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We have studied the nucleon structure functions FEM
iN ðx;Q2Þ, i ¼ 1, 2, by including contributions due to

the higher order perturbative QCD effect up to next-to-next-to-leading order (NNLO) and the non-
perturbative effects due to the kinematical and dynamical higher twist (HT) effects. The numerical results
for FEM

iN ðx;Q2Þ are obtained using Martin, Motylinski, Harland-Lang, Thorne 2014 NLO and NNLO
nucleon parton distribution functions (PDFs). The dynamical HT correction has been included following
the renormalon approach as well as the phenomenological approach, and the kinematical HT effect is
incorporated using the works of Schienbein et al. These nucleon structure functions have been used as an
input to calculate the nuclear structure functions FEM

iA ðx;Q2Þ. In a nucleus, the nuclear corrections arise
because of the Fermi motion, binding energy, nucleon correlations, mesonic contribution, and shadowing
and antishadowing effects. These nuclear corrections are taken into account in the numerical calculations to
obtain the nuclear structure functions FEM

iA ðx;Q2Þ, for the various nuclear targets such as 12C, 27Al, 56Fe,
64Cu, 118Sn, 197Au, and 208Pb which are of experimental interest. The effect of isoscalarity correction
for nonisoscalar nuclear targets has also been studied. The results for the FEM

iA ðx;Q2Þ are compared
with nCTEQ nuclear PDFs parametrization as well as with the experimental results from JLab, SLAC, and
NMC in the kinematic region of 0.1 ≤ x ≤ 0.8 for several nuclei. We have also calculated the ratio

RAðx;Q2Þ ¼ F2Aðx;Q2Þ
2xF1Aðx;Q2Þ in the moderate Q2 region for various nuclei and compared the results with the

available experimental data from JLab to examine the validity of the Callan-Gross relation in the nuclei. We
also make predictions for the nuclear structure functions in 12C, 64Cu, and 197Au in the kinematic region of
the proposed experiment at JLab.

DOI: 10.1103/PhysRevD.99.093011

I. INTRODUCTION

A better theoretical understanding of the nuclear medium
effects in the deep inelastic scattering (DIS) region in the
electromagnetic (EM) and weak interaction induced proc-
esses has been emphasized [1–7] in view of the present
experiments being performed on various nuclear targets
using an electron beam at JLab [8–11] and the neutrino/
antineutrino beams at the Fermi lab [12]. A dedicated
experiment at JLab to study the nuclear medium effects in

the kinematic region of 1 < Q2 < 5 GeV2 and 0.1 < x <
0.6 for the electron induced DIS process on 1H, 2D, 12C,
64Cu, and 197Au targets has been proposed [11]. In the
scattering of a charged lepton from a nucleon target, the
region of high energy (or large Q2) in the DIS is well
described by the perturbative quantum chromodynamics
(pQCD). However, in the few GeV energy range, or
equivalently moderate Q2, where the hadronic degrees of
freedom are dominant, the strong coupling constant
becomes large and the application of perturbative QCD
becomes inadequate. This is the energy region where it is
easier to work with the hadronic degrees of freedom using
resonances. The region of moderateQ2 is also known as the
shallow inelastic region (SIS) or the transition region (the
region between the Δ-resonance production and the DIS
region; i.e., W > 2 GeV, Q2 > 1 GeV2). In the transition
region besides Δð1232Þ resonance, there are several higher
resonances such as P11ð1440Þ, D13ð1520Þ, S11ð1535Þ,
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S11ð1650Þ, P13ð1720Þ, which contribute to the event rates.
In this region, except for a few resonances, limited
information is available on the transition form factors
and coupling strengths, etc., which are needed to calculate
the contribution of these resonances to the event rates. The
study of the shallow inelastic region is important to
understand the hadronic interactions for the electromag-
netic as well as the weak processes. Attempts are made to
understand this shallow inelastic region in terms of quark-
hadron duality which describes a remarkable similarity
between the electron-nucleon scattering in the DIS region,
where the electron scattering from an asymptotically free
point like quark is assumed to take place, and the nucleon
resonance region where the electron nucleon scattering
takes place with a correlated cluster of quarks and gluons.
The phenomenon of the quark-hadron duality was first
observed by Bloom and Gilman [13] while analyzing
SLAC data, which showed a striking similarity between
the F2ðx;Q2Þ structure function measured in the resonance
region and the DIS region. The phenomenon of quark-
hadron duality, therefore, may play an important role in the
understanding of electron-nucleon scattering in this region.
When electron scattering takes place with a bound nucleon
in a nuclear target such as 12C, 64Cu, and 197Au, nuclear
medium effects (NME) become important which was first
observed by the EMC experiment and later confirmed by
other experiments showing that the nucleon structure
functions FEM

iN ðx;Q2Þ, i ¼ 1, 2, is considerably modified
in the nuclear medium which is of interest to the nuclear
physics community.
The study of the SIS region is also important in the

neutrino/antineutrino experiments being performed in the
fewGeVenergy region. Almost all the neutrino/antineutrino
experiments are using moderate to heavy nuclear targets
such as 12C, 16O, 40Ar, 56Fe, and 208Pb. There is a dedicated
experiment presently running at the Fermi lab (MINERvA)
[12], where the nuclear medium effects are being studied
using several nuclear targets in the νl=ν̄l-nucleus scattering,
as well as a plan to study NME in 40Ar in the proposed
DUNE experiment at the Fermi lab [14,15]. These neutrino
experiments are being performed in the few GeV energy
region, where considerable uncertainty in the neutrino/
antineutrino-nucleus cross sections (≈25%) adds to the total
systematics. For example, the DUNE at the Fermi lab is
expected to have more than 50% interactions by ν and ν̄ on
the bound nucleons inside the nuclear targets, in the
transition region of the SIS to DIS with W above the mass
of the Δ resonance region [15]. The importance of studying
electron and neutrino/antineutrino interactions for nucleons
and nuclear targets in the transition region has been
emphasized recently in the conferences and workshops in
the context ofmodeling νðν̄Þ-nucleus interactions to analyze
the ongoing neutrino oscillation experiments [16]. Presently
some phenomenological approach to extrapolate the
DIS cross sections to a lower energy region is used in most

of the neutrino event generators to obtain the neutrino/
antineutrino-nucleus cross section in the transition region.
A good understanding of the SIS region in the electromag-
netic scattering is essential in order to calculate the weak
cross sections induced by νl and ν̄l in this region. Therefore,
in this paper, we have studied nuclear medium effects in the
structure functions at moderate Q2 corresponding to JLab
kinematics in the SIS region. This study will be helpful in
future attempts to apply this formalism in the transition
region to the weak interaction induced processes.
Generally, the experimental results of the cross section

for DIS processes induced by the charged leptons and the
neutrino/antineutrino on the nucleons and the nuclear
targets are interpreted in terms of the structure functions.
In the case of EM DIS processes induced by the leptons on
the nucleons, the cross section is expressed as

d2σ
dxdy

¼ 8πα2MNE
Q4

�
xF1Nðx;Q2Þy2 þ F2Nðx;Q2Þ

×

�
1 − y −

MNxy
2E

��
; ð1Þ

where F1Nðx;Q2Þ and F2Nðx;Q2Þ are the two nucleon
structure functions, xð¼ Q2

2MNν
Þ is the Bjorken scaling vari-

able, y ¼ ν
E, MN is the mass of target nucleon, νð¼ E − E0Þ

and Q2ð¼ 4EE0 sin2ðθ
2
ÞÞ are the energy transfer and four

momentum transfer square to the hadronic system, andEðE0Þ
is the incident (outgoing) energy of the lepton. The structure
function F1Nðx;Q2Þ describes the contribution of the trans-
verse component of the virtual photon to the DIS cross
sections while the structure function F2Nðx;Q2Þ describes a
linear combination of the longitudinal and transverse com-
ponents. Alternately, the DIS cross section is also described
in terms of the transverse structure function FTNðx;Q2Þ and
the longitudinal structure function FLNðx;Q2Þ defined as

