k

In principle, Ny, can be determined by matrix inversion (37, T Nyeask =
Nyen). However, because of statistical errors the inversion can produce large oscil-
lations in the result[70]. Therefore, in this analysis — as in all ZEUS NC analyses
— a bin-by-bin unfolding method was used.

In the bin-by-bin unfolding the response matrix is replaced by a diagonal matrix,
which depends on the number of generated events. That means, that the simulated
numbers of events in bins have to reflect the numbers of events in bins in data. For
this reason, they have to be luminosity re-weighted (see Section 4.1.5), except for
the normalisation factor.

The individual (diagonal) elements of the diagonal response matrix are called
acceptances. The acceptance of a bin is defined as
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Nmeas
Ay = Zmeask (7.3)
Note that

meas k& gen,l en,l
AL =&, + E —N g =T + E Tr ZNg (7.4)
14k gen,k 12k gen,k

Equation 7.4 indicates that the migrations, which depend on the relative number of
events that have been generated in the bins, are absorbed in the acceptances. This
leads to the definition of the bin purity:

Nmeas k & gen,k g/c
Py = —meashlgenh _ O 7.5
g Nmeas,k Ak ( )

Although the purity is essentially a measure of migrations, its relationship to mi-
gration probabilities is rather difficult to interpret and not given here.

Figure 7.1 shows the efficiencies and purities in the whole kinematic plane. The
efficiency needs to be as high as possible to keep the event statistics high. The
efficiency increases with 2, because the bin sizes are larger and migrations are less
important. The detector region HACO, which was cut out in the analysis (see Sec-
tion 5.4) is reflected by relatively low efficiencies at log Q? =~ 2.8log GeV?Z,

More important is the purity, because only if it is above 50%, the migrations are
not dominating the measured bin. As this was not the case for one bin it had to be
removed from the measurement.

Figure 7.2 shows the efliciencies and purities for the 1-dimensional binning for
the single differential cross sections vs. the appropriate kinematic variable. The
Q? and z axes are logarithmic. The HACO region is clearly visible in the d‘gg bin-
ning as the dip at Q? ~ 600GeV?. The sudden rise in efficiency and purity at
()% ~ 4000 GeV? results from larger bin sizes. The binning of d“ shows sufficient
purity for the whole range, but the efficiency drops at high y as consequence of
hard cuts against photoproduction background. Similarly, the efficiency drops i m &z

binning for Q% > 400 GeV?.
In all 1-dimensional bins, the purity is well above the required 50%.

The acceptance in each bin could be deduced from the Figures 7.1 and 7.2, but
is not needed explicitly as the following argument shows:
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Figure 7.1: Efficiencies and purities for 2-dimensional binning.
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The measured cross section Oy,eqs k 1S calculated from

DATA Bgd
Nmeas,k - Nmeas,k 1

Omeask — Ak ZDATA

(7.6)

with the number of data events being corrected for the (photoproduction) back-
ground N Rgd Note that migrations of the background are not covered by the

meas,k’

purity in Equation 7.5

N]V[C _

Using Equation 7.3 and replacing there the generated event number with Ny " =

oMC LMC and weighting the simulated measured number of events with the lumi-
nosity, i.e.
c EDATA o
M M
meas,k ;CMC - Nmeas,k: (77)
leads to B
DATA g
o Nmeas,k - Nmeas,k MC 78
Omeas,k — NMC O-gemk ( : )
meas,k

Assumed that radiative corrections can be factorised out in both data and MC
(0 = 0porn(1 + 044)), the following unfolding procedure for the Born cross section
was performed at the quoted position of bin k:

NDATA NBQCZ

meas,k ~ *'meas,k _MC
Omeas,Born — NMC Born (79)
meas,k

For the extraction of F, it was assumed that the contributions from Fr, and xF3
are small in the measured region and calculable in theory, such that Equation 2.27
can be written as

d2oetr _ 2ma?
dQ%dx  Q*x

The generalised structure function F5 was then unfolded:

Y, Fo(1 — 65 — 6;) (7.10)

NDATA _ pByd
F2 _ mea?\l;MC meas,k FZDGLAP (711)

meas,k

In general, the resulting measurement has to be put back into the simulation
and the procedure has to be performed iteratively until a stable result is obtained.
However, earlier studies have shown that already the second iteration will differ from
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the first iteration by less than 2% [71], because the deviations of the measurements
from the CTEQS prediction are already small.

7.3 Statistical Uncertainties

The statistical uncertainty on the unfolded cross sections and the structure function
is set by the statistical uncertainties of the number of events in both the data and
the MC. The statistical uncertainty assumes an underlying Poisson distribution for
small numbers of events, that is equivalent to a Gaussian distribution for higher val-
ues. In this analysis, Poisson statistics with asymmetric errors were used for event
numbers < 12, otherwise symmetric Gaussian errors (ANPAT4 = \/N) were applied.

Recall that the number of MC events had been (re-)weighted (luminosity-re-
weighting, Section 4.1.5; mixing of diffractive sample, Section 4.2, vertex-reweighting,
Section 5.5; data luminosity weighting, Equation 7.7) several times. Hence for MC
the valid statistical distribution were set by the number of weights (ANMC =

>, w?). Nevertheless, the MC statistics is higher than the data statistics (see
Section 4.1.5) and the statistical uncertainty from the MC therefore is low.

The relative statistical uncertainty of the measured cross section is given by:

g NDATA . NBgd NMC (712)

Ay <\/(ANDATA)2 T (ANBgd)Q) 2 .\ (AN]\/[C’) 2
In Figure 7.3 the full dots show the relative size of the statistical error vs. the
bin number in the two-dimensional binning. The bin numbering scheme is as such
that the number rises with increasing x for steps of Q2. The dashed vertical lines in
Figure 7.3 mark the steps in Q2. As expected, the statistical error increases with Q.
For a given ()2, the statistics at high = depend mostly on the detector hermeticity,
since both the hadronic final state and the positron vanish through the beam-holes.
At high y (low z), the cut selection suppressing photoproduction reduces the statis-
tics.
The open squares in Figure 7.3 represent the total systematic error. The latter will
be subject of the following section.

The statistical errors of the background MC are calculated in the same way as
the one from the signal MC (ANP9 = (/3" w?).

