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1. INTRODUCTION

When considering very small scales, hadronic matter consists of partons,
more specifically quarks and gluons. Clusters of quarks and gluons form
the proton and neutron, the constituents of the atomic nucleus. The proton
and neutron each consist of three valence quarks and a large number of
relatively low momentum quark-anti-quark pairs (the so-called sea quarks),
which are held together by the exchange of gluons between the quarks. These
gluons are the mediators of the strong force, which is described by Quantum
ChromoDynamics (QCD).

When studying the structure of the proton with particles of high en-
ergy (larger than 10 GeV) very small length scales are probed: 10−16 to
10−17m. At these distance scales the dynamics of the quarks correspond to
that of almost free particles, a phenomenon referred to as asymptotic free-
dom. Because the interactions are relatively weak, QCD can be treated in
a perturbative manner (pQCD). At larger distance scales the interactions
become considerably stronger and perturbative techniques cease to be appli-
cable. In this non-perturbative domain of QCD, correlations between quarks
and gluons emerge and give rise to bound states, i.e. the hadrons.

In order to obtain information on such partonic correlations, we need to
carry out precision high energy scattering experiments at somewhat larger
distance scales, which correspond to low to intermediate Q2 values, where
the transferred four-momentum squared, Q2, determines the distance scales
probed. When Q2 is larger the scales probed are smaller.

The experimental tool of choice to study partons and their correlations is
Deep Inelastic Scattering (DIS), which corresponds to scattering a lepton off
a parton in the nucleon. Partonic correlations are manifest in DIS because
additional gluons are exchanged in the scattering process. In the theoretical
framework used to describe DIS processes diagrams involving additional glu-
ons are known as higher twist contributions. By carrying out high precision
lepton scattering experiments on hydrogen and deuterium one can search for
experimental evidence of such higher-twist effects.

The experimental data used to search for such higher-twist effects have
been obtained in the HERa MEasurement of Spin (HERMES) experiment,
which is based at the Deutsches Elektronen SYnchrotron (DESY) and de-
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signed to clarify the spin structure of the nucleon. As the HERMES spec-
trometer system is optimised to measure cross-section ratios we searched
for possible differences in higher twist effects between the proton and the
deuteron. In the framework of this thesis, we focus on two specific kinematic
regions where possible deviations are most likely to become visible. The dif-
ferences between the quark distributions in the proton and neutron are most
prominent at high x (high fractional momentum of the quark in the nucleon)
where valence quarks dominate the quark distribution. Therefore, in this do-
main one can search for differences between the u and d quark distributions
that are possibly related to higher twist effects. To perform these studies one
has to investigate the behaviour of the cross-section ratio of deuterium over
hydrogen as a function of Q2. By combining the present data with those of
previous measurements, collected a t higher Q2, one can search with better
accuracy for differences between the data and the pQCD calculations, that
do not include higher-twist effects.

At low x one can investigate whether higher twist effects can be identi-
fied that can be associated with differences in the sea quark distributions of
the proton and the deuteron. The search for possible higher-twist effects is
performed by measuring the ratio of the longitudinal to transverse DIS cross
sections, R = σL/σT . At high Q2 values the DIS cross section is purely
transverse, leading to R = 0, which is also observed experimentally [1], [2].
Deviations from R = 0 have been observed on the proton at low Q2 and low
x. These deviations are associated with higher twist effects. The sensitiv-
ity for higher twist effects increases at low Q2, since they are expected to
scale with a factor 1/Q2n [3], where n = 1, 2 stands for the order of twist.
The data presented in this thesis are used to investigate whether Rd differs
from Rp, which could be indicative of higher-twist effects that are different
in hydrogen with respect to deuterium at low x.

To achieve these goals, high statistics DIS data on unpolarised proton and
deuteron targets have been collected at HERMES. As compared to earlier
high statistics DIS experiments, such as those reported by the New Muon
Collaboration (NMC) at the Centre Européenne pour la Recherche Nucléaire
(CERN) [1], the average Q2 is lower. In some cases the data are combined
with these NMC data. The resulting large coverage in Q2 is essential in
searching for higher twist effects.

One of the difficulties encountered when trying to extract neutron DIS
data from the difference between data collected on proton and deuteron tar-
gets is represented by nuclear effects that possibly affect the deuteron data.
As a result possible higher-twist effects that are different in the deuteron
as compared to the proton, cam either be due to proton-neutron differences
or be of nuclear origin. In order to determine ’neutron’ data, these nuclear
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effects need to be accounted for, which is difficult as they cannot be de-
termined unambiguously. A cleaner method to obtain information on DIS
neutron data is provided by tagging experiments, where the events occurring
on the neutron can be positively identified by detecting the low momentum
spectator proton simultaneously. So far, this method has only been explored
with low statistics in neutrino-induced experiments on heavy nuclei [4].

In the second part of this thesis the construction and operation of a proto-
type silicon recoil-detector is described. It was used to perform a first direct
tagging measurement of DIS events on the neutron in electron scattering on
the deuteron. In practice the observation of a DIS event in the HERMES
spectrometer was used to trigger the readout of the recoil detector. The
purpose of the prototype detector was to demonstrate the feasibility of op-
erating a silicon recoil-detector very close to an electron scattering target.
Using the prototype it has been investigated whether it is indeed possible
to tag DIS events on the neutron in deuterium. For that reason it had to
be demonstrated that the spectator protons have a momentum distribution
which is very close to the momentum distribution as measured in quasi-elastic
electron scattering on the deuteron. If the tagging technique has thus been
validated, it can be investigated whether the tagged DIS data on the neu-
tron are similar or different from those derived from inclusive measurements,
where only the scattered electron is detected. In addition it can be studied
whether the neutron to proton DIS cross-section ratio is dependent on the
initial momentum of the nucleon in deuterium. This is of interest since a nu-
cleon momentum dependence of the DIS cross section could be at the origin
of the EMC-effect [5]. The EMC-effect is the observed nuclear mass depen-
dence of deep inelastic scattering. It is noted that the recoil detector studies
presented in this thesis are exploratory because of the rather low statistics
obtained. In the future these first results can be improved significantly after
the installation of a large recoil detector at HERMES, which is currently
under development [6].

The outline of this thesis is as follows. The necessary theoretical back-
ground is introduced in chapter 2. The HERMES detector system used in
the experiments is briefly described in chapter 3, mainly focusing on the
parts crucial for analyses of the type presented in this thesis. The analysis
of precise σd/σp data is the topic of chapter 4 in which the behaviour of
the longitudinal and transverse components of the cross section ratio in the
deuteron is compared to that in the proton. Also, the results of our search
for higher twist effects at low and high x are presented. In chapter 5 the pro-
totype silicon recoil-detector (known as the silicon test counter) is described
and first physics results are presented on the nucleon momentum distribu-
tion in deuterium obtained in DIS. Also, a first attempt is presented to study
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the origin of the EMC-effect through the extraction of the structure-function
ratio of the tagged neutron data and the proton data. The final part of the
thesis contains a summary of the results obtained.



2. THEORETICAL FRAMEWORK

2.1 Introduction

The experiments presented in this thesis are about Deep Inelastic Scatter-
ing (DIS). A DIS event is characterised by the high 4-momentum transfer
involved when a lepton scatters off a nucleon. The high momentum of the
exchanged boson corresponds to short time intervals and to a wavelength,
which is small compared to the size of the nucleon. Therefore, the inner
structure of the nucleon can be investigated with this type of interaction.

In deep inelastic scattering experiments three different event classes can
be distinguished. In each subsequently listed event class the requirements
are more restrictive.

• Inclusive events, when only the scattered lepton is identified.

• Semi-inclusive events, when also one or more of the produced hadrons
are detected.

• Exclusive events, corresponding to scattering processes in which the
target nucleon remains intact or ends up in a lowly excited baryon reso-
nance state; experimentally, it is required that both the scattered lepton
and all produced particles are detected (or indirectly reconstructed).

In this thesis the emphasis is on inclusive measurements on hydrogen and
deuterium. The analysis of such data is presented in chapter 4. In chapter 5,
although of a more technical character, also some semi-inclusive data are
presented. However, once more the emphasis is on inclusive DIS events as
the additional hadron observed in these data is actually used as a ‘tag’ of the
inclusive event, i.e. to identify whether the DIS event involved a proton or
a neutron in deuterium. In true semi-inclusive events, on the contrary, the
additional hadron serves as a tag of the quark flavours involved.

The present chapter provides the theoretical framework needed for the
discussion of the experimental results presented in chapters 4 and 5. The
remainder of this chapter is organised as follows. In the next two sections
the DIS kinematics and cross-section formalism is described. The Quark
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Parton Model (QPM) is introduced in section 2.4, to provide an intuitive
interpretation of the DIS observables. In section 2.5 it is shown how Quantum
ChromoDynamics (QCD), the theory of the strong interaction, can be used to
relate DIS observables in different kinematic regions. Following this general
introduction of the DIS formalism, some specific aspects of DIS are presented,
which are relevant for the analysis of the inclusive DIS cross section ratio
σd/σp, presented in chapters 4 and 5. In section 2.6 the Gottfried sum rule is
introduced, which provides information on possible differences between the
sea-quark distribution in the proton and the neutron. The measurements of
tagged neutron DIS events, presented in chapter 5 are motivated in section
2.7. As these tagged structure-function measurements may have a bearing
on the nuclear effects observed in DIS, i.e. the EMC-effect, the last section
gives a short description of these effects.

2.2 DIS kinematics

A schematic view of a DIS event in the laboratory system is shown in figure
2.1. This diagram serves to illustrate the kinematics of a DIS event, which
involves the coupling of a virtual photon to a parton in the nucleon, and to
introduce the key parameters. The relevant observables are the energy of

Wµν

Lµν

P = ( M, 0 ) 

k     = ( E, k ) 

,    = (    , q )νq*γ

l’,  
  = (E’, k

’) 

k’

θ

Nucleon

Lepton

X

Fig. 2.1: Schematic view of a DIS event in the laboratory system.

the scattered lepton E ′ and the lepton scattering angle θ. Starting from the
measured values of E ′ and θ, and the precisely known beam energy (E =
27.55 GeV) several quantities can be calculated in the laboratory frame. Note
that all equations are given in the laboratory frame. The energy transfer of
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the lepton to the target is given by ν = E − E ′, which can be associated
with the energy of the virtual photon γ∗. The squared four-momentum of
the virtual photon is given by Q2 = 4EE ′sin2(θ/2). The value of Q2 is a
measure of the inverse of the wavelength of the virtual photon. When Q2

gets larger the spatial resolution increases and smaller objects are probed in
the scattering process. Given these basic quantities, the invariant variable
W , as well as dimensionless quantities such as x and y can be defined. These
quantities are listed below accompanied by a short explanation, with M the
mass of the nucleon and m mass of the incident lepton, which is set to zero
for these expressions.

• x = Q2

2Mν
, the nucleon momentum fraction carried by the struck parton,

which is a measure of the inelasticity of reactions: the smaller x, the
higher the inelasticity;

• y = ν
E

, the fraction of the beam energy carried by the virtual photon
(relative energy transfer);

• W 2 = M2 +2Mν −Q2, the total invariant mass squared of the virtual
photon-nucleon system.

For the study of inclusive DIS in general it suffices to investigate the x and
Q2 dependences of the cross-section data, with certain restrictions imposed
on y and W 2.

2.3 DIS cross section

The DIS cross-section formalism is presented in this section. As a starting
point the most general way to describe the DIS cross section is given1

dσ ∼ LµνW
µν . (2.1)

In this equation Lµν represents the lepton tensor and W µν the hadronic ten-
sor. Lµν describes the lepton virtual-photon vertex, which can be calculated
in the framework of Quantum ElectroDynamics (QED), and has the following
mathematical appearance, when summed and averaged over the spins:

Lµν = 2(k′
µkν + k′

νkµ − (k′ · k − m2)gµν), (2.2)

1 The presentation follows the DIS formalism of Halzen & Martin, Chapters 6 and 8
from ‘Quarks & Leptons: An Introductory Course in Modern Particle Phyics’ (John Wiley
and sons, New York, 1984).
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where k and k′ represent the four-momentum vector of the incident and
outgoing lepton, m the mass of the lepton, and gµν the metric tensor. The
hadronic tensor W µν is related to the interaction of the virtual photon and
the target nucleon. As it is not possible to calculate W µν from first principles,
information on the hadronic structure is usually obtained through fits of the
data in a QCD framework or by means of model calculations. The hadronic
tensor W µν can be written as:

W µν = W1

(
−gµν +

qµqν

q2

)
+ W2

1

M2

(
pµ − p · q

q2
qµ

) (
pν − p · q

q2
qν

)
. (2.3)

The target four-momentum vector is given by p = (M ; 0, 0, 0), while q =
(ν; 0, 0,

√
ν2 − q2) is the four-momentum vector of the virtual photon and

W1 and W2 are two independent inelastic scalar structure functions.
These two structure functions remain from the four that appear in the

most general expression for W µν , when requiring current conservation at the
hadronic vertex. Relation 2.3 has been written in a simplified manner by
neglecting the dependence of W1 and W2 on ν and Q2. Furthermore, the
anti-symmetric contributions have been omitted, as they would vanish when
contracted with the symmetric lepton tensor. Also the above expression is
already summed and averaged over the spins. When performing the contrac-
tion of the lepton tensor and the hadronic tensor, as indicated by equation
2.1, using the expressions of Lµν and W µν given by equations 2.2 and 2.3
respectively, one obtains a relation for the DIS cross section, which consists
of two independent components:

dσ

dE ′dΩ

⌋
lab

=
α2

4E2 sin4 θ
2

{
W2(ν, q

2) cos2 θ

2
+ 2W1(ν, q

2) sin2 θ

2

}
. (2.4)

The structure functions W1 and W2 can be rewritten in two other inde-
pendent components, which are the longitudinal (σL) and transverse (σT )
virtual-photon absorption cross sections. They are investigated separately
in chapter 4. Intuitively the scattering of the longitudinally oriented virtual
photons can be interpreted as a charge-like interaction with a parton in the
nucleon, while reactions involving transversely oriented virtual photons can
be visualised as corresponding to a spin flip of the struck parton. In order to
clarify the difference between the longitudinal and transverse cross-section
components it is necessary to develop the DIS formalism further such that
it can be shown how (σL) and (σT ) are related to measurable quantities.
For this purpose it is important to realise that the lepton tensor can also be
expressed as a function of the polarisation vectors εµ

λ of the virtual photon.
The vectors εµ

λ depend on the helicity state, labelled by the subscript λ, of
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the virtual photon. Four different states can be identified: two transverse
states (λ = ±1), a longitudinal state (λ=0), and a scalar state (λ=0). Since
the scalar and longitudinal states are at all times related three independent
polarisation states are left. For the different helicity states λ, the polarisation
vectors εµ

λ of the virtual photon are defined in the following way:

λ = ±1 : ε± = ∓
√

1

2
(0; 1,±i, 0), (2.5)

λ = 0 : ε0 =
1√
−q2

(
√
−ν2 − q2; 0, 0, ν), (2.6)

with the z-axis chosen along �q. Using the photon polarisation vectors the
total DIS cross section for the interaction of virtual photons of polarisation
state (λ) takes the following appearance:

σtot
λ =

4π2α

K
εµ∗
λ εν

λWµν , (2.7)

with K a normalisation factor. For real photons only the two transverse
states remain. In that case the photon flux factor is given by 4MK, with
K = ν. However, in the case of virtual photons this flux factor is not uniquely
defined and a definition for K has to be chosen, with K = ν as the limit at
Q2 = 0. In the Hand convention this becomes:

K =
W 2 − M2

2M
= ν +

q2

2M
. (2.8)

When one inserts the polarisation vectors εµ
λ from equations 2.5 and 2.6 and

W µν from equation 2.3 into equation 2.7 one can extract expressions for the
cross-section components, which are accessible experimentally (although not
directly): the transverse and longitudinal cross sections.

σT ≡ 1

2
(σtot

+ + σtot
− ) =

4π2α

K
W1(ν, q

2), (2.9)

σL ≡ σtot
0 =

4π2α

K

[(
1 − ν2

q2

)
W2(ν, q

2) − W1(ν, q
2)

]
. (2.10)

In order to relate σT and σL to the total inclusive DIS cross section we need
to combine equation 2.4 with 2.5 and 2.6. When replacing W1 and W2 by
expressions involving σT and σL one obtains:

dσ

dE ′dΩ

⌋
lab

= Γ(σT + εσL), (2.11)
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where

Γ =
αK

2π2|q2|
E ′

E

1

1 − ε
(2.12)

and

ε =

(
1 − 2

ν2 − q2

q2
tan2 θ

2

)−1

. (2.13)

The direct way to obtain information on σL and σT is to use the Rosenbluth
separation method. It is based on measurements of the DIS cross section at
various beam energies at the same value of x and Q2, and hence at different
values of ε. Two (or more) cross section measurements at different values
of ε make it possible to extract values of σT and σL using equation 2.11. In
chapter 4 examples are given of determinations of the value of σT and σL (for
deuterium relative to hydrogen). Often the results of longitudinal-transverse
cross section separations are expressed in terms of the ratio R:

R = σL/σT . (2.14)

The quantity R can also be used to compare L-T separated results for DIS
on hydrogen and deuterium. The method used in this thesis to determine
Rd/Rp, σd

L/σp
L, and σd

T /σp
T from the HERMES data is explained in chapter 4.

2.4 Quark parton model

The discovery of hard point-like scattering centres in the nucleon came about
when the scattering cross section at large angles was found to be much larger
than expected, much like the discovery of the nucleus by Rutherford. Simul-
taneously it was found that the cross section at fixed x does not strongly
depend on Q2. This behaviour was interpreted by Björken and is known as
Björken scaling. Considering these discoveries, the two independent inelastic
scalar structure functions, W1 and W2, can be reformulated in terms of two
independent structure functions F1 and F2:

F1 = MW1(ν, Q
2), (2.15)

F2 = νW2(ν, Q
2). (2.16)

Based on these expressions for F1 and F2, we can derive the following ex-
pression for R

R(x, Q2) = (1 + γ2)
F2(x, Q2)

2xF1(x, Q2)
− 1 (2.17)

with

γ2 =
Q2

ν2
=

4M2x2

Q2
. (2.18)
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This framework seems to imply the existence of point-like scattering centres
in the nucleon, which were associated with the partons proposed by Gell-
Mann to explain hadron spectroscopy data. This led to the Quark-Parton
Model (QPM) in which the partons are viewed in the following manner. In
the nucleon rest frame the partons are tightly bound, so no free partons can
be observed. However, in the Lorentz frame, in which the nucleon has very
large momentum the lifetime of the virtual partons can become large through
time dilation. Hence, the partons ‘seen’ by a photon with large Q2 appear
to be quasi free. It is further assumed that the total cross section is the sum
of the incoherent scattering cross sections of the individual partons.

As the structure functions F1,2 are related to W1,2 it is possible to relate
F1,2 to σT and σL as well. In the discussion below, we use the DIS limit,
(E � E ′, ν � Q2) to simplify the resulting equations. In this manner we
can obtain the following equations:

σT = 2σ0F1 (2.19)

and

σL = 2σ0

(
F2

2x
− F1

)
(2.20)

with

σ0 ≡
4π2α

2MK
. (2.21)

In the same DIS limit the following expression for R is obtained, which
corresponds to eq. 2.17.

R ≡ σL

σT
=

F2

2xF1
− 1. (2.22)

In the quark-parton model DIS events are associated with a spin flip of the
struck quark, which corresponds to an exclusively transverse cross section.
As σL = 0 in this framework, the quark-parton model assumes R = 0 and
this leads to the following relation:

2xF1(x) = F2(x), (2.23)

which is known as the Callan-Gross relation [7]. Equation 2.23 turns out to
be a consequence of the assumption that the partons are spin 1/2 particles
(fermions). In fact, if partons would have been spin 0 particles (bosons), no
spin flip could occur when struck by a virtual photon, implying that W1 and
hence F1 would vanish, thus violating the Callan-Gross relation. When it
was shown that equation 2.23 is satisfied by the experimental data [8], the
partons were identified as the quarks described in the quark-parton model. It
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should be realised though that the quark-parton model does not hold exactly,
since R �= 0 at small values of x and Q2 due to higher twist effects, discussed
in the next subsection.