FTNðx;Q2Þ ¼ 2xF1Nðx;Q2Þ;

FLNðx;Q2Þ ¼
�
1þ 4M2

Nx
2

Q2

�
F2Nðx;Q2Þ − 2xF1Nðx;Q2Þ:

ð2Þ

The transverse and longitudinal cross sections are then
expressed as

σðx;Q2Þ ¼ σTNðx;Q2Þ þ σLNðx;Q2Þ; ð3Þ

where

σTN;LNðx;Q2Þ ¼
�

4π2α

2xνð1 − xÞMN

�
FTN;LNðx;Q2Þ: ð4Þ

The ratio of nucleon structure functions, RNðx;Q2Þ is
defined as
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RNðx;Q2Þ ¼ F2Nðx;Q2Þ
2xF1Nðx;Q2Þ : ð5Þ

In the kinematic region of Bjorken scaling (Q2 → ∞, ν →

∞ such that x ¼ Q2

2MNν
→ const), all the nucleon structure

functions scale, i.e., FiNðx;Q2Þ → FiNðxÞ (i ¼ 1, 2, L). In
this kinematic region, the structure functions F1NðxÞ and
F2NðxÞ calculated in the quark-parton model satisfy the
Callan-Gross relation (CGR) given by [17]

F2NðxÞ ¼ 2xF1NðxÞ ð6Þ

implying RNðx;Q2Þ → 1; in the limit of Q2 → ∞: ð7Þ

Therefore, in the kinematic limit of the Bjorken scaling,
the EM DIS data on the scattering of the electrons from the
proton targets are analyzed in terms of only one structure
function F2NðxÞ. An explicit evaluation of F2NðxÞ in the
quark parton model gives [18]

F2NðxÞ ¼ 2xF1NðxÞ ¼ x
X
i

e2i ðfiðxÞ þ f̄iðxÞÞ; ð8Þ

where fiðxÞ and f̄iðxÞ are the quark and antiquark parton
distribution functions (PDFs) which describe the proba-
bility of finding a quark/antiquark of flavor i carrying a
momentum fraction x of the nucleon’s momentum. ei is the
charge corresponding to the quark/antiquark of flavor i.
As we move away from the kinematic region of the

validity of Bjorken scaling toward the region of smaller Q2

and ν, the description of the structure functions becomes
more difficult to understand as there are various effects that
come into play such as the target mass correction (TMC)
and the higher twists (HT), as well as other nonperturbative
QCD effects arising due to the quark-quark and quark-
gluon interactions which are expected to give rise to the Q2

dependent contribution to the structure functions. This
results in the violation of Bjorken scaling. Theoretical
studies show that the corrections to the nucleon structure
functions due to these effects decrease as 1

Q2, and therefore

become important at small and moderate Q2 [19–23].
These contributions may be different for F1Nðx;Q2Þ and
F2Nðx;Q2Þ leading to differentQ2 dependent corrections in
CGR given by Eqs. (6) and (7). There exist some
phenomenological attempts to study the deviation of
FLNðx;Q2Þ
2xF1Nðx;Q2Þ from its Bjorken limit by studying the Q2

dependence of FLNðx;Q2Þ in the region of smaller and
moderate Q2 [24–29]. These phenomenological studies

describe the available experimental results on FLNðx;Q2Þ
2xF1Nðx;Q2Þ

[24–26,28–33]. The most widely used parametrization of

this ratio
�

FLNðx;Q2Þ
2xF1Nðx;Q2Þ

�
is given by Whitlow et al. [24].

In the case of nuclear targets, the EM DIS cross sections
are similarly analyzed in terms of the nuclear structure
function F2Aðx;Q2Þ assuming the validity of CGR at the
nuclear level. A comparative study of the nuclear structure
function F2Aðx;Q2Þ with the free nucleon structure func-
tion F2Nðx;Q2Þ led to the discovery of the EMC effect
[34,35]. The nuclear medium effects arising due to the
Fermi motion, binding energy, nucleon correlations, shad-
owing, etc., in understanding the EMC effect, in the various
regions of x have been extensively studied in the past
35 years [36–38].
However, there have been very few theoretical attempts

to make a comparative study of the nuclear medium effects
in F1Aðx;Q2Þ, F2Aðx;Q2Þ, and FLAðx;Q2Þ, and to under-
stand their modifications in nuclei. The recent experimental
measurements on the EM nuclear structure functions
reported from JLab on various nuclei in the kinematic
region of Q2ð1 < Q2 < 5 GeV2Þ and xð0.1 < x < 1Þ also
show that the nuclear medium effects are different for
F1Aðx;Q2Þ, F2Aðx;Q2Þ, and FLAðx;Q2Þ, which could
modify the CGR in nuclei [8].
In view of these experimental results a theoretical study

of the nuclear structure functions FiAðx;Q2Þ (i ¼ 1, 2, L)
for the electromagnetic processes and its effect on

RAðx;Q2Þ ¼ F2Aðx;Q2Þ
2xF1Aðx;Q2Þ and CGR in the nuclear medium

in the various regions of x and Q2 is highly desirable.
A comparison of the theoretical results with the present and
future experimental data from JLab [8–11] will lead to a
better understanding of the nuclear medium effects in the
EM structure functions.
In this work, we have studied the following aspects of the

structure functions:
(i) The free nucleon structure functions FiNðx;Q2Þ

(i ¼ 1, 2, L) have been numerically calculated using
the nucleon PDFs of Martin, Motylinski, Harland-
Lang, and Thorne (MMHT) [39]. For the evolution
of PDFs at the next-to-leading order (NLO) and
next-to-next-to-leading order (NNLO) obtained
from the leading order (LO), we have followed
the works of Vermaseren et al. [40] and Moch et al.
[41] and obtain the nucleon structure functions
F1Nðx;Q2Þ and F2Nðx;Q2Þ independently. The tar-
get mass correction effect has been included follow-
ing the method of Schienbein et al. [20]. The
dynamical higher twist correction has been taken
into account following the methods of Dasgupta
and Webber [42] and Stein et al. [43] as well as
the phenomenological approach of Virchaux and
Milsztajn [44].