)
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Figure 7.3: Relative size of the statistical (full dots) and systematic uncertainties
(open squares) vs. the bin number in the two dimensional binning. The dashed
vertical lines mark steps in @2, given at the top of the plot. The bin numbering
scheme can be found in the appendix together with the numerical values.

7.4 Systematic Uncertainties

The total systematic uncertainty on the cross section ¢ in a specific bin was deter-
mined as the quadratic sum of a number of individual contributions. The individual
contribution to the systematic uncertainty was determined by unfolding a cross sec-
tion o;, which was calculated after having imposed a single systematic variation ¢ of
a particular parameter or cut. The variation either increased or reduced the cross
section ¢. Thus, the total systematic uncertainty was asymmetric and calculated

by:
Aol = + /Z (0; —00)* (07— 00>0) (7.13)

Aoy, = — > (oi—00)" (01— 00 <0) (7.14)

1

oo being the cross section calculated with the standard parameter set. The individ-
ual contributions oy — o; are specified below in terms of relative difference 2~ and
depicted in Figure 7.4 and 7.5. Note that the abscissae are defined as in Figure 7.3.
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10.

. E —Py: The upper and lower cut on (E — Py)ia (see Section 6.2) were first

loosened and then tightened by 2 GeV for both data and MC simultaneously.
This resulted in an uncertainty of less than 1% except for high Q?, where the
statistical errors are large.

Econe: The cut on cone isolation (see Section 6.2) was first loosened and then
tightened by 1 GeV for both data and MC. The contribution stays below 1%
for most of the kinematic range.

. Ve: The kinematic cut against photoproduction was tightened to y. < 0.9 (see

Section 6.3.3) for both data and MC. The corresponding systematic error is
below 0.5% for most bins. The impact is largest at high yp4 due to loss of
statistics.

. Pr/+vE7: The cut on the conserved quantity Prisq to prevent from muons

(see Section 6.3.2) was first loosened and then tightened by 1v/GeV for both
data and MC. The impact throughout the kinematic range is < 0.5%.

DCA: The cut on DCA of the positron track to its calorimeter impact (see
Section 6.3.3) was reduced by 2cm for both data and MC. In most bins the
uncertainty is < 1%.

. Pmi: The cut on the track momentum, which is essentially a cut on the track

quality (see Section 6.3.3) was first tightened to Py, > 10GeV and then
removed for both data and MC. It is one of the systematic uncertainties with
largest effect, that exceeds 2% in several bins.

E scale: In data only, the positron energy was scaled first up and then down
by 1.5% for energies below 20 GeV and by 1.0% for energies above (see Sec-
tion 5.4). The energy scale dependence is small (< 1%), because it affects only
some selection cuts.

E smearing: The Gaussian smearing of the positron energy in MC only (see
Section 5.4) was first made stronger by +50% and then switched off. The
effect is below 0.5%.

. HACO: The cut of RCAL radius to cut away events with the positron in its

outer regions (see Section 5.4), was first loosened and then tightened by 15 cm
for both data and MC. The effect is strongest in the kinematic range around
Q) = 650 GeV?, where values of > 2% are reached.

H scale: The energy of the hadronic final state in MC was scaled both up
and down for all F/B/R EMC and F/B/R HAC, with the factors given in

Section 5.6.1. The resulting 12 systematic deviations were compared in each
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bin, and always the value highest up and highest down was chosen as the
systematic uncertainty. This procedure was expected to compensate possible
correlations. The contribution to the total systematic uncertainty is low (<

0.5%).

11. Vertex satellites: The satellites in the MC vertex distribution, where scaled up
and down as described in Section 5.5. The resulting 4 systematic deviations
were compared in each bin, and always the value highest up and highest down
was chosen as the systematic uncertainty to compensate correlations. The
effect is small (< 1%).

12. Php. norm.: The photoproduction background was re-normalised first up and
then down by +:43% (see Section 4.3). The uncertainty can be observed mostly
at low z (high y), but even then it is for most bins < 1%.

13. Dift. Mix: The mixing factor of diffractive events that were simulated by
RAPGAP (see Section 4.2), was first raised and then lowered by £50%. The

resulting uncertainty is very low.

14. Parton Cascade: Applying the MEPS model instead of CDM as parton cas-
cade model led to a systematic deviation. In Section 4.1.2 the procedure is
shortly described in which the deviation was used to estimate an asymmetric
systematic uncertainty from the parton cascade model. This uncertainty is
one of the largest contributions to the total systematic error, as it individually
exceeds 2% in many bins.

The total systematic uncertainties are shown in Figure 7.3. They are roughly of
same order as the statistical error for Q% < 650 GeV?. At higher Q? the statistical
error dominates, although the systematic uncertainty increases, too.

Possible correlations between systematic uncertainties were not studied in detail.
The total uncertainty, however, is expected to yield an over-estimate, because the
cut variations depend on the number of events in a specific bin. In addition, the
systematic variations applied on the positron energy and the £ — P, cut variation
tend to be correlated.

The overall luminosity uncertainty of 2.25% was not incorporated in the system-
atic uncertainty, because it does not affect the shapes of the cross section. Also,
the theoretical uncertainty from the PDFs was not included. An estimate was not

provided by CTEQSD. It is expected to be of O(2%)[72, 62].

The systematic uncertainties on the single differential cross sections (not shown)
were estimated in the same way.
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Chapter 8

Results and Discussion

- - - - €+p €+p
The measured data are presented as single differential cross sections deQ , d"dy ,

e+ . . . . . .
d"dx " in section 8.1. As they are integrated over the second variable, the statistical

errors are small, particularly at low Q2. The measurements of the double differen-

. . 2,¢Tp . . .
tial cross sections iszTQ and the generalised structure function F, are presented in

Sections 8.2 and 8.3, respectively.

8.1 The Single Differential Cross Sections

The integration of Equation 2.27 over z leads to

1

doe’p d2oc’P
—_— = —d 8.1
40 / dzd(z" (8.1)
1
2ra? 1
= Q4 / E (Y+F2 - Y_ng + yzFL) dx (82)
5/Q?

All quantities, including Y} and the structure functions, are dependent on z and
Q? through Q? = szy. The cross section is dominated by the Q—* decrease, since
the integral contributes only with a logarithmic dependence on Q2.

