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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
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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

0.7

0.8

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.