(ii) The nuclear medium effects arising due to the Fermi
motion, binding energy, nucleon correlations have
been taken into account through the use of spectral
function of the nucleon in the nuclear medium. In
addition to that we have incorporated mesonic
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contributions due to π and ρ mesons [45,46],
shadowing and antishadowing effects [47]. For the
pionic PDFs we have used the parametrizations
given by Gluck et al. [48] and also made a
comparative study by using the pionic PDF para-
metrization given by Wijesooriya et al. [49]. For the
rho mesons the same PDFs as for the pions have
been considered.

(iii) The nuclear corrections in the structure functions
FiAðx;Q2Þ (i ¼ 1, 2, L) and the nuclear dependence

on RAðx;Q2Þ ¼ F2Aðx;Q2Þ
2xF1Aðx;Q2Þ have been studied in the

regions of Q2 and x relevant for the experiments
which have been performed in the nuclei such as 12C,
27Al, 56Fe, and 64Cu [8]. The results are compared
with the available experimental data from JLab [8],
SLAC [50], and NMC [51] experiments. The results
are also compared with those obtained with the
phenomenological nCTEQ nuclear PDF parametri-
zation [52]. The predictions have been made in the
kinematic region relevant to the future experiments
to be performed at JLab, in several nuclei such as
64Cu and 197Au [8].

(iv) The results for the nonisoscalar (N ≫ Z) nuclear
targets are compared with the results when these
nuclei are treated as isoscalar targets, to study the
effect of isoscalarity correction. We have also
studied the W dependence (where W is the center
of mass energy of the final hadronic state), of nuclear
structure functions. This is important to understand
the x and Q2 dependence of the structure functions
in the transition region from resonance to DIS.

In Sec. II, the formalism for calculating the electromag-
netic structure functions and the ratio RAðx;Q2Þ in the
nuclear medium is given in brief. In Sec. III, the numerical
results are presented.

II. FORMALISM

In a nucleus, the charged lepton interacts with the
nucleons which are moving with some momenta con-
strained by the Fermi momentum and Pauli blocking,
and the nucleus is assumed to be at rest. Therefore, the
free nucleon quark and antiquark PDFs should be con-
voluted with the momentum distribution of the nucleons.
In addition, there are binding energy corrections. Further-
more, the target nucleon being a strongly interacting
particle interacts with the other nucleons in the nucleus
leading to the nucleon correlations. We have taken these
effects into account by using a field theoretical model
which starts with the Lehmann’s representation for the
relativistic nucleon propagator, and the nuclear many body
theory is used to calculate it for an interacting Fermi sea in
the nuclear matter. A local density approximation is then
applied to obtain the results for a finite nucleus. This
technique results in the use of a relativistic nucleon spectral

function that describes the energy and momentum distri-
butions [53]. All the information such as Fermi motion,
binding energy, and the nucleon correlations is contained in
the spectral function. Moreover, we have considered the
contributions of the pion and rho mesons in a many body
field theoretical approach based on Refs. [45,46]. The free
meson propagator is replaced by a dressed one as these
mesons interact with the nucleons in the nucleus through
the strong interaction. We have earlier applied this model to
study the nuclear medium effects in the electromagnetic
and weak processes [6,7,54–58], as well as proton induced
Drell-Yan processes [59] on the nuclear targets.

A. Lepton-nucleon scattering

For the charged lepton induced deep inelastic scattering
process [lðkÞ þ NðpÞ → lðk0Þ þ Xðp0Þ; l ¼ e−, μ−], the
differential scattering cross section is given by

d2σN
dΩdE0 ¼

α2

q4
jk0j
jkj LμνW

μν
N ; ð9Þ

where Lμν is the leptonic tensor and the hadronic tensor
Wμν

N is defined in terms of nucleon structure functions WiN
(i ¼ 1, 2) as

Lμν ¼ 2½kμk0ν þ k0μkν − k · k0gμν�;

Wμν
N ¼

�
qμqν

q2
− gμν

�
W1N

þ
�
pμ
N −

pN:q
q2

qμ
��

pν
N −

pN:q
q2

qν
�
W2N

M2
N

ð10Þ

with MN as the mass of nucleon.
In terms of the Bjorken variable xð¼ Q2

2MNν
¼ Q2

2MNðE−E0ÞÞ
and yð¼ ν

EÞ, where Q2 ¼ −q2 and ν is the energy transfer
(¼ E − E0) to the nucleon in the lab frame (ν ¼ pN ·q

MN
¼

p0
Nq

0−pz
Nq

z

MN
), the differential cross section is given by

d2σN
dxdy

¼ πα2M2
Ny

2EE0sin4 θ
2

�
W2Nðx;Q2Þcos2 θ

2

þ 2W1Nðx;Q2Þsin2 θ
2

	
: ð11Þ

Expressing in terms of dimensionless structure func-
tions F1Nðx;Q2Þ ¼ MNW1Nðν; Q2Þ and F2Nðx;Q2Þ ¼
νW2Nðν; Q2Þ, this is equivalent to Eq. (1).
The partons inside the nucleon may interact among

themselves via gluon exchange which is described by the
QCD. For example, through the channels γ�g → qq̄ and
γ�q → qg, if one takes into account the contribution from
the gluon emission, then the nucleon structure function
shows dependence on Q2, i.e., Bjorken scaling is violated.
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The Q2 evolution of structure functions is made by using
the Altarelli-Parisi evolution equation [60]. In the limit of
Q2 → ∞, the strong coupling constant αsðQ2Þ becomes
very small, and therefore, the higher order terms can be
neglected in comparison to the leading order term. But for a
finite value ofQ2, αsðQ2Þ is large and next-to-leading order
terms give a significant contribution followed by next-to-
next-to-leading order terms. The details of the method to
incorporate evolution are given in Refs. [40,41,61–66].
In this work, we have used the MMHT 2014 PDFs for

the nucleons at NLO and NNLO [39]. The nucleon
structure functions F2ðx;Q2Þ and FLðx;Q2Þ are expressed
as [41,61]

x−1F2;LðxÞ ¼
X
f¼q;g

CðnÞ
2;LðxÞ ⊗ fðxÞ; ð12Þ

where C2;L are the coefficient functions for the quarks and
gluons [41,61], the superscript n ¼ 0; 1; 2; 3…, for NnLO,
the symbol ⊗ represents the Mellin convolution, and f
represents the quark and gluon distributions [39].
At low Q2, say a few GeV2, in addition to higher-

order QCD corrections [67], nonperturbative phenomena
become important. In the formalism of the operator product
expansion (OPE), structure functions are generally expres-
sed in terms of powers of 1=Q2 (power corrections), i.e.,