Figure 8.1 shows the cross section compared to the prediction from CTEQ5D NLO[14].
In addition, the plot presents a previous ZEUS measurement using e*p data of the

1994 to 1997 running periods([73], as well as the ZEUS preliminary results of a CC
measurement|[74]. Theory curves are also shown for comparison. The ZEUS 94-97
measurement was taken at /s = 300 GeV, whereas in the 1999-2000 measurement
the c.m. energy was /s = 318 GeV. The data luminosity in 94-97 measurement was
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Figure 8.1: % for NC and CC processes and for different running periods (upper
plot) and the ratio of the #data/#MC of the NC e™p 99/00 measurement presented
in this analysis (lower plot). The small inlay zooms into the low Q? part of the ratio
plot to make the error bars visible. The error bars are the quadratic sum of the
statistical errors and the systematic uncertainties. The statistical errors alone are
also marked by a horizontal bar.
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47.7pb~t. In the earlier data an excess at very high Q2 had been observed. In the
highest bin of Q2 > 36200 GeV? two events had been observed, where .27 events
had been predicted. In the present data the excess is not seen, i.e. the theory is in
good agreement to the data even at very high Q2.

As CC events are sensitive only to W-boson exchange and not to photon exchange,
they represent purely weak interactions. The approximation of CC to NC cross sec-
tions at a scale of the weak boson masses squared is widely understood as a direct
result of the unification of electromagnetic and weak interactions[l]. Also CC data
are described by the theory at all Q2.

The lower plot shows the ratio of measurement to prediction for the NC events in
this analysis. Both statistical and systematical errors of the measurement are small
at low @?, where the systematical uncertainties often dominate. At high Q2 the
statistical errors limit the resolution of the measurement.

The integration of Equation 2.27 over z, after substituting Q? using Q? — sy,
yields

Tmax

doc™P d2oc"P
_ d .
dy / dxdy v (8.3)
2ma’ W 1 .
e pe (YiFy = Y_aF3 4+ y*Fp) do (8.4)
Q2 )

Solving the integral provides in total a 1/y dependence of the cross section.
Figurc 8.2 shows d”;;p for Q2. = 400GcV:  The expected 1 /y dependence is

1 min
clearly visible. The CTEQS5D prediction describes the measured cross section well.
The systematic error dominates at high y due to the relatively large photoproduc-
tion background.

Integrating Equation 2.27 over % results in

doe'? [ 2ot

= dQ’ 8.5
dx / dzd()? @ (8.5)

Q%’nn

oma? [ 1

= = / o (YiF, = Y_aF; + y°Fp) dQ? (8.6)

Q%’Lin
% was measured for three different ranges of Q% > 400 GeV?, > 2500 GeV?
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and > 10000 GeV?. Each of the cross sections has the majority of the events close
to the relevant %, . The central parts of the distributions in Figure 8.3 and 8.4
demonstrate the 1/x shape predicted in Equation 8.6. The sharp drop in Figure 8.4
is due to the kinematic limit, which does not allow events below x = Q2. /s. The

theoretical prediction describes the data well.
e+p .
Figure 8.5 shows d"T for Q. = 10000 GeVZ. Note the linear scale. The corre-

sponding e p cross section d”;Tp[?tS] was overlayed to make the electroweak contri-
bution visible. The parity-violating term zF; in Equation 2.27 changes sign when
switching from positron to electron proton scattering. The measurement favours
the Standard Model Z exchange at high 2%, suppressing the cross section as a con-
sequence of destructive interference for e™p and enhancing it as a consequence of

constructive interference for e p.

8.2 The Double Differential Cross Sections

Figures 8.6— 8.9 show the double differential cross sections in terms of reduced cross
sections . The reduced cross sections are defined in the following way:
~ Q4I d20.8+p

202y, dQ2dx

(8.7)

2

Yo y
= Tl —
2 Y+x3 Y,

I (8.8)

The reduced cross sections are plotted in bins of Q?, with ratio plots of data/MC
next to them. From the ratio plots it is clear that for 185 GeV?* < Q? < 1000 GeV?
the systematic errors dominate the uncertainties, while for high Q2 the statistical
errors are much higher. At low Q? the double differential cross sections are a preci-
sion measurement. Within the error limits, the CTEQS5D theory describes the data
well throughout the full kinematical range.

8.3 The Structure Function F5

The generalised structure function F, (introduced in Equation2.25) is determined
by the unfolding procedure in Equation 7.11. It is the main result of the analysis
presented. Figures 8.10 and 8.11 show the structure function Fy(z) for Q* values
from 200 GeV? to 30000 GeV~.
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The plots show both the measured data points and the theoretical curve predicted
by CTEQ5D. With increasing 2, the lowest x value reached rises as a consequence
of the kinematic limit.

At high z the structure function represents mainly valence quark distributions,
which in terms of the PDFs correspond to ¢¢ — ¢ 7. They peak at z = 1/6, causing
the shoulder in the structure function at all Q*. The rise towards smaller z is caused
by the sea quarks. Their increase is due to the large amount of gluons in the proton
at low z.

The results of the former F, analysis, using data from the 96/97 running peri-
od[69]!, are also shown in the Figures 8.10 and 8.11. The data volume analysed in
99/00 is more than twice as large as was used then. The statistical errors are now
reduced accordingly. There is no significant disagreement between the two measure-
ments.

Note that the error from the luminosity measurement is not included and is an over-
all normalisation error of 2.25%.

The CTEQSD description is also included. Its parametrisation of the parton dis-
tribution functions, which have been evolved from Q2 = 1 GeV” using the DGLAP
equations, are in very good agreement with both data sets. Thus the result is an
impressive demonstration of the applicability of the DGLAP evolution formalism
and of the consistency with the Standard Model.