The structure functions F1 and F2 can be given the following physical
interpretation as a function of x, where x can be identified with the fractional
momentum of the struck quark in the nucleon. In the expressions below ei

is the electric charge of the quarks (e2
u=4/9 and e2

d=1/9).

F1(x) =
1

2

∑
i

e2
i qi(x), (2.24)

F2(x) =
∑

i

e2
i xqi(x), (2.25)

where F1(x) is the incoherent sum of the individual quark momentum distri-
butions, qi(x), for quarks of flavour i. This sum represents the total parton
density distribution or structure function F1(x), while the sum weighted with
the parton momentum fraction, x, is known as the structure function F2(x).

2.5 Quantum chromodynamics

The theory which provides us with a precise description of the strong inter-
action at high energies is Quantum ChromoDynamics (QCD). One of the
major successes of QCD is its ability to precisely describe the experimentally
obtained deviations from the Q2 independence of the DIS data, which are
also known as scaling violations. In order to achieve such a precise descrip-
tion of the DIS structure functions over a large range of Q2 a perturbative
approach in QCD is used. It is noted that the QCD framework cannot be
used to calculate the structure functions from first principles, as this would
require a non-perturbative approach, which is not yet possible. Instead an
accurate measurement at one Q2 value is needed as a starting point. One
can use perturbative QCD (pQCD) to evolve, e.g., a structure function from
one Q2 to any other Q2 (both larger than 1 GeV2), this is known as Q2 evo-
lution. The equations developed in the pQCD framework to perform the Q2

evolution are the so-called DGLAP [9] equations for the quark and gluon dis-
tribution functions q(x, Q2) and g(x, Q2), which in leading order are written
as:

dqi(x, Q2)

d lnQ2
=

αs

2π

∫ 1

x

dy

y

(
qi(y, Q2)Pqq

(x

y

)
+ g(y, Q2)Pqg

(x

y

))
, (2.26)

dg(x, Q2)

d lnQ2
=

αs

2π

∫ 1

x

dy

y

( ∑
qi

qi(y, Q2)Pgq

(x

y

)
+ g(y, Q2)Pgg

(x

y

))
, (2.27)
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where αs is the strong coupling constant and the contribution from the split-
ting of gluons into quarks is given by:

Pg→q

(x

y

)
≡ Pqg

(x

y

)
(2.28)

and Pqq

(
x
y

)
,Pgq

(
x
y

)
, and Pgg

(
x
y

)
are defined accordingly.

The pQCD calculations of cross sections are based on Parton Distribution
Functions (PDF’s) which are extracted from the currently available high en-
ergy scattering data. The main component of the calculated cross section is
obtained from leading order (1/Q2) calculations. In addition to these terms
next to leading order (NLO (1/Q4)) terms and NNLO (1/Q6) terms can
be included. This is done by expanding the splitting functions presented in
equation 2.28. With the calculations in NLO and NNLO more diagrams that
contribute to the hard (parton level) scattering process are included. Apart
from refined calculations of the hard scattering, one can also investigate ad-
ditional contributions to the hadronic (soft) part of the scattering process.
These so-called higher twist effects include diagrams with, e.g., more gluon
lines, which complicate the process. As the soft part cannot be calculated in
a perturbative approach, it is consequently described with phenomenological
models which are also based on (1/Q2n) terms, where n represents the order
of twist of the included term. Experimentally it is difficult to distinguish
between higher order NLO and NNLO terms and contributions due to e.g.
quark-gluon correlations, i.e. higher twist effects. Initially higher twist ef-
fects were found to be significant at high x, but the inclusion of NLO and
NNLO effects in the leading twist calculations reduced the experimentally
determined size of the higher twist terms on the proton [10]. The remaining
question is whether the same result can be found when searching for higher
twist effects in the ratios such as Rd/Rp and F d

2 /F p
2 , which are potentially

less sensitive to NLO and NNLO effects. These ideas will be explored in
section 4.6.3 and 4.7.

2.6 Gottfried sum rule

Besides the structure function ratio F n
2 /F p

2 , also the difference of these struc-
ture functions is of interest. The integral of this difference over x, known as
the Gottfried sum rule, is written as:

S0 =
∫ 1

0

1

x
(F p

2 (x) − F n
2 (x))dx (2.29)

=
1

3
+

2

3

∫ 1

0
(us(x) − ds(x))dx. (2.30)
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The second equation follows from the first under the assumption of iso spin
symmetry between the proton and neutron (up

v = dn
v , d

p
v = un

v , us = up
s =

up
s = dn

s = d
n

s and ds = dp
s = d

p

s = un
s = un

s ), where the subscripts
refer to the valence (v) and sea (s) quark distributions. The contribution
of the strange quarks is assumed to be the same for the proton and the
neutron. Experimentally the Gottfried sum rule was determined by NMC [1]
and a value of S0 = 0.2281 ± 0.0065 (stat.) was found. This measurement
indicates that the light quark sea is flavour asymmetric and that us < ds

in the investigated Q2-range. With the data presented in chapter 4 it will
be possible to derive a new value of S0 at an - on average - somewhat lower
Q2 value.

2.7 The structure function ratio F n
2 /F p

2

The structure function F2 can be interpreted as the momentum-weighted
quark distribution within the nucleon. As there are two different nucleons,
the proton and the neutron, it is interesting to see how the ratio of F n

2 /F p
2

behaves. At low x the ratio is expected to be close to unity as this region
is dominated by sea quarks (i.e. quark-anti-quark pairs of any flavour) and
there are no indications to assume a different behaviour when comparing the
sea quarks of the proton and the neutron.

However, at high x the sensitivity of F n
2 /F p

2 shifts from the sea to the
valence quarks. For the high x region there are several predictions for the
behaviour of F n

2 /F p
2 when x → 1. When exact SU(6) symmetry is assumed,

the u and d quarks would be identical and only the difference in charge would
be responsible for a deviation of F n

2 /F p
2 from unity at x → 1. Therefore, the

prediction of SU(6) for F n
2 /F p

2 = 2
3
. However, in nature spin-flavour SU(6)

symmetry is broken; the mass of the u and d quark are different and so are
their momentum distributions. One explanation for the breaking of SU(6)
symmetry is the suppression of the “diquark” configuration having S = 1
relative to S = 0 [11, 12]. This is understood because the S = 1 state is
believed to have a higher energy than the S = 0 state [13]. When this S = 0
scalar state is dominant, in the limit x → 1, F2 is essentially given by a single
quark distribution, i.e. the u-quark in case of the proton and the d-quark in
the neutron case. In this case:

F n
2

F p
2

→ 1

4
[S = 0 dominant]. (2.31)

An alternative prediction, based on perturbative QCD [14], argues that the
relevant component of the proton valence wave function at large x is asso-
ciated with states in which the total “diquark” spin projection Sz is zero.
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Consequently, scattering from a quark polarised anti-aligned with the pro-
ton spin is suppressed by a factor (1 − x) relative to the helicity-aligned
configuration. This leads to a prediction of:

F n
2

F p
2

→ 3

7
[Sz = 0 dominant]. (2.32)

A similar result was reached by Brodsky et al. [15] using counting rules.
Melnitchouk and Thomas [16], in their model, have taken into account also
Fermi motion, binding and nucleon off-shell effects in the deuteron to predict
a value for F n

2 /F p
2 of also ∼ 3/7 in the limit of x → 1. The re-analysis of the

Fig. 2.2: Analysis of SLAC Fn
2 /F p

2 data with (full circles) and without (open cir-
cles) a correction for off-shell effects [16], compared with the predictions
discussed in the text.

SLAC proton and deuteron data, corrected for these effects, seem to confirm
their model as shown in figure 2.2. In this figure two analyses are shown of
the F n

2 /F p
2 ratio extracted from the SLAC proton and deuteron data, at an

average Q2 ≈ 12 GeV2. The results represented by the open circles do not
include a correction for off-shell effects, while the full circles represent the
results of an analysis including a correction for off-shell effects. The results
of this analysis seem to prefer the pQCD prediction of 3/7, but this result is
model dependent and relies on an insecure extrapolation to x → 1. Hence,
no unambiguous value for F n

2 /F p
2 at x → 1 exist to date. One of the reasons

is that so far F n
2 has not been measured directly in DIS. Instead, F n

2 has
always been extracted from F d

2 and F p
2 data using

F n
2 /F p

2 = 2
σd

σp
− 1, (2.33)
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which is an approximation of the real value of F n
2 , as possible nuclear cor-

rections are ignored and it is assumed that Rd = Rp. In this thesis F n
2 /F p

2

is extracted directly from the σd and σp data using equation 2.33, ignoring
possible off-shell effects and nuclear corrections at high x. In this way model-
independent experimental data are provided, which can be compared to, e.g.,
the results of NMC. Moreover, values of F n

2 /F p
2 are extracted based on a

fitting procedure, which allows for Rd �= Rp. In conjunction with F n
2 /F p

2 ,
information on R = σL/σT is obtained from the fitting procedure, as either
the value of Rd/Rp or ∆R = Rd−Rp is used as a second free parameter. The
method used is described in chapter 4. The new data on F n

2 /F p
2 presented

in this thesis cover the same x-range as previous data, but on average at Q2

values, which are a factor of five smaller than those covered by NMC [1].
Moreover, the fitting procedure provides data for Rd/Rp in a kinematic
region at low x and low Q2, where little or no data exist so far.

Whereas the data presented in chapter 4 are not constrained by any re-
quirements on R, it is still assumed that nuclear corrections in deuterium
can be neglected. In order to avoid the ambiguities introduced by applying
nuclear corrections an alternative method to obtain data on F n

2 is presented
in chapter 5. The method is based on the use of a recoil detector, of which
a prototype has been developed. A recoil detector enables a direct measure-
ment of F n

2 , by tagging DIS events on a neutron in a deuterium target. The
recoil detector identifies the recoil protons originating from the target. They
can be detected in coincidence with the DIS lepton. A positive identification
of a recoil proton in a DIS event indicates that the scattering process took
place on the neutron in the deuteron and that F n

2 is being probed directly. In
order to distinguish data obtained in the usual fashion from those obtained
by means of a recoil detector, the latter are referred to as F n

2 � tag. In chapter
5 it will be shown that recoil detection in the vicinity of an intense electron
beam is possible amd low statistics data for F n

2 � tag /F p
2 are presented.

2.8 Nuclear effects in DIS

When conducting DIS experiments it was initially thought not to really mat-
ter which nuclear target was used. As the energy scale of DIS interactions
(GeV) is much larger than the energy scale of nuclear processes (MeV), no
interference was expected. Therefore, it came as a surprise when the EMC
experiment discovered a dependence of F2 on the target nucleus in 1982 [5].
The EMC data indicate that the nucleon structure functions are affected by
the nuclear environment. The partonic distributions are apparently modified
inside the nucleus in such a way that the ratio of nuclear and deuteron struc-
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ture functions, RA = FA
2 /FD

2 , deviates from unity. The data, of which exam-
ples are shown in figures 2.4 and 2.3, exhibit an oscillatory behaviour with
respect to RA = 1. In the region of 0.3< x <0.8 we find the original EMC

x

A= 4
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0.9

1

1.1

1.2

1.3

1.4

0 0.2 0.4 0.6 0.8 1

Fig. 2.3: EMC effect as measured on helium [17]. The data are from NMC (filled
circles) [18] and SLAC [19] (open triangles).

effect, where RA < 1, which is usually attributed to nucleon dynamics in the
nucleus. For x < 0.1 another region is found where RA < 1, which is known
as the shadowing region. One explains shadowing as a reduction of the DIS
cross section in nuclei (A >2) due to coherent strong interactions of hadronic
components of the virtual photon with the nucleon in the nucleus. As the
interaction is strong, surface nucleons in the target nucleus shadow other nu-
cleons. The region in between the two aforementioned regions is known as the
anti-shadowing region, where RA is slightly larger than unity. The DIS cross
section can be expressed in terms of F2 and R =σL/σT . As FA

2 /FD
2 deviates

from unity it is of interest to investigate whether R = σL/σT is also different
for various target materials. A possible A-dependence of R could be related
to the modification of the gluon distribution in nuclei or meson-exchange
contributions to DIS. However, most existing data have not revealed any
A-dependence of R. Only recently a deviation from unity was reported by
HERMES for σL/σT �A / σL/σT �D at x < 0.06 and Q2 < 1.5 GeV/c on 3He
and 14N [20]. However, further measurements on heavier targets revealed
that the deviation was due to a peculiar detector inefficiency caused by ra-
diated photons in the electron scattering process. Bremsstrahlung photons
can be radiated in various directions, but the ones radiated along q have a
large probability of hitting detector frames in the mentioned kinematic re-
gion, thereby creating showers and very high multiplicity events, which were
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Fig. 2.4: Shadowing region shown for helium [17], data same as above except for
the logarithmic scale.

rejected for analysis. This effect is further discussed in section 4.3.4 as the
present data were collected using the same equipment. Nonetheless, it is
important to search for possible remaining differences in σL/σT between the
proton and the deuteron, as the data presented in chapter 4 partly cover an
(x, Q2) domain where no previous data on σL/σT �d / σL/σT �p are available.
In this respect it is important to note that the A-dependence of R enters
many DIS analyses.

Among the various explanations of the EMC effect it has often been ar-
gued that the EMC-effect could be associated with the momentum of the
parent nucleon in the nucleus. If this is true the EMC effect can also be
observed on deuterium if the momentum dependence of F2(x) is measured.
As an interesting by-product of the first physics analysis obtained with the
prototype recoil detector presented in chapter 5, we have studied the mo-
mentum depndence of F n

2 � tag /F p
2 as well. Such data will be presented in

chapter 5 for the first time.



3. THE HERMES EXPERIMENT

3.1 Introduction

The HERMES (HERa MEasurement of Spin) experiment [21] is based at
the German Institute for high-energy physics DESY (Deutsches Elektron
SYnchrotron) in Hamburg. The main objective of the HERMES experiment
is the study of the spin structure of the nucleon by means of deep inelastic
lepton scattering off nucleon targets. The sensitivity to the spin arises from
the use of the polarised lepton beam of HERA and polarised target nuclei.

At HERMES the beam is passing through an open-ended storage cell, in
which either polarised or unpolarised gases are injected. The particles emerg-
ing from the target are detected in a forward-angle spectrometer, consisting
of several tracking and particle identification detectors. In this chapter the
HERMES experimental set-up is briefly discussed, focusing on the features
important for the analyses described in chapters 4 and 5 of this thesis. For
further details we refer to the article [22] in which the HERMES spectrometer
is described.

3.2 The HERA storage ring

In the HERA (Hadron Elektron Ring Anlage) storage ring protons and elec-
trons are stored and both beams can be used simultaneously by four different
experiments. Two of these experiments, ZEUS and H1, are colliding-beam
experiments. HERA-B uses only the proton beam whereas HERMES only
uses the polarised lepton beam.

The lepton beam is accelerated to an energy of 27.5 GeV, reaching in-
tensities (at injection) of at most 50 mA. The typical lifetime of the beam
is 10 hours. The beam is usually dumped at 10 mA. The lepton beam is
transversely polarised by the Sokolov-Ternov effect [23]. In this process, the
leptons predominantly align their spins in the vertical direction, parallel to
the magnetic field of the storage ring, by radiating photons. However, for
the study of the helicity structure of the nucleon a longitudinally polarised
beam is required, i.e. the lepton spins have to be aligned parallel to their
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propagation direction. Therefore, spin rotators are placed before the HER-
MES experiment. These devices rotate the spin of the electrons from the
transverse to the longitudinal orientation. As the Sokolov-Ternov effect [23]
aligns the lepton spins in the vertical direction, spin rotators are placed be-
hind the HERMES experiment to rotate the spin of the electrons from the
longitudinal orientation back to the transverse one, otherwise it would not
be possible for the polarisation to be built up.

3.3 The HERMES target

The target consists of a windowless storage cell in which a gas can be in-
jected. In this way a gas density is reached of ∼1014N cm−2, which is two
orders of magnitude higher than can be obtained with a gas jet target [24]
(∼1012N cm−2).

To limit the influence of the target gas on the beam lifetime a powerful
pumping system is used. The gas is pumped away at both ends of the target-
cell. The cell, with an elliptically shaped cross section, is 29 mm wide, 9.8
mm high and 40 cm long. Polarised gases can be injected from an Atomic
Beam Source (ABS) [25]. The polarisation of the target atoms is measured by
a Breit-Rabi polarimeter (BRP) [26]. Unpolarised gases can also be injected
into the target cell through a separate capillary near the ABS outlet. In
this way target densities of about 1015 N cm−2 have been reached with a
contribution to the lifetime of the beam of only 45 hours, for hydrogen and
deuterium 1.

3.4 The HERMES spectrometer

The HERMES spectrometer is a forward-angle spectrometer located in the
East Hall of the HERA accelerator complex. It is a general purpose instru-
ment that is used to track and identify both the scattered lepton and the
produced hadrons. It has a box acceptance, which ranges from 40 mrad
to 140 mrad in the vertical direction, both above and below the beam-line,
and from -170 mrad to +170 mrad in the horizontal direction. The possi-
ble scattering angles range from 40 mrad to 220 mrad. The layout of the
spectrometer is illustrated in figure 3.1. The various components of the spec-
trometer, the trigger system and the data-acquisition system are discussed
in separate subsections below.

1 Unpolarised gas densities in access of 1016 N cm−2 have also been used at HERMES.
In this case the beam lifetime is reduced to a few hours.
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3.4.1 Spectrometer magnet

In combination with the tracking system the magnet is used to determine
the momentum of the particles. The spectrometer magnet is of the H-frame
type with a deflecting power of 1.3 Tm. The variation of the field is less
than 10% over the whole acceptance. Field clamps both in front and behind
the magnet reduce the field strength in the nearest tracking chambers to less
than 0.1 T .
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Fig. 3.1: The HERMES spectrometer. The horizontal and vertical scales represent
the actual distances in metres.

3.4.2 Tracking

The tracking system consists of several detectors, before, inside and behind
the spectrometer magnet. To establish tracks which traverse the whole spec-
trometer, tracks before and behind the magnet are reconstructed [27] by two
sets of detectors. From the two sets of reconstructed tracks matching pairs
are selected possibly involving the magnet chambers, which are situated in
the spectrometer magnet. These pairs are used to determine the particle
momentum from the deflection of the tracks in the spectrometer magnet.
Moreover, the reconstructed tracks can be correlated with hits in the parti-
cle identification detectors.

The vertex chambers [28], drift vertex chambers and front chambers be-
fore and two sets of back chambers [29] behind the magnet provide the hit
information. The vertex chambers comprise a set of multi-strip gas cham-
bers. During part of the data-taking period, in which the data described in
this thesis were collected the vertex chambers were inactive due to radiation
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damage incurred by the read-out chips. The drift vertex chambers, the front
chambers and the back chambers are conventional drift chambers. In addi-
tion there are magnet chambers, which are multi-wire proportional chambers.
They are used to reconstruct front tracks that are passing outside the accep-
tance of the back chambers. The momentum resolution of the HERMES
spectrometer ranges from 0.7 to 1.25% over the measured kinematic range.
The angular resolution is better than 0.6 mrad.