Fiðx;Q2Þ ¼ Fτ¼2
i ðx;Q2Þ þHτ¼4

i ðxÞ
Q2

þHτ¼6
i ðxÞ
Q4

þ � � � ; i ¼ 1; 2; ð13Þ

where the first term (τ ¼ 2) is known as the leading twist
(LT) term and is responsible for the evolution of structure
functions via perturbative QCD αsðQ2Þ corrections. The
HT terms with τ ¼ 4; 6;…, reflect the strength of multi-
parton correlations (qq and qg). Due to their nonperturba-
tive origin, current models can only provide a qualitative
description for such contributions, which is usually deter-
mined via reasonable assumptions from data [68,69].
In literature, various parametrizations are available for
the HT contribution [44,70].
If the structure functions are evaluated at NNLO, then

most of the higher twist contributions extracted in the NLO
fit at low Q2 appear to simulate from the missing NNLO
terms; i.e., the magnitude of higher twist terms decreases
strongly when going from LO to NLO, and then to NNLO
approximations to the evolution equation [70–72].
Moreover, an additional suppression of higher twist terms
occurs when the nuclear effects are applied [72].
In addition to the dynamical HT terms defined

in Eq. (13), there are also kinematic HT contributions
associated with the finite mass of the target nucleon MN ,
which are relevant at high x and moderate Q2. The TMC
arises due to the production of heavy quarks, such as

charm, bottom, and top quarks through the photon-gluon,
quark-gluon, and gluon-gluon fusion, and their masses
cannot be ignored as compared to the nucleon mass. This
results in the modification of the kinematics for the
scattering process. We have followed the prescription of
Schienbein et al. [20], where the Bjorken variable x is
replaced by the Nachtman variable ξ defined as

ξ ¼ 2x

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4M2

Nx
2

Q2

q ð14Þ

and the expressions of structure functions including the
TMC effect are given by

FTMC
2N ðx;Q2Þ ≈ x2

ξ2γ3
F2NðξÞð1þ 6rð1 − ξÞ2Þ;

FTMC
1N ðx;Q2Þ ≈ x

ξγ
F1NðξÞð1þ 2rð1 − ξÞ2Þ; ð15Þ

where r ¼ μxξ
γ , μ ¼ M2

N
Q2 , and γ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4M2

Nx
2

Q2

q
, respectively.

B. Lepton-nucleus scattering

In the case of a nuclear target, the expression for the
differential scattering cross section is given by

d2σA
dΩdE0 ¼

α2

q4
jk0j
jkj LμνW

μν
A ; ð16Þ

where α is the fine structure constant, Lμν ¼ 2ðkμk0νþ
k0μkν − gμνk · k0Þ is the leptonic tensor, and Wμν

A is the
nuclear hadronic tensor which is expressed in terms of the
nuclear structure functions WiAðν; Q2Þ (i ¼ 1, 2) as

Wμν
A ¼ W1Aðν; Q2Þ

�
qμqν

q2
− gμν

�

þW2Aðν; Q2Þ
M2

A

�
pμ
A −

pA · q
q2

qμ
��

pν
A −

pA · q
q2

qν
�
;

ð17Þ

where MA is the mass and pA is the four momentum of the
target nucleus.
The differential scattering cross section may also be

written in terms of the probability per unit time (Γ) of
finding a charged lepton interacting with a target nucleon
given by [6,7]

dσ ¼ ΓdtdS ¼ Γ
dt
dl

dldS ¼ Γ
v
dV ¼ Γ

EðkÞ
jkj dV

¼ −2ml

jkj ImΣðkÞdV; ð18Þ

where dt is the time of interaction, dS is the differential
area, dl and vð¼ jkj

EðkÞÞ stand for the length of interaction and
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velocity, respectively, and dV is the volume element inside
the nucleus. ml is the lepton mass and ImΣðkÞ is the
imaginary part of the lepton self-energy [from the diagram
of Fig. 1(a)] which is obtained by using the Feynman rules
for the lepton self-energy (ΣðkÞ) given by

ΣðkÞ¼ ie2
Z

d4q
ð2πÞ4

1

q4
1

2ml
Lμν

1

k02−m2
l þ iϵ

ΠμνðqÞ; ð19Þ

where ΠμνðqÞ is the photon self-energy which has been
shown in Fig. 1(b).
Using Eq. (19) in Eq. (18), the scattering cross section

[45] is obtained as

d2σA
dΩdE0 ¼ −

α

q4
jk0j
jkj

1

ð2πÞ2 Lμν

Z
Im½ΠμνðqÞ�d3r: ð20Þ

Now comparing Eq. (16) and Eq. (20), one may write the
nuclear hadronic tensor Wμν

A in terms of the photon self-
energy as

Wμν
A ¼ −

1

4π2α

Z
Im½ΠμνðqÞ�d3r: ð21Þ

Using the Feynman rules, the expression for ΠμνðqÞ is
obtained as

ΠμνðqÞ ¼ e2
Z

d4p
ð2πÞ4GðpÞ

X
X

X
sp;sl

Yn
i¼1

Z
d4p0

i

ð2πÞ4
Y
l

Glðp0
lÞ

×
Y
j

Djðp0
jÞhXjJμjHihXjJνjHi�ð2πÞ4δ4

×

�
qþ p −

Xn
i¼1

p0
i

�
; ð22Þ

where Gl is the fermion propagator and Dj is the boson
propagator for particles in the final state denoted

collectively by X. In the above expression, hXjJμjHi is
the hadronic current; sp and sl are, respectively, the spins of
nucleon and fermions in the final hadronic state X; and
GðpÞ is the relativistic nucleon propagator inside the
nuclear medium which is obtained using the perturbative
expansion of Dyson series in terms of the nucleon self-
energy (ΣN) for an interacting Fermi sea. The nucleon self-
energy may be obtained using the many body field
theoretical approach in terms of the spectral functions
[45,53]. Therefore, the nucleon propagator GðpÞ inside the
nuclear medium may also be expressed in terms of the
particle and hole spectral functions as [53]

GðpÞ ¼ MN

EðpÞ
X
r

urðpÞūrðpÞ
�Z

μ

−∞
dω

Shðω;pÞ
p0 − ω − iη

þ
Z

∞

μ
dω

Spðω;pÞ
p0 − ωþ iη

�
; ð23Þ

where u and ū are, respectively, the Dirac spinor and its

adjoint, μð¼ p2
F

2MN
þ Re½ΣNð p2

F
2MN

; pFÞ�Þ is the chemical
potential, and pF is the Fermi momentum. Sh and Sp,
respectively, stand for hole and particle spectral functions,
the expression for which is taken from Ref. [53]. The
spectral functions contain the information about the
nucleon dynamics in the nuclear medium. All the param-
eters of the spectral function are determined by fitting the
binding energy per nucleon and the baryon number for each
nucleus. Therefore, we are left with no free parameter.
For more discussion please see Refs. [6,7,45].
To obtain the contribution to the nuclear hadronic tensor

Wμν
A , which is coming from the bound nucleons, i.e.,Wμν

A;N ,
due to the scattering of the charged leptons on the nuclear
targets, we use Eqs. (22) and (23) in Eq. (21), expressWμν

A;N

in terms of the nucleonic tensor Wμν
N convoluted over the

hole spectral function Sh, and get

Wμν
A;N ¼ 2

X
τ¼p;n

Z
d3r

Z
d3p
ð2πÞ3

MN

EðpÞ

×
Z

μτ

−∞
dp0Sτhðp0;p; ρτðrÞÞWμν

τ ðp; qÞ; ð24Þ

where ρτðrÞ is the proton/neutron density inside the nucleus
which is determined from the electron-nucleus scattering
experiments and Sτh is the hole spectral function for the
proton/neutron.
We take the zz component in Eq. (24) forWμν