!The publication provides Is via I = Fy(1 + 6z), with 6z correcting for the Z contribution
to F» (see Equation2.25)
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Appendix

‘ Q? (range)[ GeV?] ‘ Npuwa \ Nphy \ Ny \ do /dQ?* + stat. & sys.[pb/ GeV?] ‘

quote
250 200 — 300 67265 | 39.1 | 66939.0 (1.125%0 002 0 009) - 10*
350 300 — 400 28047 | 13.0 | 28521.0 (4.92220 050 0:043) - 10°
440 400 — 475 11892 | 8.1 | 11907.0 (2.87250: 030 0.017) - 10°
520 475 — 565 8695 | 7.7 | 8731.3 (1.90310-055 0. 000) - 10°
620 565 — 672 5950 | 7.5 | 6125.8 (1.20413 0150010 - 10°
730 672 — 800 5689 | 11.9 | 5675.9 (8.270%0 151 0 00s) - 107
870 800 — 951 5023 | 7.3 | 5036.1 (5.30970:0840.063) - 107
1040 951 — 1131 4017 | 85| 3950.3 (3.44670 001 0 040) - 107
1230 1131 — 1345 3048 | 9.3 3063.2 (2.19670 01 00as) - 107
1470 1345 — 1600 2365 | 12.2 | 2367.1 (1.38940 031 T0.031) - 107
1740 1600 — 1902 1831 | 123 | 1789.8 (9.148%0550 0103 - 1072
2100 1902 — 2262 1359 | 10.3 | 1359.2 (5.437F 01251 05%) - 1072
2500 2262 — 2690 1077 | 5.7 1007.0 (3.6547 0115 0008) - 1072
2000 2690 — 3200 762 | 41| 7576 (2.29510-087+0-009) - 1072
3800 3200 — 4525 998 | 9.7 962.7 (11112505 0 07s) - 1072
5400 4525 — 6400 482 | 3.9  504.0 (3.7154 017 0098) - 1073
7600 6400 — 9050 240 | 6.4 242.0 (1.32410 0004 0051) - 1073
10800 9050 — 12800 110 | 5.1 | 103.2 (4.35810441 0 180) - 107
15200 12800 — 18102 49| 14 40.4 (1.447405160098) - 107+
21500 18102 — 25600 11 00 14.8 (2.1757 030 0 081) - 1077
30400 25600 — 36203 6 0.0 4.0 (8.051% 5303 0418) - 1076
43100 36203 — 51200 0 0.0 0.7 (0.000%8:000-0-000) - 10°

Table 8.1: The differential cross section do/d@*. The following quantities are given
for each bin: the value Qfluote at which the cross-section is quoted together with
the range of the bin; the number of selected events, Npa.; the number of expected
photoproduction background, Npy,, the number of expected DIS events, Nysc; the
measured Born-level cross-section do/d@?. The first error gives the statistical error,

the second the systematic uncertainty.
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Yquote  (rANgZE) \ Npata \ Npnyp \ Nye \ do/dy + stat. £+ sys|pb] ‘
0.075 0.05—0.10 [ 8191 [ 1.1 [8229.9 | (2.801FJ0¥0-08y. 103

0.125 0.10—0.15| 5754 | 0.0 | 5770.3 | (2.008+J050+0055) . 103
0.175 0.15—0.20 | 4386 | 0.8 | 4439.6 | (1.5511 00010 0%9) - 10
0.225 0.20—0.25| 3519 | 0.9 | 3637.3 | (1.24310023+0-014y . 103
0.275 0.25—0.30 | 3016 | 2.4 | 2974.5 | (1.097+0022+0000% 103
0.325 0.30—0.35| 2578 | 3.0 | 2546.8 | (9.414+0207+0-091y ()2
0.375 0.35—0.40 | 2368 | 3.8 | 2305.0 | (8.342+019240.123y 152
0.425 0.40—045| 2195 | 2.4 | 2175.2 | (7.242+3 17340123 -102

.10

0.525 0.50—0.55 | 1875 | 4.7 | 1897.8 | (5.679+014T+0-061y ()2

0.575 0.55—0.60 | 1709 | 8.7 | 1751.9 | (5.065+)137+0-960) . 12
0.625 0.60 —0.65| 1589 8.9 | 1609.7 | (4.67113132+0-131y 102

0.675 0.65—0.70 | 1479 8.4 | 14524

2

0

7

1

T80

. . 2
4~418—0.129—0.o9g - 10

0

N N N N N N N S S N e N e N

0.725 0.70 - 0.75 | 1209 | 9.7 | 1234.6 | (3.91470126T0.098y . 102
0.775 0.75—0.80 | 1007 | 11.7 | 1029.8 | (3.61510-128+0.064y 12
0.825 0.80 —0.85 | 726 | 12.6 | 727.7 | (3.427515510120) . 102

0.142—0.192

0.875 0.85—0.90 545 | 23.2 | 512.8 | (3.344F010540.347y . 1()2
0.925 0.90—0.95| 383 | 23.7| 326.1 | (3.425+020542516) 12

(
(
(
(
(
(
E
0.475 0.45—0.50 | 2077 | 4.2 | 2090.4 | (6.356+)120+0-050
(
(
(
(
(
(
(
(

Table 8.2: The differential cross section do/dy for Q2,,, = 400 GeV*. The following
quantities are given for each bin: the value yYquote at which the cross-section is quoted
together with the range of the bin; the number of selected events, Npgs.; the num-
ber of expected photoproduction background, Npj,, the number of expected DIS
events, Nyc; the measured Born-level cross-section do/dy. The first error gives the

statistical error, the second the systematic uncertainty.
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‘ Q2. [GeV7] ‘ Tquote  (range) \ Npata ‘ Npwp ‘ Nuo ‘ do/dx + stat. £ sys[pb] ‘

400 0.790 (0.63 —1.00)- 1072 | 4247 | 17.6 | 4341.4 | (2.22175055705%) - 10*
1.260 (1.00 — 1.60) - 1072 | 6263 | 27.0 | 6367.7 | (1.878T005r 0 0a5) - 104
2.000 (1.60 —2.50)-1072 | 6756 | 33.9 | 6809.7 | (1.3301551515-005y . 10
3.160 (2.50 —4.00)-1072 | 7416 | 19.9 | 7272.2 | (875610115 5130 - 10°
5.010 (4.00 —6.30)- 102 | 6820 | 11.7 | 6814.6 | (5.20275:070+0-681) . 103
0.794 (0.63 —1.00)-107* | 6658 | 11.0 | 6632.2 | (3.026155515052) - 10
1.260 (1.00 — 1.60) - 107" | 5914 | 6.4 | 5959.7 | (1.668 0 0a: 0ona) - 103
2.000 (1.60 —2.50)- 107t | 4834 | 1.4 | 4866.1 | (8.665%0 5540 3) - 102
3.160 (2.50 —4.00)- 107 | 3469 | 0.0 | 3321.9 | (3.91775:07510023) . 102
5.010 (4.00 —6.30)-1071 | 666 | 0.0 | 680.7 | (8.9237057715-109). 10}
0.794 (0.63 —1.00)-10 ° 21| 0.0] 305 | (1.6871030510-12%) . 100