3.4.3 Particle identification

In order to achieve lepton identification with a high efficiency and a low
hadron contamination the responses of various dedicated detectors are com-
bined. The particle identification system consists of a Čerenkov detector, a
transition radiation detector, two sets of hodoscopes, and an electro-magnetic
calorimeter [30]. The hodoscope in front of the calorimeter is preceded by
two radiation lengths of lead such that it acts as a pre-shower counter. In
1998 the existing threshold Čerenkov counter was replaced by a Ring Imaging
Čerenkov Hodoscope (RICH) [31] to improve the identification of protons,
pions and kaons.

The combined outputs of the calorimeter, the pre-shower counter, the
Transition Radiation Detector (TRD) and the threshold Čerenkov provide
an electron detection efficiency larger than 95% with a hadron contamina-
tion of only 1% in the lowest x-bin. The signals of the four detectors are
combined using likelihood distributions. First the results of the calorime-
ter, pre-shower and Čerenkov are used to form the following quantity for the
Particle IDentification, PID3:

PID3 = log10

[
(P e

CalP
e
PreP

e
Cer)

(P h
CalP

h
PreP

h
Cer)

]
, (3.1)

where P i
j is the conditional probability that a particle of type i produced a

given response in detector j. These P ’s are determined by comparing the
measured detector responses for each track to a library of response func-
tions, which are obtained either from data or modelled using Monte Carlo
techniques. For the TRD, which consists of six independent chambers PID5
is calculated:

PID5 = log10[P
e
TRD/P h

TRD]. (3.2)

In general, requirements on the sum of PID3 and PID5 are used to select
leptons and hadrons. By only using conditional probabilities the effect of
the non-uniform flux of particles incident on the detectors is neglected. This
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results in a momentum and scattering-angle dependence of the PID distri-
butions. To calculate real probabilities one needs to perform a Bayesian it-
erative procedure. The conditional probabilities and the flux ratio, Φ, which
is the ratio of hadrons to positrons incident in the detector, serve as input
for this procedure. One starts with Φ0=1 and uses this to calculate P 1

e+ and
Φ1, which enters the procedure to give P 2

e+ and Φ2. This scheme is repeated
until |Φn−1 − Φn| becomes smaller than the uncertainty of Φn, which usu-
ally occurs within 10 steps. The end-result is a log-likelihood distribution
with PID efficiencies and contamination factors which are momentum and
scattering angle independent.

3.4.4 Luminosity measurement

For a proper weighting of the data collected in different time periods, the
number of selected events have to be normalised. The normalisation is ob-
tained by measuring the luminosity, which is the product of the target-gas
density and the beam current. To achieve this, a luminosity monitor is in-
stalled 7.2 m downstream of the centre of the target. The luminosity detector
consists of two small electro-magnetic calorimeters, which are moved close
to the beam line before data taking is started. Both calorimeters are re-
tracted during injection and ramping of the lepton beam. The measurement
is based on elastic scattering of the beam leptons off the target-gas electrons.
Both the scattered lepton and the hit electron are detected in coincidence,
with the requirement of each depositing at least 5 GeV in the calorimeters.
In case of an electron beam the process is e−e− → e−e−, known as Møller
scattering. For a positron beam the processes are e+e− → e+e−, known as
Bhabha scattering, and the annihilation into photon pairs e+e− → γγ. Both
are electro-dynamical processes which are well understood, including the as-
sociated radiative corrections. In principle, this system can be used for an
absolute determination of the luminosity. However, the data for the relative
cross sections presented in this thesis only rely on the relative normalisation
provided by the luminosity detector.

3.4.5 Trigger

The trigger system is designed to select events on the basis of signatures of
potentially interesting events and reject background events. For a DIS event,
hits in the three scintillator hodoscopes and a signal from the calorimeter
corresponding to a deposition of at least 1.4 GeV in two adjacent calorimeter
rows in coincidence with the HERA bunch signal are required. There are
several other triggers available which are used to identify different possible
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hadronic final states as well as to determine trigger efficiencies. The max-
imum trigger rate which can be handled by the HERMES data-acquisition
system with a dead time of less than 10% is at most 500 Hz. For a 3.5 GeV
calorimeter threshold, used when taking data with unpolarised targets, about
2/3 of the triggers had tracks. Of the reconstructed tracks 95% came from
the target, and about 1/3 of these events had a possible DIS lepton track.

3.4.6 Data acquisition

To minimise the dead time of the data-acquisition system (DAQ) double
buffering is implemented. Event collection is done in parallel with the read
out of the next event. Nevertheless, it is not always possible to accept all
the events generated by the triggers. As this dead-time effect influences the
number of selected events it has to be taken into account in the normalisation
of the measured data. The dead-time fraction is defined for each trigger
individually:

δi = 1 − T i
acc

T i
gen

, (3.3)

where T i
acc and T i

gen represent the numbers of accepted and generated triggers
of a certain scheme, respectively. Since the DAQ throughput depends on
trigger rates, the trigger dead time fractions are calculated for short time
periods of 10 seconds, called bursts. For several reasons these bursts can be
shortened sometimes. As a consequence information stored on a burst-by-
burst basis has to be corrected for burst-length differences.

3.4.7 Data taking

At HERMES there are three modes of data taking. The most common mode
is normal polarised-target data taking where the luminosity is limited by
the target densities which can be obtained with the atomic beam source.
Data taking with unpolarised targets can be done in two ways. Normally,
unpolarised target densities are limited by the beam lifetime and a luminosity
of at most 1032 N cm−2 is obtained. Alternatively, data are collected in higher
density running, which is done either in a dedicated run for HERMES only2,
or regularly at the end of each fill. Under these conditions the luminosity is
limited by the trigger rates or the dead time. In this way luminosity values
slightly in excess of 1033 N cm−2 have been obtained.

2 The other HERA experiments do not collect data during such runs.



4. THE CROSS-SECTION RATIO OF DEUTERIUM TO

HYDROGEN

4.1 Introduction

The measurement of the cross-section ratio for deep inelastic scattering on
deuterium to hydrogen can provide interesting information on the quark-
gluon structure of nucleons. More specifically, the following issues can be
addressed:

• From the ratio of the measured cross sections, σd/σp, the ratio of the
structure function F2 of the neutron to that of the proton F n

2 /F p
2 can

be extracted (eq. 2.33). In the quark-parton model (sect. 2.4) of the
nucleon F n

2 /F p
2 represents the ratio of the parton distributions in the

neutron and the proton. Deviations of this ratio from unity are related
to differences between the up and the down quark distributions in the
nucleon. The region at high x is particularly interesting as in that
region the valence quarks dominate, implying that the measured ratio
at x → 1 provides information on the relative importance of the u
and d valence quarks. In the limit x → 1 different predictions for
F n

2 /F p
2 exist. Currently the predictions [11, 12, 13, 14] range from 1

4

to 2
3
. In section 2.7 the different models providing these predictions

are discussed. Furthermore, precise knowledge of the u and d quark
distributions at high x is very important at collider energies, as the
extraction of new physics at high Q2 relies on this information [32]. At
low x, the sea quarks are dominant and their distribution is usually
assumed to be nearly identical for the proton and the neutron.

• DIS data on proton and ‘neutron’ targets can be used to investigate
possible differences between the value of the ratio R = σL/σT for the
proton and the neutron. The difference is expressed in terms of ∆R =
Rd−Rp. Both NMC and SLAC have published measurements on ∆R [1]
[2], which can be compared to new HERMES results, thus extending
such data to lower x and Q2 values. The existing data on ∆R are
presented in figure 4.1 showing that there is no deviation from zero
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observed in the presently covered (x, Q2) domain. Possible deviations of
∆R from zero could be of interest as they might be related to differences
of the gluon distribution for the proton and the neutron [33], or higher
twist effects, which are discussed in the next item. It is noted that the
quality and amount of the data available is limited below x 
 0.1.

Rd-Rp
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Fig. 4.1: World data on Rd − Rp from NMC [1] and SLAC [2].

• Higher twist effects, which were introduced in section 2.5, can also be
studied with F n

2 /F p
2 data. These effects represent quark-gluon correla-

tions, which are possibly different for the proton and the neutron. As
one does not know whether the effects are flavour dependent or possibly
enhanced in the nuclear environment we study the difference between
the proton and neutron (deuteron). There are two regions of interest
to search for higher twist effects.

At low x any deviation from the quark-parton-model prediction of R =
0 can be associated with higher twist effects. At low x also the average
Q2 is low thereby increasing the factor 1/Q2n, which governs higher
twist effects, further clarifying the sensitivity for higher twist effects.
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By comparing Rp and Rd in this domain it can be investigated whether
in the vicinity of another nucleon these effects increase, as has been
suggested [20].

At high x the differences between the quark distributions in the proton
and neutron are most prominent as at high x the valence quarks domi-
nate. Therefore, the high x region is the best domain to look for higher
twist effects related to u-d quark differences. The non-perturbative
phenomenological parameterisations of higher twist effects, such as
the one used by Yang and Bodek [32] show this sensitivity as well:
F2 = F pQCD

2 (1 + h(x)/Q2) with h(x) = a[xb/(1− x)− c], i.e. the effect
grows with x.

• In a recent paper [20], it has been shown how DIS data collected at
HERMES can be analysed to obtain information 1 on RA/Rd. Applying
this technique to new σd/σp data, one can extract Rd/Rp, σd

L/σp
L, and

σd
T /σp

T , where the subscripts, L and T, refer to the longitudinal and
transverse cross section.

In this chapter the analysis of the σd/σp data is described in detail. These
data are used to extract information on F n

2 /F p
2 and Rd/p = Rd/Rp exploiting

the large range of values of the virtual photon polarisation parameter, ε, cov-
ered by the HERMES experiment. The extraction of the ratio Rd/p presented
here2 is not based on the Rosenbluth separation method which is explained
in section 2.3. This method could not be used at HERA as all the data have
been collected at a single beam energy of 27.5 GeV3. When combining the
results of the present experiment with those obtained by NMC, effectively
several beam energies are used.

This chapter is organised as follows. In section 4.2 the data selection is
discussed, and the necessary corrections are described in section 4.3. The
cross section ratio σd/σp is presented in section 4.4. A comparison with the
existing data follows in section 4.5. The extraction of R and F2 is the subject
of section 4.6. In the subsequent section the data are used to search for higher
twist effects at high x. The Gottfried sum-rule is evaluated in section 4.8.
In the last section the conclusions are presented.

1 Part of the effect reported [20] is due to an unexpected instrumental effect, i.e. photon
showering in the beam pipe.

2 This restriction only applies to those results that are based on HERMES data alone.
When results are obtained from an analysis including NMC and HERMES data implicitly
use is made of the Rosenbluth method.

3 A Rosenbluth separation in the region of interest, low x and low Q2, requires a second
beam energy of a considerably higher value than the 27.5 GeV available at HERA.
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4.2 Data selection

For the analysis presented in this chapter all the unpolarised hydrogen and
deuterium data taken during HERMES run I (1995-2000) have been consid-
ered. In the following subsections the data selection criteria are presented
as they are applied at the various levels. Also the kinematic requirements
posed to identify DIS events are listed.

4.2.1 Burst selection

The runs which can be used for data analysis are selected using logs filed
during data taking. In this manner unpolarised runs for hydrogen and deu-
terium can be identified. Every run consists of a number of bursts, for which
the following data quality requirements were imposed.

• Live time : τlive > 80% ;

• Burst length : 9 < Tburst < 11 s;

• Burst : first and last of each run are removed;

• Data-acquisition system: no error flags;

• Gain-Monitoring System : no error flags;

• Transition Radiation Detector: both top and bottom ok;

• Tracking detectors: no high voltage trips.

4.2.2 Event selection

The selection of DIS events is performed by putting requirements on several
detector related quantities and by imposing certain kinematic restrictions.
Concerning the kinematic requirements, two regions are distinguished: the
DIS region characterised by W 2 > 4 GeV2 and the baryon-resonance domain
(W 2 < 4 GeV2). Usually the latter domain is excluded in analyses of F2(x),
but recently it has been shown [34] that for Q2> 2 GeV2 the resonance region
- on average - can be described by F2(x) derived from DIS data [35]. For
that reason the data at W 2 < 4 GeV2 are also considered and are referred
to as “duality region” in reference to the concept of quark-hadron duality
underlying this equivalence [35]. Below the requirements for valid DIS events
are listed.

• Detector acceptance
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– Horizontal acceptance −170 < θx < 170 mrad

– Vertical acceptance 35 < |θy| < 140 mrad

• Target gas volume

– Longitudinal size −18 < zvert < 18 cm

– Transverse size tvertex < 0.43 cm

• Particle identification

– Lepton identification PID3 + PID5 > 2

• DIS kinematics

– Q2 domain 0.1 < Q2 < 15 GeV2

– Above resonance region W 2 > 4 GeV2

– Limited size of radiative correction y < 0.85

• Duality kinematics

– Resonance region W 2 < 4 GeV2

– Duality region Q2 > 2 GeV2

4.2.3 Lepton identification

The identification of leptons was done using the PID scheme presented in
section 3.4.3. Leptons are identified by requiring PID3+PID5 > 2. For the
data collected after 1997 PID3 reduces to PID2 as the threshold Čerenkov
was replaced by a RICH, for which a separate PID scheme is used. The
resulting lepton identification efficiency is 97% with a hadron contamination
of only 0.01%. These numbers were obtained from a similar analysis [36].

4.2.4 Selected DIS events

After applying the selection requirements as listed above a total of about
25 million DIS events on hydrogen and deuterium were selected for analysis.
The number of events per year and per gas are listed in table 4.1. As in 1999
no hydrogen data were taken, and hence no deuterium to hydrogen ratio
could be determined, it was decided to add the deuterium data of 1999 to
those of 2000 as there was no change in the detector system between these
two periods of data taking.
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Year H(×106) D(×106)
1996 1.71 2.83
1997 2.01 3.06
1998 0.82 1.59
1999 - 0.43
2000 10.11 2.37
total 14.66 10.30

Tab. 4.1: Number of unpolarised DIS events obtained per year during HERMES
run I.

4.3 Corrections

Several corrections have to be applied to the raw data in order to be able to
extract relative cross sections. The relevant corrections are described briefly
below. In some cases it is argued that a given correction can be neglected
for the unpolarised deuterium and hydrogen data presented in this thesis.

4.3.1 Flux factors

In order to correct the PID scheme for the non-uniformity of the flux of par-
ticles incident on the detector so-called flux factors have been introduced (see
section 3.4.3). They depend on the scattering angle of the particle and its
momentum. In principle, one can determine and subsequently apply these
flux factors for each year and each target gas separately. However, it has
been shown that for a given year the flux factors are identical if hydrogen
or deuterium is used as target gas [37]. As a result the application of flux
factors in the lepton identification will yield a similar change in the lepton
identification efficiency and hadron contamination for both targets. There-
fore, the influence of the flux factors cancels in the cross section ratio and
could thus be omitted in the present analysis. To account for a possible sys-
tematic effect due to neglected flux-factor differences between hydrogen and
deuterium, it has been estimated that an additional systematic uncertainty
of only 0.5% needs to be introduced to the ratio of the cross sections.

4.3.2 Smearing

Partial energy losses and local inefficiencies in detector planes can cause a
shift in the measured values of the kinematic variables as compared to the
original values at the interaction point. To understand these shifts Monte
Carlo simulations have been performed for both hydrogen and deuterium.
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These simulations were carried out by M.Vincter to investigate the effect of
the detector and the track reconstruction algorithm on the evaluation of the
kinematic variables [38]. For the variable x a broadening of the distribution
and a tail towards lower x is observed. This effect is negligible at low x,
but significant at high x. In the simulation the shift of the mean to lower x
and the misidentification of events at higher x have been combined, making
use of a realistic cross-section parameterisation. However, since these effects
are the same for hydrogen and deuterium within 0.25% these effects can
be neglected as the ratio is taken. Hence, it has been decided to neglect
the smearing contribution and introduce a separate contribution of 0.25% to
the total systematic uncertainty on σd/σp to account for the fact that these
effects were neglected.

4.3.3 Radiative corrections

The cross section ratios presented in this chapter are extracted from nor-
malised yields of DIS events on deuterium and hydrogen. In the normalised
yields events enter which do not correspond to deep inelastic scattering
events. Apart from the Born cross section, which we wish to measure, there
are also contributions from elastic or quasi-elastic scattering processes. These
events are identified as DIS events because a photon was radiated by the scat-
tering lepton before or after an elastic or quasi-elastic event. It may also hap-
pen that a photon is emitted by the lepton after a normal DIS event, causing
a shift in the kinematics of the event. To extract the Born cross section from
the data radiative corrections are applied, which correct for all these effects.
The radiative corrections are calculated using the TERAD program [39]. The
program takes into account the following higher order QED processes that re-
sult in the emission of additional photons: contributions from vacuum loops
of all leptons and quarks, lepton pair production, electroweak interference
and bremsstrahlung of one or two photons. The complete list of diagrams
can be found in reference [40]. The size of the radiative corrections is dif-
ferent for deuterium and hydrogen, mainly due to the elastic contribution.
Furthermore, there is an uncertainty associated with this correction as the
phenomenological input parameters carry uncertainties. The size of the cor-
rections and the associated uncertainties are explicitly listed in table 4.4 in
section 4.4.4.

4.3.4 Photon shower effect

When collecting DIS data from nitrogen and deuterium a deviation of the
cross section ratio from existing data at x < 0.06 and Q2 < 1.5 GeV2 was
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found [20]. As the new data were collected at a much lower beam energy than
used for the existing data as obtained by NMC [41], and thus correspond-
ing to a lower value of ε, a new effect was thought to be found. However,
further measurements on heavier targets could not be analysed consistently
until it was realised that an instrumental effect caused the discrepancy with
respect to previous data. The hard Bremsstrahlung photons produced in nu-
clear elastic scattering have a large probability of hitting detector frames for
the kinematic region where the deviation was found. These Bremsstrahlung
photons are mostly emitted in three directions: along the beam, along the
scattered lepton and in the direction of q. It is this last (Compton scat-
tering) peak that caused the problem. When these events occur, extensive
electro-magnetic showers are produced, creating very high multiplicities in
part of the spectrometer. These events are impossible to track and are re-
jected for further analysis, thereby causing a significant tracking inefficiency.
This effect is called the Photon Shower Effect (PSE).

The calculated radiative corrections are based on the assumption that all
Bremsstrahlung events are observed and therefore the correction is overesti-
mated. This causes the extracted Born cross section to be too low. Once this
was realised Monte Carlo studies were performed, which were compared to
special data productions to evaluate the size of the required PSE correction.
In table 4.4 the size of both the radiative corrections (column 5 and 6) and
the PSE correction are presented (column 3) As expected, the PSE correc-
tion factor is largest at low x and Q2, where the radiative corrections are also
largest. It can be seen that the PSE correction on the ratio σd/σp ranges
from 4.2% at low x to less then 1% for x > 0.035, while beyond x ∼ 0.1 the
PSE is negligible. As the correction is based on a Monte Carlo simulation
that involves the rather complicated (detector frame) geometries, we have
to assign a systematic uncertainty to the PSE correction, which is presented
in column 4 of table 4.4 and is highest at the lowest x, 1.4%, and drops off
towards x = 0.1.

4.3.5 Charge symmetric background

In the HERMES experiment there are various sources of e+e− pairs, e.g. a
π0 decaying into a γγ-pair of which one photon could produce an e+e− pair.
The e+ or e− lepton, depending on the beam charge, can be misidentified as
the scattered lepton from a DIS event. These events are known as Charge
Symmetric Background (CSB) events. The correction for these events can be
taken from an analysis of events containing a lepton of opposite charge (with
respect to the beam charge). The total number of events selected this way
amounts to ∼ 2% of the events found in the regular DIS analysis. However,
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the CSB data have a significantly different x-distribution; peaking at low x.
In certain low x bins the CSB can be as large as 6%. If it is assumed that the
acceptance is identical for CSB and DIS events, one can subtract the CSB
events per (x, Q2) bin, where after the radiative corrections are applied.