A;N andWμν
τ ,

the momentum transfer q along the z axis, and using
F2NðxÞ ¼ νW2Nðν; Q2Þ, we obtain F2AðxA;Q2Þ as [6,7]

(a) (b)

FIG. 1. Diagrammatic representations of (a) charged lepton
self-energy, and (b) photon self-energy with Cutkosky cuts (solid
horizontal line) for putting particles on mass shell.
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F2A;NðxA;Q2Þ ¼ 2
X
τ¼p;n

Z
d3r

Z
d3p
ð2πÞ3

MN

EðpÞ
Z

μτ

−∞
dp0Sτhðp0;p; ρτðrÞÞ ×

�
MN

p0 − pzγ

�
F2τðxN;Q2Þ

×

�
Q2

q2z

�jpj2 − p2
z

2M2
N

�
þ ðp0 − pzγÞ2

M2
N

�
pzQ2

ðp0 − pzγÞq0qz
þ 1

�
2
�
; ð25Þ

where F2τðxN;Q2Þðτ ¼ p; nÞ are the structure functions for the proton and neutron, calculated using the quark-
parton model.
Similarly, taking the xx component of the nucleon and nuclear hadronic tensors, and using F1NðxÞ ¼ MNW1Nðν; Q2Þ, we

obtain F1A;NðxA;Q2Þ as [6,7]

F1A;NðxA;Q2Þ ¼ 2
X
τ¼p;n

AMN

Z
d3r

Z
d3p
ð2πÞ3

MN

EðpÞ
Z

μτ

−∞
dp0Sτhðp0;p; ρτðrÞÞ

�
F1τðxN;Q2Þ

MN
þ px

2

M2
N

F2τðxN;Q2Þ
νN

�
; ð26Þ

where

xN ¼ Q2

2p · q
¼ Q2

2ðp0q0 − pzqzÞ
: ð27Þ

F1τðxN;Q2Þðτ ¼ p; nÞ are the structure functions for the proton and neutron which are evaluated independently following
Refs. [40,41], i.e., without using the Callan-Gross relation.
Moreover, in a nucleus, the virtual photon may interact with the virtual mesons leading to the modification of the nucleon

structure functions due to the additional contribution of the mesons. In the numerical calculations, we have considered the
contribution from π and ρ mesons. To obtain the contributions of π and ρ mesons to the structure functions we follow the
similar procedure as in the case of nucleon with a difference that the spectral function is now replaced by the dressed meson
propagator [6,7,45]. We find that

F2A;πðρÞðx;Q2Þ ¼ −6 × a
Z

d3r
Z

d4p
ð2πÞ4 θðp0ÞδImDπðρÞðpÞ2mπðρÞ

�
mπðρÞ

p0 − pzγ

�

×

�
Q2

ðqzÞ2
�jpj2 − ðpzÞ2

2m2
πðρÞ

�
þ ðp0 − pzγÞ2

m2
πðρÞ

�
pzQ2

ðp0 − pzγÞq0qz
þ 1

�
2
�
F2;πðρÞðxπðρÞ; Q2Þ; ð28Þ

F1A;πðρÞðx;Q2Þ ¼ −6 × a × AMN

Z
d3r

Z
d4p
ð2πÞ4 θðp0ÞδImDπðρÞðpÞ2mπðρÞ

×

�
F1;πðρÞðxπðρÞ; Q2Þ

mπðρÞ
þ jpj2 − p2

z

2ðp0q0 − pzqzÞ
F2;πðρÞðxπðρÞ; Q2Þ

mπðρÞ

�
; ð29Þ

where xπðρÞ ¼ Q2

−2p·q,mπðρÞ is the mass of the pi (rho) meson and the constant factor a is 1 in the case of the π meson and 2 in
the case of the ρ meson [6,7]. DπðρÞðpÞ is the meson propagator which is given by

DπðρÞðpÞ ¼ ½p2
0 − p2 −m2

πðρÞ − ΠπðρÞðp0;pÞ�−1; ð30Þ

where ΠπðρÞ is the meson self-energy defined in terms of the form factor FπðρÞNNðpÞ and the irreducible self-energy Π�
πðρÞ as

ΠπðρÞ ¼
ðf2m2

π
Þc0πðρÞF2

πðρÞNNðpÞp2Π�
πðρÞ

1 − f2

m2
π
V 0
jΠ�

πðρÞ
; where FπðρÞNNðpÞ ¼

�Λ2 −m2
πðρÞ

Λ2 þ p2

�
: ð31Þ

In the above expression, V 0
j ¼ V 0

L (V
0
T) for the pi (rho) meson is the longitudinal (transverse) part of spin-isospin interaction,

respectively, the expressions for which are taken from the Ref. [45] with c0π ¼ 1 and c0ρ ¼ 3.94, Λ ¼ 1 GeV and f ¼ 1.01.
These parameters have been fixed in our earlier works [6,7,54–58] while describing nuclear medium effects in the
electromagnetic nuclear structure function F2Aðx;Q2Þ to explain the latest data from JLab and other experiments performed
using charged lepton scattering from several nuclear targets in the DIS region.
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For the pions, we have taken the pionic parton distri-
bution functions given by Gluck et al. [48] and for the rho
mesons used the same PDFs as for the pions. In literature,
there exists PDF parametrizations also for the mesons such
as that of Wijesooriya et al. [49], Sutton et al. [73], Martin
et al. [74], and Conway et al. [75]. To see the dependence
of mesonic structure functions on the different PDFs
parametrizations, we have also obtained the results by
using the pionic PDF parametrization given by Wijesooriya
et al. [49]. We now define the total EM nuclear structure
functions FiAðx;Q2Þ (i ¼ 1, 2) which include the nuclear
effects with spectral function and mesonic contributions as

FiAðx;Q2Þ ¼ FiA;Nðx;Q2Þ þ FiA;πðx;Q2Þ
þ FiA;ρðx;Q2Þ; i ¼ 1; 2; ð32Þ

and define FLAðx;Q2Þ and RAðx;Q2Þ in nuclear targets in
analogy with FLNðx;Q2Þ and RNðx;Q2Þ as

FLAðx;Q2Þ ¼
�
1þ 4M2

Nx
2

Q2

�
F2Aðx;Q2Þ − 2xF1Aðx;Q2Þ;