2500 3.160 (2.50 —4.00)-1072 | 227 | 6.6 | 181.1 [ (2.70675 15570 75s) - 10
5010 (4.00 —6.30)-1072 | 445 | 8.6 | 439.2 | (2.995'5121+0-09) . 102
0.794 (0.63 —1.00)-107* | 598 | 9.7| 593.2 | (2.387151057005%) - 102
1.260 (1.00 —1.60)-107* | 650 | 6.0 | 635.9 | (1.630700ert0-026). 102
2.000 (1.60—2.50)-107' | 565 | 1.0 566.1 | (9.318T340110150) - 10!
3.160 (2.50 —4.00)-1071 | 423 | 0.0 | 425.0 | (4.2751051510557) - 101
5.010 (4.00—6.30)-10"1 | 148 | 0.0 | 168.9 | (9.35410787+0:330y. 100
0.794 (0.63 — 1.00) - 10°° 14| 00| 181 [ (2.0797028*040) - 107!

10000 1.260 (1.00 — 1.60) - 1071 28 | 3.7 173 (8.4211 955t 523%) - 100
2.000 (1.60 —2.50)-107" 43 1 1.0 | 39.0 | (777011280228 L 10V
3.160 (2.50 — 4.00) - 107} 451 0.0 | 43.3 | (4.805F0 015250y - 100
5.010 (4.00 —6.30) - 1071 20 | 0.0 211 (1.359T030+0-007) . 100
0.794 (0.63 — 1.00) - 107° 1| 00 2.6 | (1.5521128210.05y . 102

Table 8.3: The differential cross sections do/dx for different Q2,,. The following
quantities are given for each bin: the value zguote at which the cross-section is
quoted together with the range of the bin; the number of selected events, Npgs.; the
number of expected photoproduction background, Npp,, the number of expected
DIS events, Ny c; the measured Born-level cross-section do/dx. The first error
gives the statistical error, the second the systematic uncertainty.
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‘ Bin ‘ éuote (range)[ GeV?] ‘ Tquote  (range) ‘ Npaa ‘ Npuy ‘ Ny ‘ F, + stat. + sys
2] 200 (185 240) 3.20 (2,50 —3.70)- 103 | 2176 | 4.8 [ 2235.4 | 1.282F70034+0.003
3] 200 (185 — 240) 500 (3.70—6.00)-10 ® | 7182 | 20.5| 7190.2 | 1.11675-916+0.015
41 200 (185 — 240) 0.80 (0.60 —1.00)-1072 | 7340 | 4.5 | 7392.8 | 0.940+2913+0.005
5 200 (185 — 240) 1.30 (1.00 —1.70) - 1072 | 7380 | 0.6 | 7264.3 | 0.813+2012+0.006
6| 200 (185 —240) 2.10 (1.70 —2.50) - 1072 | 5045 | 0.6 | 4958.2 | 0.69013912+0-012
71 200 (185 — 240) 3.20 (2.50 —3.70) - 1072 | 4755 | 1.4 | 4700.1 | 0.5961 00110012
8| 200 (185 240) 5.00 (3.70 — 6.00)- 1072 | 5295 | 0.4 | 5144.8 | 0.52710:000+0.010
9| 200 (185 — 240) 0.80 (0.60 —1.20)-10"" | 6891 | 0.0 7036.7 0.433+3906+0.016
10 | 200 (185 — 240) 1.80 (1.20 —2.50)- 107" | 6465 | 0.0 | 6365.5 | 0.33375:505+0-001
14| 250 (240 — 310) 5.00 (3.70 —6.00) - 1073 | 3641 | 9.3 | 3680.4 | 1.1457)020+0-042
15| 250 (240 — 310) 0.80 (0.60 —1.00)-1072 | 5410 | 3.7  5377.8 | 0.976+)15+0-017
16 | 250 (240 — 310) 130 (1.00—1.70)-10"2 | 5367 | 0.5 | 5281.6 | 0.830+0014+0.003
17 | 250 (240 — 310) 2.10 (1.70 —2.50) - 1072 | 3614 | 0.3 | 3570.5 | 0.69710914+0.004
18| 250 (240 — 310) 3.20 (250 —3.70)-10°2 | 3462 | 1.0 | 3479.7 | 0.59413912+0.023
19 | 250 (240 — 310) 5.00 (3.70—6.00)-1072 | 3875 | 0.3 | 3811.0 | 0.52510010+0.008
20 | 250 (240 — 310) 0.80 (0.60 —1.20)-107" | 4843 | 0.8 | 5083.1 | 0.42270007+0-018
21| 250 (240 — 310) 1.80 (1.20 — 2.50) - 1071 | 4932 | 0.0 | 4947.5 | 0.325F5-006+0.007
25| 350 (310 — 410) 5.00 (3.70 —6.00)- 1073 | 1693 | 4.0 | 1803.3 | 1.12475555F0-057
26 | 350 (310 —410) 0.80 (0.60—1.00)-10"2| 3315 | 6.9 | 3341.2 | 1.00070021+5-007
27 | 350 (310 — 410) 1.30 (1.00 —1.70)-1072 | 3934 | 1.4 | 4016.1 | 0.8240016+0-002
28 | 350 (310 —410) 2.10 (1.70 —2.50) - 1072 | 2941 | 0.3 | 2969.9 | 0.699F5-516+0.006
29 | 350 (310 — 410) 3.20 (2.50 —3.70) - 1072 | 2815 | 0.3 | 2757.0 | 0.620"5-014+0.004
30 | 350 (310 —410) 5.00 (3.70 —6.00)-1072 | 2989 | 0.3 | 3076.9 | 0.50715 51140008
31| 350 (310 —410) 0.80 (0.60 —1.20)-107" | 3881 | 0.5 | 4021.7 | 0.429F0-:008+0.004
32| 350 (310 — 410) 1.80 (1.20 —2.50) - 107" | 3698 | 0.0 | 3743.6 | 0.31979:906+0.009
36 | 450 (410 —530) 0.80 (0.60 —1.00)-1072 | 2592 | 8.9 | 2579.8 | 1.031F00%*0010
37| 450 (410 — 530) 1.30 (1.00—1.70)-1072 | 1981 | 1.5 2007.2 | 0.84710:022+0.015
38| 450 (410 — 530) 2.10 (1.70 —2.50) - 1072 | 1474 | 0.0 | 1553.0 | 0.681F5520+0-019
39| 450 (410 — 530) 3.20 (2.50 —3.70) - 1072 | 1678 | 0.0 16284 | 0.634" 501810022
40 | 450 (410 — 530) 500 (3.70 —6.00)-1072 | 1968 | 0.0 | 2020.4 | 0.512F5515+0-012
41 | 450 (410 — 530) 0.80 (0.60 —1.00)-10"" | 2016 | 0.0 | 2002.4 | 0.450F0:011+0-010
42 | 450 (410 — 530) 1.30 (1.00 — 1.70) - 107 | 1738 | 0.0 | 1742.7 | 0.372F5:010+0.010
43 | 450 (410 — 530) 2.50 (1.70 —3.00)- 10~ | 1724 | 0.0 | 1705.4 | 0.261F9-507+0-000