The number of DIS events, NDIS, has been evaluated as follows from the
observed number of events, Ntotal, in a given bin and the number of CSB
events, NCSB:

NDIS(x, Q2) = Ntotal(x, Q2) − NCSB(x, Q2). (4.1)

These numbers of events are not yet corrected for the radiative corrections,
which need to be applied. This is discussed in the following section.

4.4 Experimental data on σd/σp

In this section the determination of the actual cross section ratio σd/σp is
presented. This involves a number of steps, which are discussed in separate
subsections on normalisation (4.4.1), error calculation (4.4.2 and 4.4.4) and
reproducibility (4.4.3).

4.4.1 Normalisation

The normalisation of the selected DIS events, corrected for the CSB as de-
scribed in the previous section, is done in the following manner. The overall
normalisation is performed by dividing the number of events in a given bin
by the total integrated luminosity (L) for the selected bursts, corrected for
the length of these bursts (Tburst) and the live-time of the data acquisition
system (τlive) for that burst. At the same time the radiative corrections (η)
are applied, which reduce (or, at high x, increment) the selected number
of events NDIS. The radiative correction factors take into account the fact
that the radiative corrections for DIS events are different from the radiative
correction for CSB events. This leads to the following yield definition:

Y =
NDIS · η

L · Tburst · τlive

(4.2)

The cross section ratio σd/σp per nucleon can be obtained by also taking
into consideration the double number of nucleons in deuterium with respect
to hydrogen.

σd

σp
=

Y d/2

Y p
· Cpse (4.3)

The correction for the photon shower effect Cpse is taken into account as a
correction on the cross section ratio for the applicable kinematics domain. It
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is emphasised that Eq. 4.2 is evaluated at the burst level. The bursts have
a duration of 10 s (see section 3.4.6). In the results presented hereafter, Y d

and Y p have been integrated over a year for each bin, where after the ratio
of Eq. 4.3 is evaluated.

4.4.2 Statistical uncertainties

The statistical uncertainties on the cross section ratio have been calculated
taking into account the reduction of the number of events due to radiative
corrections (η). This reduction can be as large as 60% in the lowest x bin,
as illustrated in table 4.4. The reduction due to the CSB events (at most
6%) is also included. As a result, for the radiative corrections a factor 1/ηp,
representing the radiative corrections calculated for the proton target, enters,
which is deduced in [42], while for the CSB correction a subtraction of the
CSB is performed. The resulting absolute uncertainty on the measured cross-
section ratio is obtained as follows:

δ

(
σd

σp

)
=

σd

σp

√√√√ NDIS + NCSB

(NDIS − NCSB)2

⌋
d

+
NDIS + NCSB

(NDIS − NCSB)2

⌋
p

· 1

ηp
(4.4)

It is noted that for historical reasons radiative corrections are usually treated
as a multiplicative factor (ηp in eq. 4.2), which is reasonable as long as as
the corrections are small. In our data the corrections are large at low x and
hence it would have been more appropriate to treat them in a subtractive
manner. As a result the uncertainties would have increased. The factor ηp

in eq. 4.4 accounts for this enlargement of the uncertainties, while keeping
to the multiplicative approach.

4.4.3 Reproducibility

In order to investigate the reproducibility of the measurements, the data
taken in the years ’96, ’97, ’98, and ’99 together with 2000 have been anal-
ysed separately. As a first step we compared the present analysis of the
1996 data with an early analysis performed by Vincter[43]. In figure 4.2 the
comparison is shown between the σd/σp ratio produced by both analyses. It
is noted that the analyses are based on two different versions of the basic
event reconstruction and have employed different data quality criteria and
different kinematic requirements. In particular the W 2 and Q2 requirements
were different. In the so-called 96b3 µDSTs used by Vincter the reconstruc-
tion included the tracks recorded by the vertex chambers, while those were
not used (in order to be consistent with later years) in the 96c1 µDSTs used
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in the present analysis. The agreement between the two analyses is rea-
sonable, especially if it is realised that the correction for the PSE nor the
error enlargement factor (1/ηp) were considered by Vincter. Since a differ-
ent binning is used in the two analyses, no point to point comparison can
be made. However, by comparing the data set from the analysis performed
by M. Vincter with a fit to the data set of this analysis, similar to the fit
shown in figure 4.9, an agreement was found with a confidence level of 95%
in the kinematic overlap region between the two analyses. It can be seen in
figure 4.2 that in the present analysis a larger kinematic range is covered.
This is a consequence of the reduced restrictions on x (Vincter: x > 0.012)
and W 2 (Vincter: W 2 > 4), which is related to the proof of duality.

To verify the year-to-year reproducibility, the cross section ratios are
shown in figure 4.3 for each year separately. For each year the data are
also divided by a fit of the sum of the data over all years in order to establish
the relation of each year with respect to the five-year average. It is seen
that the shapes of the cross-section ratio for the different years agree very
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Fig. 4.2: Ratio of the cross section per nucleon for deuterium and hydrogen as a
function of x. Two analyses are compared, both performed on the HER-
MES 1996 data sample. The open triangles represent the analysis done
by M. Vincter using the 96b3 µDSTs, involving different kinematic re-
quirements, while the solid circles show the results of the present analysis
performed on the 96c1 µDSTs.
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well, while the relative normalisation factors are compared in table 4.2. It is
noticed that the ’97 cross section ratio is 1.2 ± 0.1% low with respect to the
average. This is significantly more than the deviation of the other years with
respect to the average and cannot be explained as a statistical fluctuation.
While searching for a cause to explain the reduced cross-section ratio of the
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Fig. 4.3: The deuterium to proton cross-section ratio as measured in four different
periods, i.e. ’96, ’97, ’98, and ’99 and 2000 combined. In the lower panel
the ratio of the measured data, as presented in the upper panel, to the fit
of all data combined, like the fit in figure 4.9, is shown.

’97 data a non-linear behaviour of the deuterium yield with respect to the lu-
minosity rate was found. In order to further investigate this, all fills in which
both deuterium and hydrogen data were collected, were analysed separately.
Several fills showed a large (up to 10%) drop in the cross-section ratio, while
in the data quality information nothing could be found to explain this drop.
It is concluded that the ’97 data set suffers from a non-linear behaviour of the
rate as measured by the luminosity monitor, which does not show up in later
years due to subsequent changes to the device. Therefore the ’96, ’98, and
the combined ’99 and 2000 data sets were added to verify the normalisation
of all years with respect to the weighted average. This produced a deviation
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1996 1997 1998 1999+2000
I 0.1 ± 0.1 -1.2 ± 0.1 0.1 ± 0.2 0.7 ± 0.1
II -0.4 ± 0.1 -1.7 ± 0.1 -0.3 ± 0.2 0.3 ± 0.1

Tab. 4.2: Relative deviation (in %) of the different years with respect to the grand
total. Total I includes all years and total II excludes 1997.

of at most 0.4 ± 0.1% (for the ’96 data set), while for the ’97 cross section
ratio a 1.7 ± 0.1% deviation was found. It was concluded that the ’96, ’98
and ’99 and ’00 data sets are in mutual agreement. As the ’97 cross-section
ratio is systematically low, presumably due to the non-linear luminosity mon-
itor behaviour, it was decided to renormalise the ’97 cross-section ratio by
1.7%. After the normalisation the ’97 data were added to the other data sets
for further analysis. The systematic uncertainty due to the spread in the
measured cross-section ratios for different years can be roughly estimated by
taking the statistically weighted sum of the reproducibility factors. Adding
the deviations weighted by their uncertainties corresponds to a systematic
uncertainty due to the limited reproducibility of the data of 0.7%.

4.4.4 Systematic uncertainties

The total systematic uncertainty on the measured cross-section ratio is given
by the uncorrelated contributions, associated with particle identification,
smearing corrections, the uncertainty in reproducing the cross-section ra-
tio for different years, the uncertainty in the estimation of the photon shower
effect (PSE), and the systematic uncertainty on the radiative corrections.
The x and Q2 independent contributions to the total systematic uncertainty
are listed in table 4.3. They are added in quadrature to yield an uncertainty
of 0.9%. The uncertainties on the photon shower effect and the radiative cor-

Contribution Uncertainty
Flux factors < 0.5%
Smearing < 0.25%

Reproducibility 
 0.7%
Total 
 0.9%

Tab. 4.3: Overview of the x and Q2 independent contributions to the total system-
atic uncertainty on the cross section ratio.

rections are clearly depending on x and Q2 and therefore they are presented
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in table 4.4, where their x dependence is shown. The size of the photon
shower effect correction and the radiative corrections are listed in column 3,
5 and 6, while the contribution to the systematic uncertainties are presented
in columns 4 and 7, respectively. The radiative corrections are calculated for
hydrogen and deuterium separately, while the systematic uncertainties on
the radiative corrections are given for the cross-section ratio. The systematic
uncertainty on the PSE is presented in figure 4.4. In the upper panel the
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Fig. 4.4: Photon-shower-effect systematic uncertainty (lower panel), deduced from
the comparison of the special data analysis and the Monte Carlo studies
(upper panel).

comparison between data and Monte Carlo is shown. The data have been
produced with a special tracking analysis to establish the size of the PSE.
Presented is the average of the σd/σp analysis performed using only the top
detector half and only the bottom part of the spectrometer. The difference
between the result obtained from the data as compared to the Monte Carlo
results is shown in the lower panel. The difference becomes larger at low x
and somewhat unstable due to the limited data available for this study. To
work with a smooth systematic uncertainty, the shown difference was fitted
by a smooth 2nd order polynomial. The result is plotted in the lower panel
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and used to evaluate the PSE systematic uncertainty listed in table 4.4. The
total uncertainty, when taking into account the other contributions, is listed
in the last column of table 4.4. In this table the relative error is presented,
while in the figures the systematic error band shown represents the absolute
systematic uncertainty for ease of interpretation.

x Q2 PSE(corr) PSE(sys) RC(p) RC(d) RC(sys) total(sys)
0.0038 0.17 0.959 0.0145 0.28 0.41 0.039 0.046
0.0053 0.23 0.958 0.0142 0.32 0.43 0.033 0.040
0.0081 0.34 0.963 0.0136 0.39 0.49 0.033 0.040
0.0125 0.49 0.963 0.0127 0.48 0.56 0.030 0.037
0.0174 0.65 0.971 0.0117 0.55 0.61 0.027 0.034
0.0248 0.86 0.985 0.0105 0.62 0.66 0.025 0.032
0.0348 1.11 0.992 0.0090 0.68 0.71 0.024 0.031
0.0495 1.40 0.995 0.0072 0.74 0.77 0.018 0.026
0.0695 1.73 0.996 0.0052 0.80 0.82 0.013 0.022
0.0896 1.98 0.997 0.0038 0.84 0.86 0.010 0.020
0.1096 2.18 1.0 0.0000 0.87 0.89 0.008 0.019
0.1388 2.42 1.0 0.0000 0.91 0.92 0.008 0.019
0.1789 2.68 1.0 0.0000 0.95 0.96 0.008 0.019
0.2234 2.92 1.0 0.0000 0.99 1.00 0.008 0.019
0.2732 3.16 1.0 0.0000 1.02 1.03 0.008 0.019
0.3418 3.75 1.0 0.0000 1.06 1.07 0.007 0.019
0.4444 4.36 1.0 0.0000 1.11 1.11 0.006 0.018
0.5441 4.45 1.0 0.0000 1.16 1.17 0.005 0.018
0.6629 4.31 1.0 0.0000 1.22 1.23 0.005 0.018
0.8163 4.05 1.0 0.0000 1.19 1.21 0.014 0.022

Tab. 4.4: Size of PSE and the radiative corrections (columns 3, 5 and 6) and their
contribution to the systematic uncertainty and the total systematic uncer-
tainty, including the contribution given in table 4.3, for the cross-section
ratio for each x and Q2 bin.

4.5 Comparison with previous measurements

In this section the HERMES data on σd/σp are compared to the data,
previously collected by NMC [1] and SLAC [44]. First, the comparison will
be made in the x-domain and then for each x-bin the Q2-dependence of the
data is presented.
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4.5.1 Cross section ratio dependence on x

The cross-section ratio as measured at HERMES is presented in figure 4.5.
In the left panel the data are compared to similar data obtained by NMC [1].
The NMC data were recorded using four different beam energies: 90, 120,
200 and 280 GeV. The kinematic range covered by the NMC data begins at
x = 0.0015 and Q2 = 0.16 GeV2 and goes up to x = 0.675 and Q2 = 26.9
GeV2 corresponding to an average Q2 of ∼ 10 GeV2 [45].

The shape of the two distributions is somewhat different. In order to
investigate whether the difference in shape can be explained by the difference
in average Q2, at which the two data sets have been taken, we compare the
HERMES data to a parameterisation [45] of the existing data, which is based
on measurements from NMC, BCDMS, and SLAC. In this parameterisation
the average Q2 for each x bin can be inserted to evaluate σd/σp in each x
bin, i.e. the parameterisation effectively includes the DGLAP evolution as
described in section 2.5

This procedure leads to a better description of the data as can be seen
in the upper plot in the right panel of figure 4.5, although there is a hint of
possible small deviations at the extremes of the x distribution. To enhance
possible differences at low and high x the HERMES data have been divided
by the world data parameterisation. In the lower plot in the right panel of
figure 4.5 small deviations from a flat behaviour can be observed at low and
high x. Such deviations might be due to higher twist effects.

To study these differences the two kinematic regions will be considered
separately in sections 4.6 and 4.7, respectively. At the highest x such an
effect will correspond to a Q2 dependence of F d

2 /F p
2 . At low x, where the Q2

dependence is already known to be small [46], higher twist effects may show
up in R, i.e. as a Q2-dependent difference between Rd and Rp. These possible
higher twist effects on R can be investigated by studying the ε-dependence
of σd/σp. In the remainder of this chapter these deviations are studied in
more detail by evaluating the Q2-dependence of F d

2 /F p
2 at high x and the

ε-dependence of σd/σp at low x.

4.5.2 Q2-dependence

Comparing the HERMES data as a function of x with a Q2-evolved param-
eterisation cannot reveal the details contained in the measurements. There-
fore, the data are presented as a function of Q2 in figures 4.6 and 4.7 for every
x-point shown in figure 4.5. A comparison is made with both the NMC and
SLAC data. The data sets agree well over most of the x and Q2 region.
However, possible small differences are hard to distinguish. To compare the
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Fig. 4.5: In the left panel the comparison of σd/σp between the HERMES and
NMC results is shown. The HERMES data are represented by the solid
circles, the NMC data by the open squares. The error band indicates the
systematic uncertainty.
The right-hand panel presents the comparison of the HERMES data with
the world data parameterisation [45]. The parameterisation is calculated
for the 〈x〉 and 〈Q2〉 values of the HERMES experiment. The lower part
shows the deviation of the HERMES data from the parameterisation.

Q2-dependence for the HERMES and NMC data sets, the following function
was used to fit the data:

σd

σp
(〈x〉, Q2) = a(x) + b(x) ln Q2 (4.5)

The fit of the NMC data yielded the same values for a and b as were pub-
lished [46]. Subsequently the same fit was used to extract a and b for the
present data. A comparison for a and b obtained in this way is presented
in figure 4.8. The offset a, which corresponds to σd/σp at Q2 = 1, is in fair
agreement for the two data sets. Remaining differences (of a few %) in the
mid x-range possibly reflect a normalisation difference between the HERMES
and NMC data, which is further discussed in section 4.6.2. For the slope,
b, the HERMES data show a weak trend from slightly positive b-values at
x ∼ 0.04 to slightly negative b-values at high x, while the Q2-dependence
found for NMC is very small over the whole kinematic range. Assuming that



42 4. The cross-section ratio of deuterium to hydrogen

the intrinsic Q2-dependence of the data must be the same, the possible dif-
ference between b(x) for both data sets can be due to an ε-dependence of the
cross-section ratios. This is discussed in detail in the subsequent sections.
However, in view of the large uncertainties involved the differences between
the HERMES and NMC data displayed in figure 4.8, need not be significant.
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Fig. 4.6: The cross-section ratio per nucleon as a function of Q2 in the different x
regions for the HERMES (full circles), NMC (open squares), and SLAC
(open stars) data. Also shown is the result of a fit as described by equation
4.5.
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Fig. 4.8: The result of a ln(Q2)-dependent fit. The offset a(x) (upper panel) and
the slope b(x) (lower panel) are shown for both the HERMES data (solid
circles) and the NMC data (open squares). Note that the systematic un-
certainties (typically a few % in each data set) are not displayed.

4.6 Extraction of R and F2 related quantities

In order to extract R and other related quantities from the data a fitting
procedure is adopted. The cross-section ratios are plotted versus ε for each
x-bin. By fitting these data with two free parameters several quantities can
be extracted, as will be explained in this section. However, before these fits
can be performed several corrections have to be applied to the data, which
will be dealt with first.

4.6.1 Bin-centring correction

The fitting of the ε-dependence at fixed x is not straightforward as the data
contained in a certain x-bin are collected at slightly different x-values. There-
fore, a bin-centring correction is needed such that all data are made to cor-
respond with the weighted average 〈x〉 of that bin. For this bin-centring
correction the cross-section ratio versus x was fitted with the following func-
tional form:

fd/p(x) = a + bx + cx2 + dx3 + e lnx (4.6)
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The resulting curve4 is shown in figure 4.9 together with the data, which are
well described. Subsequently, the fit was used to correct the measured cross-
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Fig. 4.9: Fit to the deuterium to proton cross-section ratio using the functional form
given by equation 4.6.

section ratio within each x-bin applying the following procedure to each data
point contained in that x-bin:

σd

σp
(〈x〉, Q2, ε) =

σd

σp
(x, Q2, ε) · fd/p(〈x〉)

fd/p(x)
, (4.7)

where x corresponds to the measured value and 〈x〉 to the weighted average
of x in the selected x-bin. The size of the correction is less than 0.1%.

4.6.2 Relative normalisation of the NMC and HERMES data

In order to verify the relative normalisation of the NMC and HERMES data,
the measured values of σd/σp have been compared for each x-bin, using the
combined representation of the data as shown in figures 4.6 and 4.7, with the
requirement that the measured Q2 values from NMC do not deviate from the
HERMES Q2 values by more than 10%. The comparison has only been made

4 The fitting parameters obtained have the following values; a = 0.96, b = −0.54,
c = 0.30, d = 0.07, e = −0.004
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if for both data sets ε is larger than 0.8, otherwise the relative normalisation
could be biased by a possible ε-dependence of the data.

For all data satisfying the aforementioned requirements the weighted av-
erage of σd/σp in the overlap region was calculated for both HERMES and
NMC. These numbers were divided and fitted by a constant, the result is
shown in figure 4.10. The data at lowest x(< 0.02) and highest x(> 0.4)

N
o

rm
al

is
at

io
n

x

0.9

0.95

1

1.05

1.1

10
-2

10
-1

1

Fig. 4.10: Normalisation with respect to NMC data versus x in the overlap region
in Q2and for ε > 0.8.

were excluded from the fit due to a lack of overlap in ε (at low x) and to
exclude the region where higher twist effects could occur (at large x). The
obtained value for this constant is 1.017 ± 0.001. As can be seen from figure
4.10, the data at high x are systematically below the average, giving a first
hint for possible higher twist effects.

Considering the small systematic uncertainty of the NMC data (0.5%) as
compared to the HERMES systematic uncertainty of, on average, 2.0%, it
was chosen to re-normalise the HERMES data by 1.7%. In this way both
data sets are now combined in order to study the ε-dependence of the data.
The main advantage of using both data sets in this investigation is the in-
creased coverage in ε, especially at low x. Effectively, the analysis resembles
a Rosenbluth separation because we make use of basically five data sets, as
the NMC data have been collected at four different beam energies. The five
data sets together cover beam energies from 27.5 GeV to 280 GeV.
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4.6.3 Extraction of Rd/Rp and F d
2 /F p

2

The ε-dependence can be used to extract information on Rd/Rp and F d
2 /F p

2 ,
using the following relation to fit the data.