ð33Þ

RAðx;Q2Þ ¼ F2Aðx;Q2Þ
2xF1Aðx;Q2Þ : ð34Þ

III. RESULTS

In Fig. 2, we present the numerical results for the proton
structure functions F2pðx;Q2Þ and 2xF1pðx;Q2Þ vs Q2 at
the different values of x, for Q2 < 10 GeV2. The free
nucleon structure functions FiNðx;Q2Þ (i ¼ 1, 2, L) at LO
are obtained using the nucleon PDFs of MMHT 2014 [39].
For the evolution of PDFs at NLO and NNLO from LO, we
have followed the works of Vermaseren et al. [40] and
Moch et al. [41]. Then we have applied dynamical higher
twist corrections following the renormalon approach
[42,43] as well as the phenomenological approach [44]
at the NLO. All the theoretical results presented here are
with the TMC effect [20] which is found to be more
pronounced in the region of large x and moderate Q2.
The numerical results are presented with (i) NLO,
(ii) NLOþ HT (renormalon approach) [42,43],
(iii) NLOþ HT (phenomenological approach) [44], and
(iv) NNLO. It may be observed that in the case of
F2pðx;Q2Þ (top panel), the difference due to the HT effect
(renormalon approach) from the results obtained without it
is small at low x; however, this difference becomes
significant with the increase in x. For example, it is
≈2% at x ¼ 0.225 and becomes 30% at x ¼ 0.75 for
Q2 ¼ 2 GeV2 while this difference decreases to < 1% at
x ¼ 0.225 and 10% at x ¼ 0.75 for Q2 ¼ 6 GeV2. The
results at NLO with HT following the renormalon approach

2 4 6 8 10
0.3

0.31

0.32

0.33

0.34

0.35

F 2p
(x

,Q
2 )

NLO 
NLO+HT(R)
NLO+HT(PH)
NNLO

2 4 6 8 10
Q

2
 (GeV

2
)

0.1

0.15

0.2

0.25

2 4 6 8 10
0

0.02

0.04

0.06

0.08

0.1

x=0.225 x=0.45 x=0.75

2 4 6 8 10
0.2

0.25

0.3

0.35

0.4

2 
x 

F 1p
(x

,Q
2 )

NLO 
NLO+HT(R)
NNLO 
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Q
2
 (GeV

2
)

0.1

0.15

0.2

0.25

2 4 6 8 10
0

0.05

0.1x=0.225
x=0.45 x=0.75

FIG. 2. The results of F2pðx;Q2Þ and 2xF1pðx;Q2Þ vs Q2 are shown at different x for the case of the free proton. The results are
obtained at NLO with TMC (dash–double-dotted line) and also including the HT effect following the renormalon approach (dotted line)
and phenomenological parametrization (dash-dotted line). The results are also obtained at NNLO (solid line).
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are very close to the results obtained at NNLO except at
high x (x > 0.7). For example, forQ2 ¼ 2 GeV2 at x ¼ 0.4
the difference between the results with the HTeffect and the
results at NNLO is ≈2%, and it becomes 16% at x ¼ 0.75.
However, for Q2 ¼ 6 GeV2 this difference reduces to
< 1% at x ¼ 0.45 and 4% at x ¼ 0.75, respectively.
Furthermore, the results obtained with the HTeffect follow-
ing the renormalon approach [42,43] are in agreement
within a percent (< 1%) with the results obtained by using
the phenomenological prescription [44] in the region of low
and mid x. However, at high x for example, at x ¼ 0.75 and
for Q2 ¼ 3 GeV2, there is a difference of about 6% which
gradually decreases with the increase in Q2. We have also
shown the results for 2xF1pðx;Q2Þ vsQ2 (bottom panel) for
the same kinematical region as described above without and
with theHTeffect at NLO aswell as compared themwith the
results obtained at NNLO. It is important to point out that the
higher twist effect (renormalon approach) behaves differ-
ently for the free nucleon structure functionsF1pðx;Q2Þ and
F2pðx;Q2Þ [42]. From Fig. 2 (bottom panel), it may be
observed that the results obtained without the HT effect
differ from the results with theHTeffect at low x and lowQ2,
as there is a difference of≈5% at x ¼ 0.225which reduces to

≈3% at x ¼ 0.75 for Q2 ¼ 2 GeV2. Furthermore, we have
observed that the results with the HT effect obtained using
the renormalon approach are in good agreement with the
results at NNLO. For example, at x ¼ 0.225 this difference
is < 1% for Q2 ¼ 2 GeV2 and becomes 2% at x ¼ 0.75.
Moreover, the effect of higher twist corrections becomes
small with the increase in Q2. This is expected because the
higher twist effect has an inverse power ofQ2, so at highQ2

they should be less relevant.
In Fig. 3 (top panel), we present the numerical results for

the proton structure function F2pðx;Q2Þ vs Q2 obtained
using NNLO PDFs at the different values of x for a wide
range of Q2 and compared them with the experimental data
from SLAC [24], BCDMS [33], NMC [51], and EMC [76]
experiments. We find reasonably good agreement of the
theoretical results with the experimental data. In this figure
(bottom panel), we have also presented the results for

Rpðx;Q2Þ ¼ F2pðx;Q2Þ
2xF1pðx;Q2Þ ð1þ

4M2
px2

Q2 Þ − 1 vs Q2 at fixed val-

ues of x. These results are compared with the experimental
data of SLAC [24] as well as with the results obtained using
the phenomenological parametrization of Whitlow et al.
[24], and they are found to be consistent.
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FIG. 3. On the top panel the results of F2pðx;Q2Þ vsQ2 are shown at different x for the case of the free proton. On the bottom panel the

results are presented for Rpðx;Q2Þ ¼ F2pðx;Q2Þð1þ4M2
px

2

Q2 Þ
2xF1pðx;Q2Þ − 1. The results are obtained at NNLO (solid line), NLO (dash–double-dotted

line) and also including the HT effect following the renormalon approach (dotted line). The dash-dotted line represents the results of the
phenomenological fit of Whitlow et al. [24]. The results are compared with the available experimental data from SLAC [24], BCDMS
[33], NMC [51], and EMC [76] experiments.
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We have calculated the nuclear structure functions
F1Aðx;Q2Þ, F2Aðx;Q2Þ, FLAðx;Q2Þ, and the ratio

RAðx;Q2Þ ¼ F2Aðx;Q2Þ
2xF1Aðx;Q2Þ for several nuclei such as 12C,

27Al, 56Fe, 64Cu, 118Sn, 197Au, and 208Pb by using the
nucleon spectral function in the nuclear medium taking into
account medium effects such as Fermi motion, Pauli
blocking, and nucleon correlations. The expressions for
the nuclear structure functions F2A;NðxA;Q2Þ and
F1A;NðxA;Q2Þ with the spectral function given in
Eqs. (25) and (26) are used for the numerical calculations,
which we have called results with the spectral function
(SF). The effects of the pion and rho meson contributions,
i.e., F2A;πðρÞðx;Q2Þ [Eq. (28)] and F1A;πðρÞðx;Q2Þ
[Eq. (29)], are included using the pionic PDFs by Gluck
et al. [48], and the effects of shadowing and antishadowing
following the works of Kulagin and Petti [47]. This is the
full nuclear model (total) we are using, for which the
numerical results are presented.
In Fig. 4, we have presented the results forF2Aðx;Q2Þ vs x

(0.4 ≤ x ≤ 0.8) at a fixed value ofQ2 (¼ 3 GeV2) for nuclear
targets such as 12C, 56Fe, and 208Pb. These results are obtained
using the spectral function of the nucleons and the parton
distribution functions atNLO,without (NLOSF) andwith the
higher twist effect (NLOSFþ HT) following the renormalon
approach [42,43] as well as the phenomenological method
[NLO SFþ HTðPHÞ] of Virchaux et al. [44]. These results
are also obtained at NNLO using the spectral function only
(NNLO SF). We find that the difference between the results
obtained without and with the HT effect (renormalon
approach) is< 1% for the low and mid region of x; however,
for x ¼ 0.8 it is approximately 2% in carbon and lead. Hence,
it can be concluded that the higher twist effect gets suppressed
in the nuclear medium. Furthermore, the results of nuclear
structure function F2Aðx;Q2Þ obtained at NNLO are also
found to be in good agreement with the results obtained at
NLO with the HT effect.