Table 8.4: The generalised proton-structure function F;. The following quantities

are given for each bin: the number of the selected bin; the value )

2
quote

at which

the cross-section is quoted together with the range of the bin;the value Zquote at
which the cross-section is quoted together with the range of the bin; the number of
selected events, Npg,; the number of expected photoproduction background, Nppy,,
the number of expected DIS events, Nj;¢; the measured structure function Fy. The

first error gives the statistical error, the second the systematic uncertainty.
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‘ Bin ‘ Qfluote (range)[ GeV?] ‘ Tquote  (range) ‘ Npaa ‘ Npwy ‘ Ny ‘ Fy + stat. + sys
467 650 (530 — 710) 080 (0.60—1.00)-10 2] 1322 5.1 1403.5 ] 1.00475 0317007
47 650 (530 — 710) 1.30 (1.00 —1.70)- 1072 | 2333 | 6.4 | 2359.9 | 0.87310:020+0.000
48 | 650 (530 — 710) 2.10 (1.70 —2.50) - 1072 | 1396 | 2.5  1386.4 | 0.739FH-u22+0.003
49 | 650 (530 — 710) 3.20 (2.50—3.70)- 1072 | 1123 | 0.4  1122.8 | 0.627" 552110010
50 | 650 (530 — 710) 500 (3.70 —6.00)-1072 | 1151 | 0.0 | 1153.3 | 0.532F5518+0-009
51| 650 (530 — 710) 0.80 (0.60 —1.00)-10"% | 1099 | 0.0 | 1100.4 | 0.448T5-515+0.009
52| 650 (530 — 710) 1.30 (1.00 —1.70)-107' | 970 | 0.0 | 1008.8 | 0.357+)013+0.022
53 | 650 (530 — 710) 2.50 (1.70 —3.00)-107' | 917 | 0.0 | 904.9 | 0.25715b10+0.007
54 | 650 (530 — 710) 4.00 (3.00—5.30)-101 | 320| 0.0| 343.6 | 0.12710:008+0.008
57| 800 (710 — 900) 1.30 (0.90 —1.70)-1072 | 1561 | 6.3 | 1614.8 | 0.867F002+0010
58 | 800 (710 — 900) 2.10 (1.70 —2.50) - 1072 | 997 | 1.2 | 1002.9 | 0.741+3526+0.000
59 | 800 (710 — 900) 320 (2.50 —3.70)-1072 | 1004 | 0.6 | 980.8 | 0.64875023+0.003
60 | 800 (710 — 900) 5.00 (3.70 —6.00)- 1072 | 1043 | 0.0 | 1076.1 | 0.520F0:015+0-005
61| 800 (710 —900) 0.80 (0.60—1.00)-10"" | 956 | 0.3 | 941.2 | 0.45710017+0.002
62 | 800 (710 — 900) 1.30 (1.00—1.70)-10~' | 786 | 0.4 | 813.1 | 0.35810:014+0.005
63 | 800 (710 —900) 2.50 (1.70 —3.00)- 1071 | 646 | 0.0 | 619.0 | 0.2637551515602
64 | 800 (710 — 900) 4.00 (3.00—-5.30)-107" | 331| 0.0 303.6 | 0.14615-000+0-001
66 | 1200 (900 — 1300) 1.40 (1.00 —1.70)- 1072 | 1099 | 12.0 [ 1099.9 | 0.893F3-031+00%0
67 | 1200 (900 — 1300) 2.10 (1.70 —2.50)- 1072 | 1081 | 4.4 | 1019.9 | 0.809F)02%+0-015
68 | 1200 (900 — 1300) 3.20 (2.50 —3.70)- 1072 | 1058 | 1.9 | 1037.3 | 0.65910:023+0.018
69 | 1200 (900 — 1300) 500 (3.70 —6.00)- 1072 | 1222 | 0.6 1212.5 | 0.549"5-018+0.010
70 | 1200 (900 — 1300) 0.80 (0.60 —1.00)- 1071 | 1225 | 0.4  1206.0 | 0.461+)3k+0-00¢
71| 1200 (900 — 1300) 1.30 (1.00 —1.70)- 107" | 1057 | 0.0 | 1087.1 | 0.361F5512+0:009
72 | 1200 (900 — 1300) 2.50 (1.70 —3.00)-10"" | 831 | 0.0 | 844.1 0.24510010+0-007
73| 1200 (900 — 1300) 4.00 (3.00—5.30)-1071 | 443 | 0.0 | 425.1 | 0.13575007+0-008
74 | 1200 (900 — 1300) 0.65 (0.53 —1.00)-107° 18| 0.0 17.6 | 0.02170058+ 0005
76 | 1500 (1300 —1800) | 2.10 (1.70 —2.50)- 1072 | 553 | 14.3 | 575.5 | 0.72970033F00%
77| 1500 (1300 —1800) | 3.20 (2.50 —3.70)-1072 | 589 | 2.3 | 594.2 | 0.64815020+0-004
78 | 1500 (1300 —1800) = 5.00 (3.70 —6.00)-1072| 765 | 1.0 703.6 | 0.59719-LZ+0.009
79 | 1500 (1300 —1800) | 0.80 (0.60—1.00)-10"*| 682 | 0.6 | 708.1 | 0.44075015+0-000
80 | 1500 (1300 —1800) | 1.30 (1.00—1.50)-10~" | 489 | 0.0 | 508.5 | 0.358501+0-006
81| 1500 (1300 —1800) | 1.80 (1.50 —2.30)-10'| 451 | 0.4 | 449.4 | 0.31575:016+0.004
82| 1500 (1300 —1800) | 2.50 (2.30—3.50)-10~" | 333 | 0.0 305.9 | 0.269F0:016+0.006
83 | 1500 (1300 —1800) | 4.00 (3.50—5.30)-10"'| 170 | 0.0 | 166.8 | 0.131+35H+0.000
84 | 1500 (1300 —2500) | 0.65 (0.53 —1.00)-10°° 42 | 0.0 50.9 | 0.017+2003+0.001