σd

σp
(ε) =

F d
2

F p
2

· (1 + εk(x, Q2)Rp)(1 + Rp)

(1 + k(x, Q2)Rp)(1 + εRp)
, (4.8)

From this equation it can be seen that the intersection of the fit at ε = 1 yields
a value for F d

2 /F p
2 , while the slope is a measure for k(x, Q2) = Rd/Rp. In the

fit two free parameters are used: F d
2 /F p

2 and k(x, Q2). For Rp the R1990 [47]
parameterisation was used. This parameterisation is shown in figure 4.11.
The ε-dependence of the bin-centred and renormalised HERMES data are
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Fig. 4.11: The values of R from the R1990 parameterisation [47] evaluated at x and
Q2 values corresponding to those of the present experiment. The error
bars represent the uncertainty of the parameterisation.

presented in figures 4.12 and 4.13 together with the NMC data obtained in
the same (x, Q2) range. The resulting fits obtained based on the fit to the
data using equation 4.8 are shown as well. All these data were already shown
in figure 4.6 and 4.7, but in this case fewer NMC data are displayed due to
the required similarity in Q2.

In the left panel of figure 4.14 the resulting F d
2 /F p

2 values are plotted
versus x together with the σd/σp values, as measured directly. It is noted
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Fig. 4.12: DIS cross-section ratio per nucleon for deuterium to proton as a function
of ε. Presented are the HERMES data (full circles) and the NMC data
(open squares), which were collected at similar Q2 values. Also shown is
the fit as obtained using eq. 4.8.

that the uncertainty in the fit is very large for the first three x-bins due to
the statistical uncertainty of the data. For that reason they are not shown in
figure 4.14. For similar reasons no results are shown for x > 0.4 in the right
panel of figure 4.14. In this case the short lever arm in ε induces large uncer-
tainties in the fit. The upper systematic error band indicates the absolute
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systematic uncertainty on the direct measurement, while the lower error band
represents the uncertainty on the result from the fit. The determination of
the systematic errors is discussed in detail in the next section. The fact that
the systematic uncertainty of the direct measurement is larger than the one
of the result from the fitting procedure can be understood as follows. The di-
rect measurement is based on HERMES data only, while the result from the
fit is in addition based on the NMC data. For the extraction of F d

2 /F p
2 the

NMC data dominate the result of the fit, as the NMC data are taken at high
ε and the values of the fit at ε = 1 determine the values of F d

2 /F p
2 . This

is clear from equation 4.8. The size of the systematic uncertainty for these
NMC data is very small and therefore the resulting systematic uncertainty
is small. The values of F d

2 /F p
2 as determined by the two different methods

are very close. Only at low x deviations can be observed due to the limita-
tions of the fitting procedure. The similarity of the two determinations of
F d

2 /F p
2 implies that Rd ∼ Rp, which is confirmed by the results of the fit for

Rd/Rp. In the right-hand panel of figure 4.14 the fitted values of Rd/Rp are
presented versus x. The fact that no deviation from 1 is observed for Rd/Rp,
which implies that the value for Rd does not differ from Rp, is consistent
with earlier measurements. However, the present measurements extend this
observation to lower values of x and Q2 (see section 4.6.5).

4.6.4 Systematic uncertainties

The systematic uncertainties on the measured cross-section ratio have already
been discussed in section 4.4.4. Here, we focus on the systematic uncertainties
of the results obtained by the fitting procedure. Two independent sources
can be recognised: the systematic uncertainty on the measured cross-section
ratio; or more specifically to what degree the results from the fit can vary
when the data points are shifted up or down with this uncertainty. Secondly,
the uncertainty on the chosen parameterisation of Rp, which is presented in
figure 4.11.

As the NMC data are used in the fitting procedure the question arises
in what manner the systematic uncertainty on these data have to be taken
into account. The main contribution to the NMC systematic uncertainty
is the uncertainty in the radiative corrections, which have been calculated
with the same program as used at HERMES. Therefore, when moving the
HERMES data points up and down with their systematic uncertainty, the
NMC data are moved in the same direction with their systematic uncertainty.
By comparing the two values, obtained in this way, with the central values
from the fits the final systematic uncertainty is evaluated by averaging the
two differences.
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Fig. 4.13: DIS cross-section ratio per nucleon for deuterium to proton as a function
of ε. Presented are the HERMES data (full circles) and the NMC data
(open squares), which were collected at similar Q2 values. Also shown is
the fit as obtained using eq. 4.8.

The second source is the uncertainty on the parameterisation of R. The
chosen value of Rp (R1990)[47] directly affects the fit results as can be seen
from equation 4.8. To establish the effect of the uncertainty of Rp the fitting
procedure was repeated with the value of R plus its uncertainty and R minus
its uncertainty. For the region below Q2 = 0.35 GeV2, where the applicability
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Fig. 4.14: The results from the fit in the ε-domain using eq. 4.8. In the left panel
the cross-section ratio σd/σp, as measured directly (open circles), is com-
pared to the extracted structure function ratio F d

2 /F p
2 from the fit in

the ε domain (solid circles) of the combined HERMES and NMC data.
The upper error band indicates the systematic uncertainty on the direct
measurement, while the lower band is the result of the uncertainties in
the fitting procedure.
In the right panel the extracted ratio Rd/Rp, as obtained from the same
fitting procedure, is shown with the error band giving the uncertainties
due to the fitting procedure.

of the parameterisations ceases we have used the values as given by the
parameterisation anyway, as the errors are large and the effect of changing Rp

is found to be minimal. The average of the difference compared to the centre
value was taken to be the systematic uncertainty due to the parameterisation
of Rp. Both effects were studied separately and added in quadrature as they
are independent.

4.6.5 Extraction of Rd − Rp and F d
2 /F p

2

Existing data on the combination of Rd and Rp are generally presented as
the difference ∆R = Rd −Rp. In order to have a direct comparison between
the HERMES results and the existing data, ∆R was extracted from the ε-
dependence of the combined HERMES and NMC data. The fit was carried
out using equation 4.9 with ∆R and F d

2 /F p
2 as free parameters. Equation

4.9 can be obtained from 4.8 as an approximation if only the first term in
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the Taylor expansion is used:

σd

σp

 F d

2

F p
2

(
1 − 1 − ε

(1 + R)(1 + εR)
∆R

)
. (4.9)

The extracted values for Fd
2/Fp

2 from equations 4.8 and 4.9 can be used to
check the uncertainty introduced by using only the first term in the Taylor
expansion to obtain ∆R. As the extracted values for Fd

2/Fp
2 are within 0.01%

the same as those obtained from the fit using equation 4.8 it can be con-
cluded that the methods are indeed identical and the result of ∆R carries
no additional uncertainty. In figure 4.15 the results for ∆R are plotted as a
function of Q2 for different x regions. For comparison the results obtained
by NMC and SLAC [1, 2] are shown as well. The systematic uncertainty,
as presented by the shaded band, was obtained in the same manner as de-
scribed in section 4.6.4. It is concluded that in the region of overlap very
good agreement is reached with the SLAC and NMC analyses. Moreover,
the present analysis provides new data at low x and low Q2, which also show
that R 
 0.

4.6.6 Extraction of σd
T /σp

T and σd
L/σp

L

Apart from showing the result of the present analysis in terms of F d
2 /F p

2 and
Rd/Rp (or ∆R), it is also possible to express the results in terms of ratios of
longitudinal and transverse photo-absorption cross sections. Therefore, we
have rewritten equation 4.8 into the following form:

σd

σp
(ε) =

σd
T /σp

T + εRpσd
L/σp

L

1 + εRp
(4.10)

The two free parameters in the fit are σd
L/σp

L and σd
T /σp

T . This relation
allows us to separate the transverse and longitudinal effects on the cross-
section ratio. The results from the fit to the combined HERMES and NMC
data are shown in figure 4.16. For σd

L/σp
L the result is presented in the left

panel. The ratio is constant, and close to unity, over the whole x range
within the statistical and systematic uncertainties. In the right-hand panel
the extracted values of σd

T/σp
T are shown. This ratio resembles the behaviour

of σd/σp.
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Fig. 4.15: The values of ∆R = Rd − Rp as a function of Q2 as obtained by the
present analysis of the combined HERMES and NMC data (solid circles)
for different x regions compared to the values as obtained by the NMC
(open squares) analysis and the SLAC global re-analysis (open stars).
The error band indicates the uncertainty due to the fitting procedure.
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4.7 Higher twist effects at high x

The possible flavour dependence of higher twist effects has been investigated
at high x, where the valence quarks dominate and the difference between
the proton and neutron valence quark content becomes apparent. The latter
effect is clearly observed by the large deviation from unity of the cross-section
ratio σd/σp or F n

2 /F p
2 presented in this chapter. At high x nuclear effects

and target mass effects play a role as was mentioned in section 2.7. However,
since these effects cannot be determined unambiguously, the data analyses
do not include a correction for these effects to obtain a model-independent
result.

To investigate whether there are higher twist effects one has to compare
the experimental data with pQCD calculations performed in Next to Lead-
ing Order (NLO). These pQCD calculations are based on Parton Distribution
Functions (PDF’s) obtained from the fits of the currently available high en-
ergy scattering data. There is a continuing effort [48] to fit the currently
available data in a QCD framework in order to obtain the most accurate de-
scription of the PDF’s. These efforts result in precise F d

2 /F p
2 descriptions in

leading twist (LT). As an example of this effort we mention the PDF param-
eterisations obtained by Botje [48]. Since most of the data, on which these
parameterisations are based, have been obtained at relatively high Q2 values,
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it is of interest to compare them to the present data which have been col-
lected at relatively low Q2 values of ∼ 2 GeV2. Such a comparison enables
us to investigate whether the leading twist calculations describe the data
satisfactorily, or whether possible higher twist effects contribute in certain
kinematic regions. For this purpose the ratio F d

2 /F p
2 has been evaluated for

both the HERMES and NMC kinematics using the PDF parameterisation of
Botje [48]
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Fig. 4.17: The cross-section ratio per nucleon as a function of Q2 in the different
x regions for the HERMES (full circles), and NMC (open squares) data.
Also shown is the prediction for σd/σp using the latest PDF’s in a QCD
framework.

In figures 4.17 and 4.18 the calculations are presented together with the
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Fig. 4.18: The cross-section ratio per nucleon as a function of Q2 in the different
x regions for the HERMES (full circles), and NMC (open squares) data.
Also shown is the prediction for σd/σp using the latest PDF’s in a QCD
framework.
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HERMES and NMC data versus Q2 for fixed x-bins. In general, there is a
fairly good agreement in all x-bins. In order to search for higher twist effects
the following expression is used for F2(x, Q2):

F2(x, Q2) = FLT
2 (x, Q2) ·

(
1 +

C(x)

Q2

)
, (4.11)

with FLT
2 (x, Q2) the leading-twist calculation based on the PDF parame-

terisation and C(x) the contribution of higher twist terms. As we measure
σd/σp, the following ratio needs to be evaluated:

F n
2

F p
2

=

(
F n

2

F p
2

)LT

·
(

1 − Cp − Cn

Q2

)
, (4.12)

where F n
2 /F p

2 is calculated directly from σd/σp because we have found
Rd 
 Rp. In this procedure we can only extract higher twist effects which
are different for the neutron and the proton. The extracted value of Cp −
Cn has been obtained by a minimisation procedure comparing the data to
the calculated values. The results are presented in figure 4.19. In the left
panel results are presented which are obtained using one of the most recent
parameterisations for the PDF’s [48], while the result shown in the right
panel was obtained with the MRSA [49] PDF’s as input. A similar result was
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Fig. 4.19: Possible higher twist effects extracted from a comparison between data
and QCD predictions. The results shown in the left-hand panel were
obtained using the latest PDF’s [48]. The results in the right-hand panel
were obtained with the older MRSA PDF’s as input. Also, the NMC
results on Cp − Cn are shown.
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obtained by NMC (also using the MRSA PDF’s) combining NMC, BCDSM,
and SLAC data. The NMC results are plotted in the right panel as well.

For the HERMES data the error bars shown represent both the statistical
and sytematical uncertainties as in the fitting procedure these two compo-
nents cannot be properly separated. The error band shown in the right-hand
plot applies to the NMC data. Taking the uncertainties into account the two
results shown in the right panel are in qualitative agreement. If the more re-
cent PDF’s of Botje are used, a small deviation of Cp−Cn from zero remains,
which is, however, barely significant. It is concluded that no unambiguous
evidence for flavour-dependent higher twist effects can be found from these
data.

4.8 The Gottfried sum rule

In section 2.6 the Gottfried Sum Rule (GSR) was introduced, which relates
the difference between the proton and neutron structure functions F p

2 (x)
and F n

2 (x) to a possible isospin asymmetry of the sea quarks. The NMC
experiment [50] found a significant deviation from 1/3, the value of the GSR
expected if u(x) = d(x). It was concluded that the u and d contents of the
sea are not equal. Here, the first determination of the GSR by the HERMES
experiment is presented, based on the measured values of F d

2 /F p
2 and the

parameterisation of the world data for F d
2 . As compared to NMC, the GSR

value obtained by HERMES is evaluated at a lower Q2 value, thus enabling
the investigation of a possible Q2 dependence of the GSR. The GSR is defined
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Fig. 4.20: Value of the GSR integral with a running lower limit xmin set equal to
the x-value of that bin (left panel). The value of Fn

2 −F p
2 is shown in the

right panel. The NMC data are shown for comparison (open squares).

as:

SGSR =
∫ 1

0

1

x
(F p

2 (x) − F n
2 (x))dx (4.13)
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and was calculated using the following expression:

SGSR =
∫ 0.75

0.005
2F d

2 (x)

(
1 − F d

2 (x)/F p
2 (x)

F d
2 (x)/F p

2 (x)

)
dx

x
(4.14)

at an average value of Q2 of 2 GeV2. The obtained value of the GSR integral
is

SGSR = 0.256 ± 0.025 (stat) ± 0.023 (sys).

The result is in agreement with the NMC result:

SNMC
GSR = 0.2281 ± 0.0065 (stat).

To illustrate the evolution of the integral of F n
2 −F p

2 the value of the running
integral is shown in the left panel of figure 4.20. At low x the behaviour is
rather flat, which indicates that with the extension over the whole x-range
towards lower x no significant contribution to the integrand can be expected.
At high x the decrease of the difference, F n

2 −F p
2 , also reduces the significance

of the inclusion of the region up to x = 1. Therefore, if the whole x domain
would be considered still a deviation from the originally expected value of
1/3 would be obtained. In the right panel of the same figure the difference
F n

2 − F p
2 is presented as evaluated in the same way as for the integrand in

equation 4.14. A comparison between the results of the present analysis and
the NMC data is shown, which shows a good agreement. It is noted that
the NMC value was obtained by integrating over x from 0.004 to 0.8. It can
be concluded that over a similar range in x, but at an average Q2 which is
a factor of two lower, the deviation from the GSR is essentially the same.
Therefore, the difference between the u and d distributions seems to be the
same in the two different Q2 regions probed by the NMC and HERMES
experiments.

4.9 Concluding remarks

The presented analysis has resulted in several results, which have increased
the knowledge of the ratio of the structures functions F d

2 and F p
2 . A large

number of events was analysed, resulting in a small statistical uncertainty.
The systematic uncertainty is of the order of 2%, but somewhat larger at
low x mainly due to the uncertainty in the determination of the radiative
corrections. Since the HERMES experiment was not designed for studies as
discussed in this chapter, the results are surprisingly precise. This enabled a
detailed comparison with the precise NMC data obtained at larger average
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Q2 values. The combination with the NMC data made it possible to deter-
mine the difference, ∆R, between the ratio of the longitudinal to transverse
photo-absorption cross section ratios on the deuteron (Rd) and the proton
(Rp). The new data are consistent with zero, which is in agreement with pre-
vious results obtained for ∆R(= Rd − Rp). By studying the Q2-dependence
of F d

2 /F p
2 in comparison with QCD predictions based on recent particle dis-

tribution functions an investigation of higher twist effects was performed. A
hint for higher twist effects, that are different in the deuteron relative to the
proton, was found, but the small size of the effect and the associated margins
of uncertainty make it impossible to draw unambiguous conclusions.

The Gottfried Sum Rule was determined over the measured x-domain.
A value was obtained similar to the one extracted by NMC, but at an, on
average, lower Q2 value. From the results on F d

2 /F p
2 , as obtained through
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Fig. 4.21: The Fn
2 /F p

2 result from the fits in the ε-domain compared to the predic-
tions for x → 1 discussed in section 2.7.

fitting the combined HERMES and NMC data, we can directly calculate
F n

2 /F p
2 and compare the result to the theoretical predictions presented for

high x in section 2.7. In figure 4.21 the results for F n
2 /F p

2 are presented. It
can be seen that the current data yield results for x → 1 that are close to
the QCD predictions for F n

2 /F p
2 at x = 1, i.e. 3/7 especially if it is realised
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that the data possibly need to be corrected for higher-twist effects that would
reduce F n

2 /F p
2 . However, as long as no corrections are applied for possible

higher twist effects, off-shell effects (of the neutron in deuterium) and other
nuclear effects, it is hard to draw definite conclusions. In order to avoid such
uncertainties it is desirable to measure the same quantity using the tagging
method to extract F n

2 � tag /F p
2 . This subject is discussed in the next chapter.





5. THE SILICON TEST COUNTER

5.1 Introduction

The HERMES Silicon Test Counter (STC) was developed in 1997 and 1998
and was part of the HERMES experimental setup during the fall of 1998. It
consisted of two layers of double-sided silicon and was positioned beneath the
centre of the internal target-cell inside the vacuum chamber. This prototype
detector was made to verify the feasibility of operating silicon detectors in
the harsh environment of the HERMES lepton-scattering interaction area. In
view of the plans (that were later realised) to install two large arrays of silicon
detectors surrounding the HERMES target, it was crucial to demonstrate
that neither the ultra high vacuum requirements nor the RF of the beam
or the high radiation levels prevented the operation of such systems. The
STC was positioned at such a position that it could be used to observe recoil
protons produced in Deep Inelastic Scattering (DIS). As a result the STC
might also provide a ‘proof of principle’ of recoil detection in DIS, a subject
long debated in literature [51, 52, 53].

More specifically with a recoil detector several new physics topics can be
studied:

• The measurement of the momentum distribution of nucleons in deu-
terium in DIS by detecting spectator protons of DIS events on the
neutron in deuterium and determining their momentum. A compari-
son can be made with similar data obtained in quasi-elastic electron
scattering (QES) at a considerably lower incident energy. In case it
can be shown that the momentum distribution derived from DIS and
QES are similar, it proves the feasibility of recoil detection in DIS,
thus enabling the use of recoil detection as a tool to observe tagged
structure functions in DIS. Furthermore, possible differences between
the momentum distributions from DIS and QES may shed light on
the relative importance of contaminating processes (such as final-state
interactions and exchange currents) in the reactions.

• The extraction of the tagged neutron structure function F n
2 � tag from

DIS and recoil detection data on deuterium. In practice the ratio



64 5. The silicon test counter

F n
2 � tag /F p

2 is obtained, which can be compared to F n
2 /F p

2 data, derived
from inclusive DIS on deuteron and hydrogen targets (see Chapter 4).
As was discussed in section 4.9 the ratio F n

2 /F p
2 derived from inclusive

DIS data is difficult to interpret in the limit x → 1, where explicit
predictions exist (see section 2.7), because of uncertainties related to
nuclear (binding) effects in deuterium. However, the use of a recoil de-
tector allows the tagging of DIS events on the neutron in the deuteron,
by identifying the spectator proton, thus offering nucleon momentum
information, which can be used to reduce the uncertainties due to the
nuclear binding effects. Furthermore, the determination of a tagged
structure function makes it possible to study the nuclear momentum
dependence of F n

2 � tag by determining F n
2 � tag /F p

2 for different recoil
momentum bins. This is of interest as a momentum dependence of
F2 could be at the origin of the EMC-effect. In this chapter a first at-
tempt is made to extract F n

2 � tag /F p
2 and its momentum dependence.