In Fig. 5, the results for F2Aðx;Q2Þ vs x are shown at
Q2 ¼ 3 GeV2 for the different nuclei such as 12C, 27Al,
56Fe, 118Sn, 197Au, and 208Pb and are compared with the free
nucleon structure function at NNLO. To explicitly show the
effect of the nuclear medium, the numerical results are
obtained by using the spectral function only, including the
shadowing effect with the spectral function, and with the
full model. It is found that there is significant reduction in
the nucleon structure function due to the nuclear medium
effects as compared to the free nucleon case. For example,
this reduction is 7% in carbon at x ¼ 0.2, 10% at x ¼ 0.4,
and at x ¼ 0.7 it becomes 8%. We find that this reduction
gets enhanced with the increase in the nuclear mass
number, for example, in lead the reduction becomes
10% at x ¼ 0.2, 14% at x ¼ 0.4, and 11% at x ¼ 0.7.
Furthermore, we find that the shadowing effect is very
small in the kinematic region of our interest (x ≥ 0.1);
however, it is significant for x < 0.1. For example, at x ¼
0.05 (not shown here) the reduction due to the shadowing
effect from the results with the spectral function only is
found to be 7% in carbon,≈13% in iron, and 15% in lead. It
implies that the shadowing effect becomes prominent with
the increase in the mass number. However, with the increase
in x it becomes small, for example, at x ¼ 0.1 it reduces to
5% in carbon and 6% in lead. When the mesonic contri-
butions in our model are included with the spectral function
the structure function gets increased at low and intermediate
x while for x > 0.6 mesonic contributions become small.
For example, in carbon at x ¼ 0.2 the enhancement in the
nuclear structure function due to the mesonic contribution is
≈20%, and it becomes 5% at x ¼ 0.5. Furthermore, we have
also observed that mesonic contributions are nuclear mass
dependent; e.g., in 56Fe (208Pb) the enhancement due to the
mesonic contributions become 32% (36%) at x ¼ 0.2 and
7% (8%) at x ¼ 0.5. These medium effects are also found to
be Q2 dependent, for example, in carbon at Q2 ¼ 6 GeV2

(not shown here), the enhancement due to the mesonic
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FIG. 4. F2Aðx;Q2Þ (A ¼ 12C, 56Fe, and 208Pb) vs x are shown at Q2 ¼ 3 GeV2. The results are obtained for the spectral function only
without (dash–double-dotted line) and with the higher twist effect (renormalon approach: dotted line), using MMHT PDFs at NLO. The
results are also obtained at NNLO using the spectral function only (solid line). The dash-dotted line is the result for the spectral function
only obtained using the phenomenological parametrization [44] of the HT effect at NLO.
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contributions are found to be small, as 16% at x ¼ 0.2 and
3% at x ¼ 0.5, respectively. Hence, it can be concluded that
nuclear medium effects depend on x,Q2, and the mass of the
nuclear target.
In Fig. 6, we compare the results for F2Aðx;Q2Þ vs x at

different Q2 (≈2–4 GeV2) with the experimental observa-
tions of JLab [8], for several nuclear targets such as 12C,
27Al, 56Fe, and 64Cu. Our theoretical results are presented
for the full model at NNLO and at NLO with the HT effect
(renormalon approach). These results are compared with

the phenomenological results given by the nCTEQ group
[52] who have obtained nuclear PDFs for each nucleus
separately. We find that our numerical results with a full
model are reasonably in good agreement with the nCTEQ
results. To observe the dependence of pionic structure
functions used in Eq. (32), on the different pionic PDF
parametrizations we have also used the parametrization of
Wijesooriya et al. [49]. We have observed that the differ-
ence in the mesonic structure functions due to the para-
metrization of Wijesooriya et al. [49] from the results
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FIG. 5. F2Aðx;Q2Þ (A ¼ 12C, 27Al, 56Fe, 118Sn, 197Au, and 208Pb) vs x are shown at Q2 ¼ 3 GeV2. The results are obtained at NNLO
using the spectral function only (dash–double-dotted line), the spectral function with a shadowing effect (dashed line), and the spectral
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et al. [49] (dash–double-dotted line) at NLO. The solid line shows the results obtained at NNLO by using the MMHT nucleonic PDFs
for the full model and the double-dash–dotted line is the result obtained by using the nCTEQ nuclear PDF parametrization [52]. The
results are compared with the experimental data of JLab [8] (empty circles).
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obtained by using that of Gluck et al. [48] is within 1%–3%
for all the nuclei under consideration. Our theoretical
results show a good agreement with JLab experimental
data [8] in the region of intermediate x; however, for
x > 0.6 and Q2 ≈ 2 GeV2 they slightly underestimate the
experimental results. Since the region of high x and low Q2

is the transition region of nucleon resonances and DIS,
therefore, our theoretical results differ from the experimen-
tal data. However, with the increase in Q2, theoretical
results show better agreement with the experimental obser-
vations of JLab [8] in the entire range of x.
In Fig. 7, we present the results for 2xF1Aðx;Q2Þ vs x for

several nuclei in the intermediate mass range such as 12C,
27Al, 56Fe, and 64Cu. The results are presented at NLO for
the spectral function only without and with the higher twist
effect (renormalon approach), as well as using the full
model with the HT effect (renormalon approach). We find
that the effect of the higher twist is more pronounced in the
case of 2xF1Aðx;Q2Þ than the F2Aðx;Q2Þ structure func-
tion. For example, in 64Cu atQ2 ¼ 2.9 GeV2 the difference
in the results (without HT vs with HT) is 5% at x ¼ 0.1
which decreases to 3% at x ¼ 0.2. At Q2 ¼ 6 GeV2 (not
shown here), the difference in the results is 1% at x ¼ 0.1
which becomes negligible at x ¼ 0.2. We also obtain the
numerical results at NNLO using the full model which are
found to be slightly different from the results obtained
using the full model with the HT effect at NLO. The
theoretical results are compared with the experimental data
of JLab [8], and we find that numerical results under-
estimate the experimental data at high x and low Q2.