Table 8.5: The results for the generalised proton-structure function £5, continued.

130



‘ Bin ‘ éuote (range)[ GeV?] ‘ Tquote  (range) ‘ Npua ‘ Npuy ‘ Ny ‘ Fy + stat. &+ sys
86 | 2000 (1800 — 2500) 3.20 (230 —3.70)- 1072 | 462 [ 11.1]447.3 0.6747555,70031
87 | 2000 (1800 — 2500) 5.00 (3.70 —6.00)-1072 | 452 | 1.2 | 476.9 | 0.528+0926+0.002
88 | 2000 (1800 — 2500) 0.80 (0.60 —1.00)-107" | 487 | 0.3 | 489.2 | 0.45910922+0.006
89 | 2000 (1800 — 2500) 1.30 (1.00 —1.50)-10"* | 377 | 0.0 | 341.7 | 0.412+5:023+0.000
90 | 2000 (1800 — 2500) 1.80 (1.50—2.30)-107" | 330 | 0.0 | 316.8 | 0.32710:019+0.001
91 | 2000 (1800 — 2500) 250 (2.30—3.50)-10°1 | 222 0.0 |219.0 | 0.249+0015+0.002
92 | 2000 (1800 — 2500) 4.00 (3.50 —5.30)-107" | 106 | 0.0 | 105.8 | 0.12775:012+0.005
94 | 3000 (2500 — 3500) 500 (3.70—6.00)-1072| 307 | 2.1]296.7 [ 0.5917005+0018
95 | 3000 (2500 — 3500) 0.80 (0.60 —1.00)-10"" | 302 | 0.3 |323.9 | 0.439F5-026+0.004
96 | 3000 (2500 — 3500) 1.30 (1.00 —1.50)-10=" | 234 | 0.0 | 236.2 | 0.37415:025+0.009
97 | 3000 (2500 — 3500) 1.80 (1.50 —2.30)-101 | 236 | 0.0 |222.5 | 0.33570023+0.004
98 | 3000 (2500 — 3500) 2.50 (2.30 —3.50)-107" | 150 | 0.0 | 156.8 | 0.235%)920+0:001
99 | 3000 (2500 — 3500) 4.00 (3.50 —5.30) - 10 88 | 0.0 | 79.2 | 0.139+2015+0.000
100 | 3000 (2500 — 5600) 0.65 (0.53 —1.00)-107° 36 | 0.0 385 0.018 0050001
102 | 5000 (3500 — 5600) 0.80 (0.40 —1.00)-1071 [ 394 | 11.1[382.6 | 0.492FJ0%+0007
103 | 5000 (3500 — 5600) 1.30 (1.00 —1.50)- 107" | 204 | 0.3 |196.3 | 0.40670:020+0.000
104 | 5000 (3500 — 5600) 1.80 (1.50 —2.30)-10=' | 171 | 0.0 | 186.3 | 0.2975:023+0-00
105 | 5000 (3500 — 5600) 2.50 (2.30—3.50)-1071 | 135| 0.0 | 145.2 | 0.232F0:020+0.007
106 | 5000 (3500 — 5600) 4.00 (3.50 —5.30) - 107} 69| 0.0 70.8 | 0.122%0 01210001
108 | 8000 (5600 9000) 1.30 (0.70 1.50)-107T] 169 | 6.4 [ 158.7 | 0.4187J 030010
109 | 8000 (5600 — 9000) 1.80 (1.50 —2.30)- 107" 94 | 0.0 95.8 | 0.3307934+0-000
110 | 8000 (5600 — 9000) 2.50  (2.30 — 3.50) - 107 72| 00| 77.5 | 0.23875055+0-008
111 | 8000 (5600 — 9000) 4.00 (3.50 — 5.30) - 107" 36| 0.0 39.8 | 0.11475018+0.005
112 | 8000 (5600 — 15000) | 0.65 (0.53 —1.00)- 1070 11 0.0| 16.0 | 0.013+3302+0001
114 [ 12000 (9000 — 15000) | 1.80 (1.10 —2.30)- 107" 81| 5.0| 62.1] 0427 0055 005
115 | 12000 (9000 — 15000) | 2.50 (2.30 —3.50)-10~" 36| 00| 364 | 0.26175044+0.003
116 | 12000 (9000 — 15000) | 4.00 (3.50 —5.30)-107* 25 | 0.0 | 22.5 | 0.1421)0%+0000
118 | 20000 (15000 — 25000) | 2.50 (1.80 — 3.50) - 10~1 15 0.5 19.2 ] 0.208F)5:c+0-008
119 | 20000 (15000 — 25000) | 0.40 (0.35 — 1.00) - 107° 6| 0.0] 10.70.07355 055000
121 | 30000 (25000 — 50000) | 0.40 (0.30 —1.00) - 10 © 3] 00| 48] 008300340059

Table 8.6: The results for the generalised proton-structure function £5, continued.
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Summary

A measurement of inclusive NC cross sections in e’p deep inelastic scattering
yielding the generalised structure function F5 has been presented. The data sam-
ple of 63.2pb~" was collected in the 1999/2000 data-taking period of the ZEUS
experiment at the HERA collider. The centre-of-mass energy was /s = 318 GeV.

e+ e+
Single differential cross sections dZQ; were measured for Q% > 200 GeV?, d"du = for

Q% > 400 GeV? and % for Q% > 400, 2500, 10 000 GeV?, respectively. The reduced

double differential cross section ¢ #(x, Q%) and the structure function Fs(z, Q?) were
determined in the regime of Q? > 185 GeV?. Statistical and systematic uncertainties
have been calculated throughout the kinematical range of the data.