Other physics issues that can be addressed with a recoil detector are the
study of target fragmentation products, deep virtual Compton scattering,
and other exclusive processes and colour transparency. All these topics are
described in more detail in [51, 54]

In this chapter the design considerations of the STC and their implemen-
tation are presented in sections 5.2, 5.3, 5.4, 5.5, and 5.6. Following this
technical overview of the system the signal extraction and energy calibration
of the silicon counters is explained in section 5.7. As the data showed that it
was possible to operate the STC at HERMES, in the concluding section an
attempt is presented to extract data on the nucleon momentum distribution
and the structure function ratio F n

2 � tag /F p
2 .

5.2 Design considerations

As mentioned in the previous section, the STC was positioned underneath
the target cell, through which the electron beam passes. The closeness of the
open-ended internal cryogenic target-cell and the electron beam and also the
ultra-high vacuum of the HERA beam-line posed several restrictions on the
design of the detector and the materials which could be used.

• The materials used had to satisfy the out-gassing requirements, set by
the HERA vacuum group. The allowed contribution to the pressure
at the location of the HERMES target corresponds to a background
pressure of 10−7 mbar. This is to ensure that the passing of the beam
through the HERMES area would not be hindered by an additional
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gas load, leading to a reduced beam life time. In particular the out-
gassing of gases, which can not be pumped away easily, or those which
might have detrimental effects on the pumping system used, should be
avoided. In addition, it is necessary to keep the amount of gas in the
target chamber as low as possible since this could negatively influence
the purity and the high polarisation of the HERMES target. Moreover,
the electronic components had to be able to withstand a high level of
radiation to avoid a breakdown of the front-end part of the readout
chain. For all these reasons normal printed circuit boards (PCBs) could
not be used. Instead, kapton was chosen as base material for the PCBs.
The kapton was glued to a copper plate for stability as well as cooling.
The glues and insulating materials used were carefully selected and
tested. Details are given in [55]. For the cabling, kapton-coated wire
was taken.

• The passing of the electron beam in bursts of 26 ps produces a wide-
band radio-frequency (RF) spectrum. In principle, the target and the
wake-field suppressor are designed to keep the RF inside the beam
pipe. However, the pumping holes in the target-cell and the openings
in the wake-field suppressor allow certain frequencies to enter the target
chamber. To prevent the RF in the target chamber from influencing the
silicon detector and front-end electronics placed there, the detector and
front-end electronics should be surrounded by an enclosure (Faraday
cage), which is reduced to an open grid in the line of sight to the target
(see figure 5.1).

• Since there is very little heat dissipation in the vacuum the heat pro-
duced by the readout electronics will cause an increase in temperature
of the entire system. In order to prevent a breakdown at high tempera-
tures the electronic components have to be cooled by direct contact. In
this case the use of a cold bar was chosen. Also, a cooled environment
is preferable for the operation of silicon detectors as the effect of radia-
tion damage to silicon is less pronounced at low (< 0 ◦C) temperatures
.

• The limited space available in the target chamber complicated the de-
sign as the method of installation had to be considered as well as the
routing of the signal cables and the cold bar. In this respect, it has
to be realised that the HERMES internal target and the STC had to
be installed simultaneously, while they both have separate cooling and
electronic systems.
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5.3 Detector mechanics

The outcome of the design effort was a detector system as presented in fig-
ure 5.1. A small (421 × 142 × 63 mm3) box with the open top side covered
by a woven mesh of perpendicular wires with a spacing of 5 mm between
the wires. These wires are made of beryllium copper (CuBe) and have a
thickness of 125 µm. The cooling bar was part of the support structure of
the silicon detector. The actual cooling was done by conduction. A cold bar,

Fig. 5.1: Three-dimensional view of the HERMES Silicon Test Counter (STC). The
top part of the graph shows the cover plate including the open grid with a
spacing of 5× 5 mm2. In the bottom part the following parts can be iden-
tified: octagonal silicon detectors supported by rectangular carrier boards,
cabling (black) and the cold bar extending from below the counters. The
overall scale of the STC is 421 × 142 × 63 mm3.

situated outside the vacuum chamber in a secondary vacuum, was connected
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by a copper (OFHC) bar, via an electrically insulating piece of aluminium
nitride to the aforementioned copper support structure of the carrier boards.
The cold bar was cooled by a system using Peltier elements. The cooling
power available was ∼ 150W at 0 ◦C. The whole structure was positioned
on three pins, which were welded to the vacuum chamber. The obtained
positioning precision was of the order of 3 mm. The top silicon detector was
6 cm below the centre of the target-cell. The second layer of silicon detectors
was positioned 1.5 cm below the top one. The detectors used for tracking
and particle identification were double-sided silicon strip detectors. A recoil
proton passing through two detectors with double-sided readout provides the
four coordinates necessary to reconstruct the track of the particle. Energy in-
formation is obtained by using the two silicon detectors as ∆E−∆E counters
using the analog signal produced by both counters.

5.4 Silicon

The choice of silicon detectors, as we are considering a prototype, was limited
to silicon detectors readily available at one of the manufacturers. The main
consideration was to have two layers of double sided silicon, where the top
layer had to be relatively thin to allow for particles with low momentum to
pass this first layer and reach the second layer. Eventually one thin (135 µm)
detector was chosen for the top layer, while for the bottom layer two different
detectors were selected. In the backward region relative to the centre of
the target and the beam direction an equally thin detector was positioned,
while for the forward region we opted for a thick (306 µm) detector. The
specifications of the silicon detectors are given in table 5.1.

Silicon detector properties
shape octagonal

thickness 135, 136, 306 µm
silicon type double sided
strip pitch 1 mm

strip pattern orthogonal
size 64 x 64 mm2

strip coupling DC
depletion Voltage 28, 27, 54 V
Ileakage @ -15 ◦C 0.4, 0.4, 1.0 µA

Tab. 5.1: Properties of the silicon detectors used in the STC.
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5.5 Electronics

For the collection of the signals from the silicon detector the Analog Pipeline
Chip (APC) was chosen. The main advantage of this 64-channel chip is its
large dynamic range, which enables the observation of both the slow recoils
(with momenta down to 100 MeV/c) and fast particles ( 300 < p < 1400
MeV/c ). The APC was well known from its use in the vertex chambers,
which were part of the HERMES setup and also built at NIKHEF [28]. In
addition, the APC’s needed were readily available at NIKHEF.

The APC’s were operated at the HERA bunch crossing frequency of 10.4
MHz. They have 64 channels, which integrate the charge from the silicon
strips. This integrated charge is sampled at the bunch crossing frequency and
stored in a circular buffer with a depth of 32 cells (pipeline), allowing a trigger
latency of several microseconds. Upon receipt of a trigger, two samples are
retrieved form the circular buffer: one from just before the passing of a
particle and the other from right after the passage. The difference of these two
samples is a measure of the charge deposited in the detector by the passing
particle. By choosing the two sampling points carefully a good signal can
be obtained. The APC’s and the electronic components needed to process
the signal were placed on the kapton printed circuit boards, supported by
copper plates as mentioned before. In total there were three carrier boards
with on each side an APC with 64 channels, adding up to 384 channels.
Each APC was read out by its own ADC. To ensure optimal performance
the electronics were grounded from outside the vacuum and no electrically
conducting connections were made with the immediate surroundings. The
electronics were housed inside the metal cage and the cables were shielded
by a fine mesh, thus forming a Faraday cage around the active electronics
up to the flange to protect the small (100 mV) signals from noise influences.
A balanced signal output was chosen to further enhance the noise immunity.
The ADCs used were the CAEN V676, a 10 bit ADC, working at 10 MHz,
which was positioned 30 metres away in the electronics trailer.

5.6 Operation of the STC

During the operation and the installation of the STC several accidents oc-
curred, which decreased the potential of the detector and in the end rendered
it inoperable. Three APC’s of the six initially in operation broke down due
to discharges of static electricity. This was caused by the extremely dry envi-
ronment in which the detector was installed and facilitated by (in hindsight)
insufficient electronic protection of the APC’s. The other three chips were
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operated successfully for several months, until the radiation resulting from
the loss of an erratic HERA electron beam in the vicinity of the HERMES
interaction point, caused significant damage. The chips became inoperable,
along with the APC’s used in the vertex chambers at HERMES and the sil-
icon vertex detector [56] at the H1 experiment. A glass dosimeter had been
installed near the detector and it was analysed afterwards. It had collected
about 65 kGy of radiation, while the APC’s are believed to be operable up
to only 0.8 kGy [57].

5.7 Results

The results obtained from the present analysis of the STC data is described
in this section. A first analysis of the data, which was limited to a proof of
principle and did not include the extraction of the physics quantities intro-
duced in section 5.1, was performed by K. Fiedler [58]. The present results
supersede those of Fiedler. First the event selection and the synchronisation
with the HERMES spectrometer data is covered. Thereafter, the signal pro-
cessing and the energy calibration is discussed. The extraction of the nucleon
momentum distribution in the deuteron is presented in section 5.8, while the
structure-function ratio F n

2 � tag /F p
2 is presented in the last section of this

chapter.

5.7.1 Event selection

To select events in the STC data that correspond with a DIS event, first an
inclusive analysis of the HERMES data was carried out, similar to the one
presented in chapter 4. The data quality requirements were less stringent as
compared to the inclusive analysis presented in chapter 4, since only little
STC data are available. The selected events were used as an input list for
possible interesting STC events. A total of 0.34 million events on hydro-
gen were selected, while on deuterium, polarised and unpolarised combined,
nearly 1.3 million events were available.

Before analysing the events, a baseline of the APC had to be established
for each strip, as the APC has a different baseline for each channel. This
had to be done for each run as the conditions vary form run to run, possibly
resulting in a different baseline. To obtain the baseline for each run and
for each strip 1000 events were selected, in which the strip was not hit. The
distribution formed by these 1000 events was fitted with a gaussian to get the
mean and the width. The obtained mean was taken to be the baseline for the
run analysed, while the width was used as a base measure of the threshold.
In practice, the threshold was set at five times the width (expressed in terms
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of the sigma of the Gaussian) above the mean for the present analysis. In this
way most noise and minimum-ionising events were removed from our sample.
The five-sigma threshold corresponds to 
 200 keV or 
 250 keV depending
on the detector hit, which is significantly more than the energy deposited by
a minimum-ionising particle of about 100 keV. The event selection of possible
spectator proton events was performed by requiring, for every event in the
DIS event list, at least one strip for one of the three detector planes to be
higher than the applied threshold.

5.7.2 Signal processing

After the selection of events the hit strips were ‘clustered’, where possible,
to obtain the most accurate position of the passing particle and to take all
the deposited energy into account. In this procedure no gaps were allowed
in a cluster. The total deposited charge is given by:

qtot =
i=n+1∑
i=n−1

qi (5.1)

The centre of gravity of the cluster was determined and stored as the hit
position, while the integrated cluster charge was stored as the deposited
energy. For the bottom detector the signals were doubled as only half the
balanced signal was read out. The clusters were in more than 90% of the
clusters determined by just one strip.

5.7.3 Data quality and acceptance cuts

Several plots are shown in order to check the data quality and the acceptance
of the STC. Furthermore, the synchronisation between the HERMES and
STC data stream was verified. First, the hit position determined by the strips
of the top and bottom sides of the top detector should give the orthogonal
detector shape as illustrated in the right-hand panel of figure 5.2. The charge
collected by the top side should be nearly the same as that obtained by the
bottom side of the top detector, giving a linear relation between the two
quantities, which is made clear in the lower right hand panel of figure 5.2.

When involving the HERMES spectrometer data in the analysis the
proper synchronisation of the STC and HERMES data can be verified. In the
top left panel of figure 5.2 the z-vertex position, as determined by the scat-
tered electron in the HERMES spectrometer, is plotted versus the z-position
of the hit in the top detector of the STC, requiring also that charge has been
deposited in the second layer. The area in which possible hits can occur is
enclosed by the drawn lines. The fact that there are only a limited number
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Fig. 5.2: Correlation plots between the z and x strips of the two detector planes,
labelled as ‘top’ and ‘bottom’. In the top left plot the z-vertex as provided
by scattered electron observed by the HERMES detector is used in the
absence of z-information from the bottom detector. In the bottom right
plot the charge correlation of the top plane is shown.
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of hits (noise) outside this area proves that the synchronisation of the two
data-streams is correct.

5.7.4 The reconstruction of the x-vertex

From the x-hit position in both the top and the bottom layers of the STC
the x-vertex position can be reconstructed.

xvertex = xtop − (xbottom − xtop)
∆Y1

∆Y2
(5.2)

with ∆Y1 = 6.0 cm, the distance from the centre of the target to the first
plane and ∆Y2 = 1.5 cm, the distance between the two silicon planes. In
figure 5.3 the resulting distribution is seen. This distribution presents a
proper vertex reconstruction, which indicates that the STC worked well.
Unfortunately a similar result could not be obtained for the z-vertex, due
to the broken APC’s. If operational a z-vertex distribution obtained with a
nearby silicon detector could be a significant improvement with respect to
the current accuracy of z-vertex position, as determined by the HERMES
spectrometer, of about 2 cm.
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Fig. 5.3: Reconstructed x-vertex from the STC data.
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5.7.5 Angular distributions

To perform the energy calibration we need to know the incidence angle of the
incoming particle. To obtain this, the polar angle θ and the azimuthal angle
φ of the recoil particle are calculated in the HERMES coordinate system
using the following expressions:

θ =
π

2
− atan([ztop − zvertex]/∆Y1) (5.3)

φ =
3π

2
+ atan([xbottom − xtop]/∆Y2) (5.4)

The incidence angle α with respect to the perpendicular on the plane of the
STC is given by:

α = π − acos(sin θ · sin φ) (5.5)

In figure 5.4 the three angular distributions are presented. The distributions
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Fig. 5.4: Angular distributions as a function of θ, φ, and α.

presented show the expected shape, at least qualitatively. The φ distribution
is symmetrical, as expected from the symmetric φ-acceptance of the STC,
while for the θ distribution the acceptance in the backward region is clearly
smaller, which can be understood from the geometry of the two detector
planes. The α-distribution gives the angle with respect to the vertical. The
distributions can be reproduced in Monte Carlo studies as shown in refer-
ence [58].

5.7.6 Energy calibration

To extract the energy deposited in the silicon detectors from the signal ob-
tained in the ADC channels we use the correlation between the deposited
energy in the two detectors. The deposited charge in the two planes was
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plotted, as shown in figure 5.5, and compared to the theoretical curve. The
deposited charge was changed for the angle of incidence with the following
factor:

Ceff = Cexp · cos(0.78 · α), (5.6)

with α as introduced in the previous subsection. The factor 0.78 is introduced
to compare the data with the curve determined for particles which traverse
the silicon perpendicular to the surface. In principle, one should bin the
obtained events in α and compare with the appropriate curve. However, the
statistics available do not allow this.

It is derived from equation 5.7, written below, by comparing the exact
energy loss as a function of α with the energy loss as a function of α multiplied
by a fixed factor. One can write the thickness, t, in equation 5.7 as a function
of the cosine of the angle of incidence α. The cosα term was expanded into a
Taylor series of which only the first term was used to extract the factor 0.78.
by expanding both in a Taylor series. Here only the first term was taken
into account. The factor 0.78 obtained makes curves for different α overlap.
The curves for proton and deuteron energy loss in silicon, both shown in
figure 5.5, were calculated using the formalism from [59]:

∆E = E −
(
Eβ − t

CR

)1/β

(5.7)

with ∆E the deposited energy, E the energy before passage through the
silicon, t the silicon thickness, CR and β constants obtained from range
tables [59]. The obtained result can be used for particle identification, but
not for the energy determination as this information is lost in this procedure.
The energy calibration factors and offsets were established for each plane
separately by calculating the distance from each point to the theoretical
curve and minimising the sum of these values. The following calibration
factors and offsets were calculated according to the scheme below:

plane 1 : ∆E1 = a0 ADC1 + a1 (5.8)

plane 2 : ∆E2 = b0 ADC2 + b1 (5.9)

For each particle traversing the silicon layers we want to establish whether it
was a proton or a deuteron and determine its energy before passing through
the silicon detectors. Protons and deuterons can only be separated up to the
point where the protons start to pass through the second layer, as from that
point on the curves of the proton and the deuteron are too close to separate
them considering the accuracy of the deposited energy. For the region where
the curves are relatively far apart, for each point the shortest distance to
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Fig. 5.5: Correlation between the energy loss in the top layer (∆E1) and the energy
loss in the bottom layer (∆E2). The data have been calibrated using
equations 5.8 and were corrected according to equation 5.6. The data are
compared to the calculated energy-loss curves for protons and deuterons,
with the upper curve for the deuterons and the lower one for the protons.

both curves is calculated. The nearest curve determines the particle type and
immediately the energy of the particle before entering the silicon. However,
as the events took place in the target-cell, the energy lost in passing through
75 µm aluminium has to be accounted for in the nucleon energy calculation.
This is done by using eq. 5.7 again. The energy spectrum of the protons
obtained in this way is used to extract the momentum distribution of the
nucleons in deuterium, which is presented in the next section.

5.8 Nucleon momentum reconstruction

With the energy distribution of the protons from the deuterium target and
the hydrogen target and the mass of the proton, the corresponding momen-
tum distributions were calculated. They are presented in the top and middle
panels of figure 5.6. The hydrogen distribution mainly consists of target frag-
mentation products from deep-inelastic scattering, since spectator protons
cannot be produced on hydrogen. The deuterium distribution also contains
the sought-after spectator protons. The method to obtain a normalised mo-
mentum distribution of these spectators is presented in the next subsection.
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5.8.1 Absolute normalisation of the momentum distribution

To extract a normalised momentum distribution from the STC data, de-
scribed as N(x, Q2, p, θ), with p the recoil momentum and θ the polar angle
of the recoil proton, we have to determine the following differential cross
section

dσ

dxdQ2dpdθ
=

N(x, Q2, p, θ)

L · ∆x∆Q2∆p∆θ
, (5.10)

where L represents the integrated luminosity in [fm−2], and ∆vi represents
the bin size for each variable. The acceptance in x and Q2 is governed by the
HERMES spectrometer and is a complicated function which we represent by
V (x, Q2). The acceptance of the STC is similarly expressed as VSTC(p, θ):

VSTC(p, θ) =
∫

STC
d�p ≈ p2

∫
STC

dΩ = p2 · ASTC , (5.11)

where the STC acceptance is assumed to be p-independent. Using a Monte
Carlo simulation the angular acceptance of the STC, as expressed by the
factor ASTC , can be estimated to be 1.2%. The simulation includes the
target density distribution along z. Including these two acceptance functions
the cross-section expression reads:

dσ

dxdQ2d3p
=

N(x, Q2, p, θ)

L · V (x, Q2) · p2 · ASTC

. (5.12)

The electron acceptance function, V (x, Q2), can be taken from the DIS cross
section and its corresponding yield, Np

incl. on hydrogen

dσDIS

dxdQ2
=

2πα2

Q2

1 + (1 − y)2

x
F2(x, Q2) =

Np
incl.(x, Q2)

L · V (x, Q2)
(5.13)

where the last term describes the measured quantities. This can be used to
extract V (x, Q2), which can then be inserted in eq. 5.12 to give:

dσ

dxdQ2d3p
=

Nd
STC(x, Q2, |p|)/LSTC

Np
incl.(x, Q2)/Lincl.

· 1

p2 · ASTC

2πα2

Q2

1 + (1 − y)2

x
F p

2 (x, Q2).