However, for 0.7 < x < 0.8 and Q2 > 2 GeV2 our results
are in good agreement with the experimental observations.
In Fig. 8, we have presented the results for 2xF1Aðx;Q2Þ

and F2Aðx;Q2Þ vs W2, in 12C at Q2 ¼ 2 GeV2 and in 56Fe
at Q2 ¼ 1.8 GeV2 and compared the results with JLab data
[8]. The theoretical results are presented for the nuclear
spectral function only as well as with the full model using
MMHT nucleon PDFs at NNLO. We have also presented
the results for the free nucleon case. It may be observed that
the present model with nuclear effects underestimates the
experimental results at low W. It may be noticed from the
figure that in the region of low W2 < 2.5 GeV2 which
describes the resonance region dominated by some low
lying resonances, the experimental data of JLab [8]
overestimate our theoretical results. This may be due to
the inadequacy of using DIS formalism at low W. In this
region of low W the contribution from the nucleon
resonances such as P33ð1232Þ, P11ð1440Þ, D13ð1520Þ,
S11ð1535Þ, S11ð1650Þ, and P13ð1720Þ should better
describe the experimental data. However, for W2 >
2.5 GeV2, our numerical results which are obtained using
the DIS formalism are found to be in reasonably good
agreement. This behavior of nuclear structure functions
supports our argument that for the region of low Q2 <
2 GeV2 and low W ≤ 1.6 GeV a realistic calculation of
nucleon resonances should be more appropriate as com-
pared to the use of DIS formalism.

In Fig. 9, we have presented the results for RAðx;Q2Þ ¼
F2Aðx;Q2Þ
2xF1Aðx;Q2Þ (A ¼ 12C, 27Al, 56Fe, 64Cu, 197Au, and 208Pb) vs x
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FIG. 7. 2xF1Aðx;Q2Þ (A ¼ 12C, 27Al, 56Fe, and 64Cu) vs x are shown at different Q2. The results are obtained for the spectral function
only without the HT effect (dash–double-dotted line) and with the HT effect (renormalon approach) for the spectral function only
(dashed line) and the full model (dotted line) using MMHT PDFs at NLO. Numerical results obtained by using the full model are also
shown at NNLO (solid line) and are compared with the experimental data of JLab [8] (empty circles).
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at differentQ2. Numerical results are obtained using the full
model at NNLO and are compared with the results for the
free nucleon case at NNLO. Moreover, we have also
presented the results of Whitlow et al. [24], who have
parametrized the nucleon structure function F1Nðx;Q2Þ by
using SLAC experimental data for e− − p and e− − d
scattering processes. These results are also compared with
the available experimental data of JLab [8] which are

corrected for the isoscalar nuclear targets. The agreement
with the experimental results as well as with the Whitlow
parametrization is satisfactory.
In Fig. 10, we have presented the results of longitudinal

structure function FLAðx;Q2Þ vs x, at different Q2 for
several nuclear targets such as 12C, 27Al, 56Fe, and 64Cu.
These results are presented for the spectral function only as
well as with the full model, using nucleon PDFs at NNLO.
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These results are compared with the experimental data of
JLab [8]. The agreement with the experimental result is
reasonably good except at very low Q2 < 2 GeV2.

In Fig. 11, we have obtained
F
2 56Feðx;Q2Þ

F
2 12Cðx;Q2Þ and

F
2 208Pbðx;Q2Þ
F
2 12Cðx;Q2Þ ,

F
2 197Auðx;Q2Þ
F
2 56Feðx;Q2Þ and

F
2 208Pbðx;Q2Þ
F
2 56Feðx;Q2Þ using the spectral function as well

as the full model assuming the nuclear targets to be
isoscalar. The results are also presented for the full model
when 56Fe, 197Au, and 208Pb are treated as nonisoscalar
nuclear targets where we normalize the spectral function to
the proton and neutron numbers separately. We obtain the

ratios F2 Feðx;Q2Þ
F2Cðx;Q2Þ and

F2Pbðx;Q2Þ
F2Cðx;Q2Þ for 1 ≤ Q2 ≤ 66 GeV2 by first

assuming 208Pb and 56Fe to be isoscalar targets, and then
both of them as nonisoscalar targets, and we find the
isoscalarity effect to be < 1%ð3%Þ and ≈3%ð9%Þ for 56Fe
(208Pb) at x ¼ 0.125 and at x ¼ 0.8, respectively. We have

also presented the ratio F2Pbðx;Q2Þ
F2 Feðx;Q2Þ assuming 208Pb and 56Fe to

be isoscalar targets, as well as nonisoscalar targets. We find
the isoscalarity effect to be 2% at x ¼ 0.125 which
increases to ≈7% at x ¼ 0.8 for 1 ≤ Q2 ≤ 66 GeV2.

Similarly in the case of F2Auðx;Q2Þ
F2Feðx;Q2Þ at Q2 ¼ 5 GeV2, the
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isoscalarity effect is found to be 1% at x ¼ 0.1 which
increases to 7% at x ¼ 0.8. These results are also compared
with the experimental data from SLAC [50] and NMC [51]
experiments and are found to be in fair agreement
with them.

IV. SUMMARY AND CONCLUSION

In this work, we have studied the effect of nonperturba-
tive and higher order perturbative corrections on the
evaluation of nucleon structure functions and its implica-
tions in the calculations of the nuclear structure functions.
For the nucleon structure functions which are described in
terms of nucleon PDFs the evaluations are made at NLO
with HT as well as at NNLO. The nuclear structure
functions are obtained using a microscopic nuclear model
and the effects of the Fermi motion, binding energy,
nucleon correlations, mesonic contribution, and shadowing
are considered. We have also studied the impact of these
corrections on the Callan-Gross relation in free nucleons
and nuclei.
We find the following:
(1) The nucleon structure functions F2Nðx;Q2Þ and

2xF1Nðx;Q2Þ get modified at high x and low Q2

due to the inclusion of the higher twist effect when
evaluated at NLO. However, for the low x region the
impact of the HT effect in 2xF1Nðx;Q2Þ is found to
be more pronounced than in the case of F2Nðx;Q2Þ.
The HT effect decreases with the increase in Q2.

(2) The effect of the higher twist in nuclei is small in
F2Aðx;Q2Þ and the results obtained at the NNLO are
very close to the NLOþ HT results. Qualitatively
the effect of HT on the 2xF1Aðx;Q2Þ evaluation is
similar to what has been observed in F2Aðx;Q2Þ;
however, quantitatively the effect is not too small,
especially at low x and low Q2. This is the same

finding as that observed in the case of nucleon
structure functions.

(3) The inclusion of nuclear medium effects leads to a
better description of the experimental data from JLab
[8], SLAC [50], and NMC [51] in various nuclei in a
wide range of x andQ2. At highQ2 the experimental
results are well reproduced, while at low Q2

(≤ 2 GeV2) we underestimate the experimental data
for x ≥ 0.6, where the resonance contribution may
be important.

(4) In nuclei there is a very small deviation in the
Callan-Gross relation [RAðx;Q2Þ] from the free
nucleon value due to the nuclear medium effects
at low and moderate Q2. The present results are in
the right direction to give a better description of the
available experimental data but underestimates them
for x > 0.6.

(5) The use of DIS formalism to calculate the contri-
bution of 2xF1Aðx;Q2Þ, F2Aðx;Q2Þ, and RAðx;Q2Þ
in the region of low W and low Q2 underestimates
the experimental results. In this kinematic region an
explicit calculation of RAðx;Q2Þ including the con-
tribution arising due to the resonance excitation of
Δð1232Þ and N�ð1440Þ in the nuclear medium
should be more appropriate.
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