Various studies were performed in order to achieve a reliable and precise recon-
struction of the event kinematics.
In this context, the photoproduction background was determined, as it was the
largest background in the event sample. The photoproduction cross section imple-
mented in HERWIG was adapted by applying a factor of 1.75 + 0.75.
The first level trigger conditions, which were crucial for a correct event selection,
were studied. The study revealed an overall good trigger efliciency and a good agree-
ment between data and simulation.
In the frame of this analysis the hadronic final state in the Forward Tracking Devices
was also studied. The alignment of the FTDs was performed and data and MC of
the hadronic final state were compared using selected NC events as an unbiased
sample. The comparison revealed sufficient agreement to encourage the use of the
“upgraded” Forward Detector in future analyses.

In this analysis, the cross sections and the structure function F5, were measured
more precisely than in earlier measurements due to the larger data set and due
to increased knowledge about systematic detector effects. The results are in good

agreement with the Standard Model evaluated with the CTEQSD (NLO) parton
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distribution functions. Preliminary results of the ZEUS cross section measurements
using this analysis have been presented in [76]. The final paper with the data de-
scribed is in preparation.

Future parametrisations of parton distribution functions will benefit from the
presented results, because of the high precision. This will be additional help for
testing QCD not only at HERA, but also of present and future hadron-hadron col-
liders such as TEVATRON and LHC.

With the HERA upgrade in 2001, the delivered luminosity is expected to reach
up to 1fb™! within a time period of five years. This will allow an even more pre-
cise measurement of cross sections and structure functions. Moreover, the upgraded
accelerator provides a polarised e-beam. This will offer new possibilities for the
determination of the parton distribution functions.

133



Zusammenfassung

Es wurde eine Messung der inklusiven NC-Wirkungsquerschnitte und der sich
daraus ergebenden generalisierten Strukturfunktion F5 in tiefinelastischer e*p Streu-
ung vorgestellt. Die verwendete Datenmenge betrug 63.2 pb™* und wurde wihrend
der Datennahme 1999 /2000 des ZEUS Experimentes am HERA Beschleuniger gesam-
melt. Die Schwerpunktsenergie lag bei /s = 318 GeV. Einfach differentielle Wir-

€+ .. € ..
kungsquerschnitte dezp wurden fiir Q% > 200 GeV?, d"d;p fir Q% > 400 GeV? und

d";:p fiir @Q* > 400,2500, 10000 GeV? gemessen. Der reduzierte, doppelt differ-

entielle Wirkungsquerschnitt 6¢' ?(z, Q?) sowie die Strukturfunktion F(z, Q2) wur-
den bei Impulsiibertragsquadraten von Q? > 185 GeV? bestimmt. Statistische und
systematische Fehler wurden iiber den gesamten kinematischen Bereich der Daten
berechnet.

Verschiedene Studien wurden durchgefiihrt, um eine zuverlissige und exakte
Rekonstruktion der Ereigniskinematik zu erzielen.
In diesem Zusammenhang wurde der Photoproduktions-Untergrundes bestimmt, der
der grofite Untergrund in der Ereignismenge war. Der Wirkungsquerschnitt, der in
HERWIG implementiert ist, wurde durch einen Faktor von 1.75+0.75 an die Daten
angepaft.
Die Bedingungen des Triggers erster Stufe, der fiir eine korrekte Ereignisselektion
entscheident ist, wurden studiert. Die Studie zeigte eine insgesamt hohe Triggeref-
fizienz und eine gute Ubereinstimmung zwischen Daten und Simulation.
Im Rahmen dieser Analyse wurde die Messung des hadronischen Endzustands in
den Vorwértsdriftkammern studiert. Das Alignment der FTDs wurde durchgefiihrt
und Daten und MC des hadronischen Endzustands wurden auf Grundlage der selek-
tierten NC Ereignisse verglichen. Der Vergleich zeigte geniigende Ubereinstimmung,
um zur Einbeziehung des “upgraded” Vorwartsdetektors in zukiinftigen Analysen zu
ermutigen.
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Die Messungen der Wirkungsquerschnitte und der Strukturfunktion Fb sind
genauer als in friiheren Messungen, da eine groffere Datenmenge zur Verfiigung
stand und eine bessere Kenntnis {iber systematische Detektoreffekte vorlag. Die
Resultate werden gut durch das Standardmodell unter Verwendung der CTEQ5D
(NLO) Parton—Verteilungsfunktionen beschrieben. Vorldufige Resultate der ZEUS
Messung der Wirkungsquerschnitte unter Verwendung dieser Analyse sind in [76]
dargestellt worden. Die abschliefende Veroffentlichung auf Grundlage der vorliegen-
den Daten ist in Vorbereitung.

Zukiinftige Parametrisierungen der Parton—Verteilungsfunktionen werden von
den dargestellten Resultaten an Prazision gewinnen. Dies wird zusatzliche Hilfe
fiir die Priifung der QCD nicht nur bei HERA, sondern auch bei gegenwértigen und
zukiinftigen Hadron-Hadron Beschleunigern wie TEVATRON und LHC sein.

Mit dem HERA Upgrade im Jahre 2001 ist geplant, die gelieferte Luminositat in
einem Zeitraum von finf Jahren auf bis zu 1 fb~! zu erhéhen. Dies wird eine noch ex-
aktere Messung der Wirkungsquerschnitte und der Strukturfunktionen ermoglichen.
AuBlerdem stellt der verbesserte Beschleuniger einen polarisierten e—Strahl bereit.
Dies wird neue Moglichkeiten fiir die Bestimmung von Parton—Verteilungsfunktionen
bieten.
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