(5.14)
In order to extract information on the proton momentum distribution in
deuterium we make use of the expression for the cross section for DIS with
the observation of a spectator [60]

dσ

dxdQ2d3p
=

2πα2

Q2

1 + (1 − y)2

x
F tag

2 (x, Q2) · n(|p|). (5.15)
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Combining the last two equations yields:

F tag
2 (x, Q2) · n(|p|) =

Nd
STC(x, Q2, |p|)/LSTC

Np
incl.(x, Q2)/Lincl.

· 1

p2 · ASTC

F p
2 (x, Q2). (5.16)

With this last equation it is possible to extract either n(|p|) or F n
2 � tag /F p

2 from
the data. The nucleon momentum distribution can be obtained by integrat-
ing over x and Q2, if it is assumed that the total partonic number density is
the same for the tagged and untagged structure function. It is seen that the
absolute value of the nucleon momentum distribution in deuterium can be
derived from the normalised yield for inclusive scattering and the normalised
yield of the STC. As the luminosity enters twice it is sufficient to use relative
measures of the luminosity as long as the same instrument is used for both.

5.8.2 Spectator proton momentum distribution

With all components now available we can use the energy distributions for the
hydrogen and deuterium targets and calculate the momentum distributions.
To obtain the pure spectator proton momentum distribution we have to sub-
tract the momentum distribution of the fragmentation products as measured
on the proton target from the deuterium distribution, assuming the large-
angle fragmentation spectra for deuterium and hydrogen to be the same.
In doing so, the distributions are normalised using the measured integrated
luminosity on each target. This is expressed by the following equation.

n(pspec) =
Nd

STC(p) − Ld
STC

Lp
STC

· Np
STC(p)

Ld
STC · p2 · ASTC

/(Np
incl./L

p
incl.), (5.17)

with Nd
STC(p) and Np

STC(p) the number of events in the STC for deuterium
and hydrogen targets binned in momentum, Lp,d

STC,incl. the integrated lumi-
nosity for hydrogen and deuterium for the STC events and the collected DIS
events, and Np

incl. the total number of DIS events collected for hydrogen in
HERMES run I. The result is presented in figure 5.6. The separate Nd

STC(p)
and Np

STC(p) spectra are shown in the upper and middle panels of figure 5.6.
The systematic uncertainty on n(p) has an instrumental and a model-

dependent component. The instrumental component is due to the uncer-
tainty in ASTC , which we estimate to be 10%, the unmeasured efficiency of the
STC, which is estimated to be 5%, and the neglected possible p-dependence
of the acceptance, which is also estimated to be 5%. The model-dependent
uncertainties stem from the assumed similarity of the fragmentation momen-
tum distribution for hydrogen and deuterium and the assumed validity of
equation 5.15. These uncertainties are hard to estimate without elaborate
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theoretical considerations and were assigned a fairly arbitrary 10% in this
work. Taken together we arrive at a systematic uncertainty of about 16%.
The result is shown in the lowest panel of figure 5.6. The first data point is
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Fig. 5.6: Momentum distribution of deuterium (top panel), hydrogen (middle
panel), and deuterium after the subtraction of the hydrogen data.

rather low compared to the other data because the STC acceptance is lim-
ited for the lowest momentum particles as we require the particles to traverse
both detectors. They can be stopped in the first layer when they have an an-
gle of incidence different from normal; only when they have a momentum of
at least 125 MeV/c can they make it through both silicon detector layers for
all possible impact angles. For lower momenta part of the proton spectrum
will be stopped in the first layer at large angles.

The curve shown in figure 5.6 represents a parameterisation of the nu-
cleon momentum distribution in the deuteron by Krautschneider [61]. This
parameterisation is derived from 2H(e, e′p) data measured in the quasi-elastic
domain. It is surprising to see how well the STC data are described by the
parameterisation, even on an absolute scale. This is remarkable as the scat-



5.8. Nucleon momentum reconstruction 79

tering processes involved are different. In QES the electron scatters elasti-
cally off the proton which is subsequently detected, while in DIS the electron
scatters off a quark in the neutron and the spectator proton is detected.
This also implies that the final-state interaction processes are not necessarily
the same in the two cases. For QES the knocked-out and recoiling nucleon
will interact, while in DIS the particles produced in the current and target
fragmentation processes may interact with the spectator proton. The latter
processes were once believed to possibly cause a significant obstruction to
the detection of spectator protons [62]. This is apparently not the case. The
close correspondence of n(p) derived from DIS and QES data proves that
one can indeed use the spectator protons in DIS to tag neutron structure
functions.
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Fig. 5.7: Nucleon momentum distribution in deuterium as measured in DIS off deu-
terium. The systematic uncertainty is estimated to be 16%, except for the
first bin where it is much larger.

It is of interest to compare the n(p) data obtained with the STC to
a relativistic plane-wave impulse approximation (PWIA) calculation of the
deuterium wave function by Hummel and Tjon [63]. This comparison is
presented in figure 5.7, where the calculation is seen to be in fairly good
agreement with the experimental data. The agreement between data and
the relativistic PWIA calculation implies that final-state interaction effects
between spectators and target and current fragmentation products are small.
As there can be no ∆(1232) or meson-exchange current contributions in DIS,
we conclude that spectator data in DIS provide a surprisingly clean measure-
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ment of the nucleon momentum distribution in the deuteron. Future mea-
surements with a large-angle recoil detector will enable a much more precise
measurement of n(p) using this method.

5.9 Extraction of F n
2 � tag /F p

2

Having proven that the spectator mechanism works very well in DIS, we
can make one more step. It is now possible to use the detected spectator
protons to tag events occurring on the neutron in deuterium and evaluate
the structure function ratio F n

2 � tag /F p
2 . Equation 5.16 was used in this

procedure. In this case the equation is integrated over Q2 and the result
is plotted versus x for one momentum bin. The formula used to obtain
F n

2 � tag /F p
2 is written as follows:

F n
2 � tag (x, |p|)

F p
2

=
Nd

STC(x, p)

Ld
STC · p2 · ASTC · n(p)

/
Np

DIS

Lp
incl.

. (5.18)

In the left panel of figure 5.8 the ratio F n
2 � tag /F p

2 is presented for the
whole spectator momentum range, as presented in figure 5.6, i.e. from 125-
625 MeV/c. The lowest momentum bin was left out of this analysis for the
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Fig. 5.8: The ratio Fn
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2 presented for different spectator momentum ranges
as mentioned in the text. The systematic uncertainty for the presented
results is about 16%

reasons mentioned above. The curve corresponds to the fit of the HERMES
σd/σp data discussed in section 4.6.1 and shown in figure 4.9. In this case
the parameterisation was converted to F n

2 /F p
2 . In the middle panel the same
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quantity is presented, but for spectator protons with a momentum less than
225 MeV/c. These data are in agreement - albeit with poor statistics -
with F n

2 /F p
2 as determined from the inclusive analysis. This demonstrates

the feasibility of tagged structure function measurements in DIS. The right
panel shows the F n

2 � tag /F p
2 ratio for the spectator protons with a momentum

higher than 225 MeV/c. With the behaviour of F n
2 � tag /F p

2 available for the
different momentum ranges we can investigate the relative behaviour of this
ratio for the fast spectators relative to the slow ones. In figure 5.9 this ratio
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Fig. 5.9: The obtained ratio for Fn
2 � tag /F p

2 with the high-momentum spectator
protons (p > 225 MeV/c) divided by the ratio obtained for the low-
momentum spectator protons (p < 225 MeV/c).

of F n
2 � tag /F p

2 for the fast protons over F n
2 � tag /F p

2 for the slower protons is
presented. This shows that at higher x the ratio possibly drops below unity.
It is remarkable that the possible deviation hinted at has the same shape as
the EMC-effect, i.e. a reduction of strength in the x-domain between 0.3 and
0.7. These data can be interpreted - if confirmed by future high statistics data
- as evidence for a p-dependence of the structure function ratio F n

2 /F p
2 . They

support similar observations (with similar statistics) reported by the E745
experiment [4] based on deep inelastic neutrino scattering data using bubble
chambers. However, in the E745 experiment no explicit measurement of the
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recoil proton momentum could be performed. Moreover, the interpretation
of these neutrino data is obscured by the fact that it is assumed that the
observed protons originate from correlated n−p pairs in heavy nuclei. In this
respect, the present experimental data represent a more direct observation
of a possible p-dependence of F2(x), although statistically the data are of
similar quality.

A full large solid angle recoil detector has to be constructed in order to
provide high quality data on F n

2 /F p
2 for various momentum bins. Neverthe-

less, the first data on F n
2 � tag /F p

2 presented in this thesis already give a clear
indication of the potential of this technique.



SUMMARY

In this thesis deep inelastic scattering (DIS) data on hydrogen and deuterium,
obtained by the HERMES experiment at DESY, are presented. Two anal-
yses are described. First, a high statistics study of deuteron - proton DIS
cross section ratios yielding information on possible higher twist effects was
discussed. Second, an exploratory study of the spectator proton mechanism
in DIS, based on a newly constructed prototype silicon recoil-detector was
presented. The study of deep inelastic scattering described in this thesis has
yielded several results. One of the goals was to search for higher-twist effects
at low and high x. This was accomplished by selecting 25 million events on
hydrogen and deuterium from the HERMES run-I data and extracting the
cross-section ratio of deuterium to hydrogen. The comparison of the cross-
section ratios measured by HERMES showed a good agreement with data
previously obtained at CERN and SLAC, both as a function of x and Q2. In
these comparisons it is clear that at similar values for x a region of lower Q2 is
probed at HERMES. As the cross section consists of two parts, namely a lon-
gitudinal and a transverse part, we studied besides the total cross section also
the ratio of the two parts, R. The HERMES and NMC data are combined
in a Rosenbluth-like fitting procedure to study the ratio, R, for deuterium
relative to hydrogen. The extracted ratios are in good agreement with ex-
isting results and extend towards lower Q2 at low x. Despite this extended
kinematic domain, no evidence was found for higher-twist effects, which are
different for the deuteron relative to the proton. To study a possible quark
flavour dependence of higher-twist effects at high x, the cross-section ratio
data of HERMES and NMC were again combined and compared to per-
turbative quantum chromodynamics (pQCD) next-to-leading-order (NLO)
calculations, which are based on a recent parameterisation of parton distri-
bution functions (PDFs). The obtained results were compared with earlier
studies performed by NMC on the combined data of the BCDMS, SLAC and
NMC experiments, using leading-order pQCD calculations based on older
parton distribution functions. It can be concluded that both analyses are in
agreement, but neither can provide unambiguous evidence for higher twist
effects at high x due to the large uncertainties.

The inclusive DIS data on the proton and the neutron are also used
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to determine the exhaustion of the Gottfried sum rule, which relates the
difference between DIS off protons and neutrons to flavour asymmetries of
the sea quarks. The present results are found to be in agreement with the only
previous determination of the Gottfried sum rule by NMC. The agreement
implies that the flavour asymmetry of the sea is not strongly dependent on
Q2.

The second (related) subject described in this thesis is an investigation of
the possibility of recoil detection at HERMES. A prototype recoil detector,
based on the use of silicon strip detectors, was built and installed underneath
the internal target cell through which the HERA electron beam passes. It was
operated successfully, thus proving that one can operate silicon detectors near
a high intensity electron beam in ultra-high vacuum provided that proper
precautions such as a Faraday cage, cooling and a radiation-hard readout
chip are implemented. As it was a prototype with a limited acceptance
rather few events were collected for physics analysis.

The data taken with the silicon test counter on both deuterium and hy-
drogen targets were used to extract the nucleon momentum distribution in
the deuteron. This is the first time that such a measurement is reported, as
previous neutrino experiments did not include an explicit momentum deter-
mination. Considering the uncertainties involved, the obtained distribution
compares well with both the relativistic calculations and precise data ob-
tained from quasi-elastic electron scattering (QES) experiments. This is a
very interesting result as the processes in quasi-elastic scattering differ fun-
damentally from those in deep inelastic scattering. These results prove that
the spectator mechanism is at work in DIS and that the final-state interac-
tions are small and also that differences in final-state interactions between
DIS and QES are relatively minor.

The measurement of the nucleon momentum distribution in DIS implies
that it is possible to study tagged structure functions in DIS as well. For low
spectator momenta the ratio F n

2 � tag /F p
2 was found to agree within large

uncertainties with those obtained from the inclusive analysis. Moreover,
these data enabled a search for a possible momentum dependence of the
structure function ratio F n

2 /F p
2 . The ratio F n

2 /F p
2 for two different nucleon

momentum regions was evaluated as a function of x. The ratio F n
2 /F p

2 for
fast over slow spectator protons deviates from unity for x around 0.4, which
can be interpreted as an indication of a nucleon momentum dependence of
the structure function F2. However, the present low statistics data do not
enable us to draw definite conclusions. Nevertheless, the analysis shows the
potential of a large-solid-angle recoil detector, which is under development
at HERMES.



SAMENVATTING

In dit proefschrift worden resultaten gepresenteerd van experimenten waar-
mee de quarkstructuur van de materie is onderzocht. De metingen zijn
gedaan door elektronen van zeer hoge energie te laten vertrooien aan de
quarks in de kernen van zowel deuterium atomen (opgebouwd uit een pro-
ton en een neutron) als waterstof atomen (bestaande uit een proton). Deze
experimenten werden uitgevoerd met het HERMES experiment bij de HERA
elektron- en proton- versneller van het Duitse instituut voor hoge-energiefysica
DESY in Hamburg. Twee analyses van de meetgegevens worden beschreven.

De eerste analyse is gebaseerd op metingen van de verhouding van de
werkzame doorsnedes voor elektron-quark verstrooiing aan deuterium en wa-
terstof. Deze verhouding van werkzame doorsnedes is gebruikt om te zoeken
naar aanwijzingen voor het bestaan van correlaties tussen quarks. Deze
mogelijke verschijnselen staan bekend onder de naam ‘higher twist’ effecten
en worden gekarakteriseerd door de uitwisseling van een extra gluon tussen
quarks tijdens het diep-inelastische verstrooiingsproces.

Bij het gebruik van meetgegevens verkregen op deuterium kan geen on-
derscheid gemaakt worden tussen verstrooiingsprocessen aan quarks in het
proton of het neutron. Om diep-inelastische verstrooiing aan quarks in
het neutron te isoleren moeten theoretische correcties toegepast worden die
niet ondubbelzinnig bepaald kunnen worden. Enige tijd geleden is het idee
gelanceerd om in dergelijke experimenten het ‘toeschouwer-proton’ van een
interactie tussen het elektron en een quark in het neutron in deuterium waar
te nemen. Hiermee kan vastgesteld worden dat de verstrooiing aan een quark
in een neutron plaatsvond. De tweede analyse die in dit proefschrift wordt
gepresenteerd omvat een studie, die uitgevoerd is om vast te stellen of dit
‘toeschouwers-proton’ model toegepast kan worden in diep-inelastische ver-
strooiing. Hiervoor is een prototype terugstoot (of ‘recoil’) detector gebouwd,
waarmee deze ‘toeschouwer-protonen’ kunnen worden waargenomen. Door
gebruik te maken van deeltjestellers gemaakt van silicium halfgeleiders kan
de energie van deze protonen ook bepaald worden.

Voor de eerste analyse zijn 25 miljoen gebeurtenissen geselecteerd van de
HERMES metingen die tussen 1995 en 2000 verkregen zijn. De verhouding
van de werkzame doorsneden voor diep-inelastische verstrooiing aan deu-
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terium en waterstof laat een goede overeenkomst zien met eerdere resultaten
verkregen op CERN (NMC) en SLAC als functie van de kinematische va-
riabelen x en Q2. De variabele x representeert de fractie van de impuls van
het nucleon die gedragen wordt door het geraakte quark. De variabele Q2 is
de gekwadrateerde 4-impuls van het virtuele photon dat uitgewisseld wordt
tussen het elektron en het quark. Het verschil met eerdere metingen is dat
bij gelijke waarde van x het HERMES experiment een gebied bestrijkt met
lagere waarden van Q2. Omdat de eerder genoemde quarkcorrelaties meer
prominent zullen zijn bij lagere Q2, kan een vergelijking van de HERMES
data met eerdere metingen mogelijk aanwijzingen geven voor het bestaan
van deze correlaties.

De gemeten werkzame doorsnedes bestaan uit een longitudinaal en een
transversaal deel. In deze studie is niet alleen de som van beide delen
bestudeerd, maar ook het verschil ∆R en de ratio R van de twee delen.
De verhouding R is bij lage waarden van x gevoelig voor de eerder genoemde
‘higher twist’ effecten. Om de ratio R voor deuterium ten opzichte van
de ratio R voor waterstof te bepalen zijn de HERMES en NMC metingen
gecombineerd. In een procedure die verwant is aan de Rosenbluth metho-
de, kan uit deze gecombineerde verzameling meetgegevens, de verhouding
Rd/Rp bepaald worden. De verkregen waarden zijn in overeenstemming met
1, zoals ook al bleek uit eerdere resultaten. De huidige metingen strekken
zich echter uit naar lagere Q2 bij lage x. Ook in dit nieuw onderzochte kine-
matische domein zijn geen aanwijzingen gevonden voor ’higher twist’ effecten
die verschillend zijn voor deuterium t.o.v. waterstof.

Om te onderzoeken of er bij hoge x mogelijk quarkcorrelaties bestaan
die verschillend zijn voor up en down quarks zijn de HERMES en NMC
metingen ook samengevoegd in dit kinematische gebied. In dit geval zijn
de data vergeleken met quantum chromodynamica (QCD) berekeningen, die
gebaseerd zijn op parton-distributiefuncties die bepaald zijn bij zeer hoge
bundelenergie waar ‘higher twist’ effecten verwaarloosd kunnen worden. Er
kan geconcludeerd worden dat geen van beide resultaten eenduidige aan-
wijzingen leveren voor ‘higher twist’ effecten bij hoge x. Kennelijk zijn de
quarkscorrelaties vrijwel gelijk in het proton en het neutron.

De metingen zijn tevens gebruikt om de Gottfried som te bepalen. De
Gottfried som relateert het verschil van de werkzame doorsnedes voor diep-
inelastische elektron-quark verstrooiing aan deuterium en waterstof aan de
mogelijke verschillen tussen de bijdrage van de verschillende quarksmaken
(up, down, strangeness en charm) aan de zee van quark-antiquark paren. De
resultaten zijn in overeenkomst met eerder gevonden waarden voor de Gott-
fried som door NMC, waaruit al bleek dat de up-quarks minder prominent
zijn in de quarkzee dan de down-quarks. De overeenkomst tussen de huidige
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bepaling van de Gottfried som en die van NMC impliceert dat de bijdrage
van de verschillende quarks aan de zee niet sterk afhangt van Q2.

Het tweede, gerelateerde, onderwerp beschreven in dit proefschrift om-
vat het onderzoek naar de mogelijkheid om toeschouwers-protonen te iden-
tificeren in diep-inelastische verstrooiingsexperimenten op deuterium. De
gebouwde prototype detector is gebaseerd op het gebruik van stripdetec-
toren van silicium. Deze ‘Silicium Test Counter’ is direct onder de in-
terne gasvormige trefplaat van het HERMES experiment geinstalleerd. Door
deze open cel passeert de zeer intense HERA elektronenbundel. De detec-
tor werkte uitstekend, waarmee aangetoond is dat men nabij een intense
elektronbundel in ultra hoog vacuum met succes silicium detectoren kan
toepassen. Men dient echter wel een aantal voorzorgsmaatregelen te nemen,
zoals een Faraday kooi om het geheel, koeling en het gebruiken van stralings-
harde uitleeschips. Aangezien het een prototype detector was, zijn er slechts
metingen beschikbaar van een beperkte statistiek. De metingen zijn gebruikt
om de toepasbaarheid te onderzoeken van het proton-toeschouwermechanisme.
De metingen zijn zowel verricht op deuterium als waterstof. Aangezien
er geen toeschouwer-protonen van waterstof afkomstig kunnen zijn, leverde
deze data een maat voor de achtergrond van zogenaamde quark fragmen-
tatieproducten. Deze zijn afgetrokken van de deuterium data. Met de al-
dus opgeschoonde meetgegevens is de proton impulsverdeling in het deu-
terium bepaald. Dit is de eerste keer dat zulke resultaten verkregen zijn in
diep-inelastische elektronverstrooiing. In eerdere neutrino geinduceerde ex-
perimenten, waarbij aanwijzingen gevonden werden voor het toeschouwers-
mechanisme, kon geen expliciete impulsbepaling uitgevoerd worden.

De beperkte statistiek in acht nemend is de verkregen impulsverdeling
in goede overeenstemming met zowel relativistische berekeningen als nauw-
keurige metingen verkregen uit quasi-elastische elektronverstrooiing aan deu-
terium. Dit is een interessant resultaat aangezien de elementaire interactie
in quasi-elastische verstrooiing (aan het proton als geheel) verschillend is van
de interactie in diep-inelastische verstrooiing (aan het quark) in het nucleon.

De resultaten laten tevens zien dat het ‘toeschouwer-mechanisme’ werkt
in diep-inelastische verstrooiing en dat de wisselwerking tussen de uitgaande
deeltjes klein is en weinig verschilt met de vergelijkbare eindtoestandswis-
selwerking in quasi-elastische verstrooiing. De meting van de nucleon im-
pulsverdeling in diep-inelastische verstrooiing betekent dat het mogelijk is
om gemerkte structuurfuncties in diep-inelastische verstrooiing te bepalen.
Voor lage impuls van de ‘toeschouwer-protonen’ is de ratio F n

2 � gemerkt /F
p
2 in

overeenstemmming met de resultaten verkregen uit de eerder vermelde ana-
lyse, gebaseerd op inclusieve diep-inelastische verstrooiing. Tevens stellen
deze metingen ons instaat om de mogelijke nucleon impulsafhankelijkheid
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van de structuurfunctie verhouding F n
2 /F p

2 te onderzoeken.
De ratio F n

2 /F p
2 is bepaald voor twee verschillende impulsgebieden als

functie van x. De ratio van F n
2 /F p

2 voor snelle protonen gedeeld door dezelfde
ratio van F n

2 /F p
2 voor relatief langzame protonen vertoont een afwijking van

1 bij x waarden van ongeveer 0.4. Dit kan geinterpreteerd worden als een
indicatie voor een impulsafhankelijkheid van de structuurfunctie F2. Om-
dat de huidige analyse gebaseerd is op zeer weinig meetgegevens is het niet
mogelijk definitieve conclusies te trekken hierover. Maar wel is het poten-
tieel van deze methode aangetoond, dat door de in ontwikkeling zijnde grote
terugstootdetector bij HERMES kan worden uitgebuit.
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Tables with the cross-scetion ratio σd/σp and the kinematic variables of
interest for the analysis presented in chapter 5.

x Q2 ε σd/σp δσd/σp

0.0038 0.17 0.30 0.61 0.42
0.0043 0.19 0.30 1.01 0.11
0.0054 0.23 0.32 0.95 0.02
0.0066 0.27 0.35 0.96 0.01
0.0084 0.34 0.38 0.95 0.02
0.0096 0.41 0.33 0.93 0.04
0.0104 0.38 0.52 0.95 0.02
0.0117 0.45 0.46 0.95 0.00
0.0134 0.54 0.42 0.94 0.02
0.0145 0.61 0.33 0.89 0.09
0.0156 0.48 0.68 0.95 0.03
0.0167 0.56 0.62 0.95 0.00
0.0172 0.64 0.50 0.95 0.01
0.0183 0.74 0.41 0.95 0.02
0.0193 0.82 0.33 0.96 0.07
0.0212 0.58 0.76 0.96 0.02
0.0229 0.66 0.73 0.94 0.01
0.0242 0.75 0.67 0.95 0.00
0.0244 0.84 0.57 0.94 0.00
0.0253 0.94 0.50 0.96 0.01
0.0266 1.04 0.44 0.95 0.01
0.0278 1.14 0.39 0.95 0.02
0.0290 1.23 0.34 0.76 0.17
0.0298 1.30 0.29 1.05 0.37
0.0318 0.68 0.87 0.92 0.03
0.0336 0.76 0.85 0.93 0.01
0.0344 0.85 0.81 0.95 0.01

x Q2 ε σ δ

0.0346 0.94 0.76 0.94 0.01
0.0346 1.04 0.70 0.94 0.01
0.0346 1.14 0.62 0.94 0.01
0.0345 1.24 0.54 0.95 0.01
0.0349 1.34 0.46 0.94 0.01
0.0361 1.44 0.42 0.93 0.01
0.0374 1.54 0.38 0.93 0.02
0.0386 1.64 0.34 0.97 0.07
0.0395 1.71 0.31 0.98 0.16
0.0430 0.69 0.93 0.56 0.27
0.0437 0.77 0.91 0.90 0.02
0.0468 0.85 0.90 0.92 0.01
0.0484 0.95 0.89 0.92 0.01
0.0489 1.05 0.86 0.93 0.01
0.0491 1.14 0.83 0.93 0.01
0.0492 1.24 0.80 0.94 0.01
0.0491 1.34 0.76 0.93 0.01
0.0491 1.44 0.71 0.93 0.01
0.0491 1.54 0.66 0.93 0.01
0.0491 1.64 0.61 0.95 0.01
0.0492 1.74 0.55 0.94 0.01
0.0502 1.84 0.52 0.94 0.01
0.0515 1.94 0.49 0.93 0.01
0.0533 2.09 0.45 0.94 0.02
0.0558 2.28 0.39 0.97 0.26
0.0581 2.47 0.34 0.84 0.25
0.0597 2.61 0.29 0.82 0.17
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x Q2 ε σ δ

0.0689 0.79 0.96 0.61 0.20
0.0663 0.87 0.95 0.90 0.02
0.0682 0.95 0.95 0.91 0.01
0.0689 1.05 0.94 0.92 0.01
0.0690 1.15 0.92 0.91 0.01
0.0694 1.24 0.91 0.91 0.01
0.0694 1.34 0.89 0.91 0.01
0.0694 1.44 0.87 0.93 0.01
0.0694 1.54 0.85 0.93 0.01
0.0694 1.64 0.83 0.93 0.01
0.0695 1.74 0.80 0.92 0.01
0.0694 1.84 0.78 0.93 0.01
0.0695 1.94 0.75 0.92 0.01
0.0694 2.09 0.70 0.92 0.01
0.0695 2.29 0.63 0.93 0.01
0.0694 2.49 0.54 0.93 0.01
0.0703 2.69 0.47 0.92 0.10
0.0729 2.89 0.43 0.91 0.03
0.0759 3.15 0.37 0.92 0.03
0.0797 3.50 0.29 0.72 0.53
0.0870 0.88 0.97 0.83 0.06
0.0878 0.96 0.97 0.92 0.02
0.0888 1.05 0.96 0.90 0.02
0.0892 1.15 0.95 0.89 0.02
0.0894 1.24 0.95 0.92 0.02
0.0894 1.34 0.94 0.91 0.02
0.0894 1.44 0.93 0.91 0.02
0.0894 1.54 0.92 0.90 0.01
0.0896 1.64 0.90 0.91 0.01
0.0894 1.74 0.89 0.91 0.01
0.0894 1.84 0.87 0.91 0.01
0.0895 1.94 0.86 0.92 0.01
0.0896 2.09 0.83 0.92 0.00
0.0896 2.29 0.80 0.91 0.00
0.0896 2.49 0.75 0.91 0.02
0.0897 2.69 0.70 0.92 0.00
0.0895 2.89 0.65 0.92 0.00
0.0898 3.23 0.55 0.92 0.00
0.0926 3.68 0.43 0.91 0.01
0.0974 4.08 0.36 0.91 0.04
0.1070 0.88 0.98 0.60 0.14
0.1082 0.97 0.98 0.87 0.02
0.1090 1.05 0.97 0.90 0.01
0.1093 1.15 0.97 0.91 0.00
0.1095 1.25 0.96 0.89 0.00
0.1095 1.35 0.96 0.90 0.00
0.1096 1.44 0.95 0.90 0.00
0.1096 1.54 0.94 0.91 0.00
0.1095 1.64 0.94 0.89 0.00

x Q2 ε σ δ

0.1095 1.74 0.93 0.89 0.00
0.1095 1.84 0.92 0.92 0.00
0.1097 1.94 0.91 0.91 0.00
0.1097 2.09 0.89 0.91 0.00
0.1096 2.29 0.87 0.90 0.00
0.1096 2.49 0.84 0.90 0.00
0.1096 2.69 0.81 0.91 0.00
0.1097 2.89 0.78 0.90 0.00
0.1096 3.23 0.71 0.90 0.00
0.1098 3.73 0.60 0.92 0.00
0.1109 4.20 0.49 0.91 0.01
0.1154 4.63 0.42 0.89 0.02
0.1452 0.87 0.99 0.59 0.42
0.1334 0.97 0.98 0.85 0.03
0.1364 1.06 0.98 0.86 0.01
0.1376 1.15 0.98 0.89 0.00
0.1384 1.25 0.98 0.89 0.00
0.1385 1.34 0.97 0.88 0.00
0.1384 1.45 0.97 0.89 0.00
0.1387 1.54 0.96 0.89 0.00
0.1386 1.64 0.96 0.88 0.00
0.1386 1.74 0.96 0.89 0.00
0.1389 1.84 0.95 0.89 0.00
0.1387 1.94 0.94 0.89 0.00
0.1386 2.09 0.94 0.89 0.00
0.1387 2.29 0.92 0.89 0.00
0.1388 2.49 0.91 0.90 0.00
0.1388 2.69 0.89 0.89 0.00
0.1389 2.89 0.87 0.88 0.00
0.1388 3.23 0.83 0.89 0.00
0.1387 3.73 0.77 0.90 0.00
0.1389 4.24 0.69 0.90 0.00
0.1404 4.73 0.61 0.89 0.00
0.1466 5.32 0.54 0.90 0.01
0.1578 6.05 0.47 0.90 0.09
0.1833 0.88 0.99 1.93 2.38
0.1732 0.97 0.99 0.84 0.08
0.1767 1.06 0.99 0.85 0.01
0.1778 1.15 0.99 0.87 0.00
0.1781 1.25 0.98 0.87 0.00
0.1786 1.35 0.98 0.87 0.00
0.1786 1.45 0.98 0.86 0.00
0.1787 1.54 0.98 0.88 0.00
0.1789 1.64 0.97 0.87 0.00
0.1789 1.74 0.97 0.87 0.00
0.1789 1.84 0.97 0.87 0.00
0.1787 1.94 0.97 0.87 0.00
0.1785 2.09 0.96 0.87 0.00
0.1786 2.29 0.95 0.88 0.00
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x Q2 ε σ δ

0.1787 2.49 0.94 0.87 0.00
0.1791 2.69 0.94 0.87 0.00
0.1790 2.89 0.93 0.88 0.00
0.1789 3.23 0.91 0.87 0.00
0.1789 3.73 0.87 0.87 0.00
0.1790 4.24 0.83 0.87 0.00
0.1790 4.73 0.78 0.86 0.00
0.1798 5.44 0.69 0.87 0.00
0.1838 6.34 0.59 0.87 0.01
0.1958 7.08 0.54 0.77 0.06
0.2162 0.97 0.99 0.72 0.14
0.2213 1.07 0.99 0.83 0.02
0.2224 1.15 0.99 0.83 0.01
0.2225 1.25 0.99 0.85 0.00
0.2231 1.35 0.99 0.84 0.00
0.2228 1.45 0.98 0.85 0.00
0.2229 1.54 0.98 0.85 0.00
0.2231 1.64 0.98 0.86 0.00
0.2235 1.74 0.98 0.86 0.00
0.2234 1.85 0.98 0.86 0.00
0.2232 1.94 0.98 0.86 0.00
0.2233 2.09 0.97 0.85 0.00
0.2233 2.29 0.97 0.85 0.00
0.2231 2.49 0.96 0.86 0.00
0.2233 2.69 0.96 0.86 0.00
0.2232 2.89 0.95 0.86 0.00
0.2236 3.23 0.94 0.85 0.00
0.2234 3.73 0.92 0.86 0.00
0.2235 4.23 0.89 0.86 0.00
0.2234 4.74 0.86 0.84 0.00
0.2237 5.46 0.81 0.85 0.00
0.2251 6.44 0.73 0.85 0.00
0.2287 7.38 0.64 0.85 0.01
0.2425 8.14 0.61 0.81 0.04
0.2540 1.08 0.99 0.58 0.06
0.2606 1.16 0.99 0.85 0.02
0.2672 1.25 0.99 0.82 0.01
0.2725 1.35 0.99 0.84 0.00
0.2734 1.45 0.99 0.82 0.00
0.2732 1.54 0.99 0.83 0.00
0.2735 1.65 0.99 0.84 0.00
0.2731 1.74 0.98 0.85 0.00
0.2733 1.84 0.98 0.83 0.00
0.2735 1.95 0.98 0.82 0.00
0.2731 2.09 0.98 0.83 0.00
0.2733 2.29 0.98 0.83 0.00
0.2730 2.49 0.97 0.82 0.00
0.2736 2.69 0.97 0.85 0.00
0.2735 2.89 0.97 0.84 0.00

x Q2 ε σ δ

0.2734 3.23 0.96 0.83 0.00
0.2734 3.74 0.95 0.82 0.00
0.2736 4.23 0.93 0.84 0.00
0.2735 4.73 0.91 0.81 0.00
0.2735 5.46 0.88 0.82 0.00
0.2738 6.46 0.83 0.82 0.00
0.2742 7.43 0.76 0.83 0.01
0.2773 8.42 0.69 0.81 0.01
0.2921 9.16 0.67 0.81 0.05
0.3032 1.37 0.99 0.80 0.03
0.3088 1.45 0.99 0.85 0.01
0.3152 1.55 0.99 0.83 0.01
0.3217 1.65 0.99 0.81 0.01
0.3276 1.75 0.99 0.83 0.00
0.3324 1.85 0.99 0.81 0.00
0.3374 1.95 0.99 0.82 0.00
0.3442 2.09 0.99 0.81 0.00
0.3439 2.29 0.98 0.80 0.00
0.3434 2.49 0.98 0.81 0.00
0.3447 2.69 0.98 0.80 0.00
0.3438 2.89 0.98 0.80 0.00
0.3447 3.24 0.97 0.80 0.00
0.3438 3.74 0.96 0.80 0.00
0.3447 4.24 0.96 0.81 0.00
0.3443 4.74 0.94 0.80 0.00
0.3442 5.46 0.93 0.81 0.00
0.3443 6.47 0.89 0.81 0.00
0.3448 7.46 0.86 0.78 0.00
0.3478 8.44 0.81 0.79 0.01
0.3497 9.42 0.76 0.82 0.01
0.3712 10.35 0.75 0.84 0.02
0.3953 11.05 0.74 0.64 0.14
0.4443 2.09 0.99 0.79 0.00
0.4446 2.29 0.99 0.78 0.00
0.4438 2.49 0.99 0.76 0.00
0.4443 2.69 0.99 0.79 0.00
0.4452 2.89 0.98 0.77 0.00
0.4439 3.23 0.98 0.77 0.00
0.4444 3.74 0.98 0.79 0.00
0.4441 4.24 0.97 0.78 0.00
0.4438 4.73 0.96 0.76 0.00
0.4432 5.47 0.95 0.78 0.00
0.4454 6.47 0.94 0.78 0.00
0.4443 7.47 0.92 0.77 0.01
0.4450 8.45 0.89 0.76 0.01
0.4467 9.45 0.86 0.77 0.01
0.4451 10.46 0.82 0.74 0.01
0.4549 11.38 0.80 0.74 0.02
0.4846 12.22 0.80 0.84 0.09
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x Q2 ε σ δ

0.5446 2.09 0.99 0.78 0.01
0.5445 2.29 0.99 0.77 0.01
0.5444 2.49 0.99 0.78 0.01
0.5461 2.69 0.99 0.77 0.01
0.5445 2.89 0.99 0.78 0.01
0.5443 3.24 0.99 0.77 0.00
0.5438 3.73 0.98 0.77 0.00
0.5437 4.24 0.98 0.74 0.01
0.5433 4.73 0.97 0.76 0.01
0.5441 5.47 0.97 0.77 0.01
0.5431 6.47 0.96 0.73 0.01
0.5422 7.48 0.94 0.76 0.01
0.5432 8.48 0.93 0.74 0.01
0.5434 9.46 0.91 0.73 0.01
0.5450 10.48 0.89 0.76 0.02
0.5444 11.46 0.86 0.78 0.03
0.5440 12.42 0.83 0.82 0.04
0.5844 13.29 0.83 0.63 0.08
0.6658 2.09 0.99 0.77 0.01
0.6650 2.29 0.99 0.76 0.01
0.6647 2.50 0.99 0.74 0.01
0.6631 2.69 0.99 0.76 0.01
0.6625 2.89 0.99 0.72 0.01
0.6635 3.23 0.99 0.74 0.00
0.6646 3.74 0.99 0.72 0.01
0.6619 4.24 0.98 0.72 0.01
0.6622 4.73 0.98 0.74 0.01
0.6596 5.47 0.98 0.74 0.01
0.6617 6.47 0.97 0.72 0.01

x Q2 ε σ δ

0.6609 7.46 0.96 0.73 0.01
0.6575 8.47 0.95 0.71 0.01
0.6576 9.49 0.94 0.75 0.02
0.6614 10.47 0.92 0.70 0.02
0.6582 11.44 0.91 0.75 0.03
0.6549 12.50 0.89 0.74 0.04
0.6644 13.43 0.87 0.69 0.04
0.6971 14.23 0.87 0.52 0.08
0.8021 2.09 0.99 0.73 0.01
0.8087 2.29 0.99 0.77 0.02
0.8102 2.50 0.99 0.75 0.02
0.8121 2.69 0.99 0.75 0.02
0.8134 2.89 0.99 0.75 0.02
0.8153 3.24 0.99 0.73 0.01
0.8205 3.73 0.99 0.72 0.01
0.8255 4.24 0.99 0.68 0.01
0.8232 4.73 0.98 0.79 0.02
0.8207 5.46 0.98 0.78 0.02
0.8282 6.47 0.98 0.72 0.02
0.8246 7.50 0.97 0.74 0.02
0.8271 8.45 0.96 0.71 0.03
0.8272 9.45 0.96 0.78 0.04
0.8240 10.43 0.95 0.74 0.04
0.8344 11.49 0.94 0.78 0.06
0.8135 12.51 0.93 0.64 0.06
0.8065 13.47 0.91 0.58 0.07
0.8348 14.46 0.90 0.85 0.13
0.8761 15.51 0.90 0.98 0.25
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Table with the cross-scetion ratio σd/σp averaged over the x-bins and Q2 for
the analysis presented in chapter 5.

〈x〉 Q2 σd/σp δσd/σp

0.0038 0.17 0.645 1.6553
0.0053 0.23 0.942 0.0954
0.0081 0.34 0.962 0.0246
0.0125 0.49 0.953 0.0131
0.0174 0.65 0.953 0.0103
0.0248 0.86 0.955 0.0061
0.0348 1.11 0.948 0.0055
0.0495 1.40 0.938 0.0036
0.0695 1.73 0.925 0.0037
0.0896 1.98 0.917 0.0037
0.1096 2.18 0.908 0.0029
0.1388 2.42 0.894 0.0021
0.1789 2.68 0.876 0.0022
0.2234 2.92 0.858 0.0020
0.2732 3.16 0.835 0.0023
0.3418 3.75 0.811 0.0020
0.4444 4.36 0.782 0.0028
0.5441 4.45 0.771 0.0037
0.6629 4.31 0.746 0.0041
0.8163 4.05 0.751 0.0070
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