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The nuclear medium effects are studied in the ντ=ν̄τ interactions from nuclei in the deep inelastic
scattering region and applied to the 40Ar nucleus to obtain the scattering cross sections in the energy
region of the proposed DUNE experiment. The free nucleon structure functions [FiNðx;Q2Þ; (i ¼ 1–5)]
have been calculated at the next-to-leading order using Martin–Motylinski–Harland-Lang–Thorne 2014
as well as the Coordinated Theoretical-Experimental Project on QCD parametrizations for parton
distribution functions (PDFs) and including the effect of perturbative and nonperturbative QCD
corrections [Ansari et al., Phys. Rev. D 102, 113007 (2020)]. These free nucleon structure functions
are then convoluted with the nucleon spectral function in the nucleus to obtain the nuclear structure
functions [FiAðx;Q2Þ; (i ¼ 1–5)]. The nucleon spectral function takes into account the Fermi motion
and the binding energy of the nucleons as well as the nucleon correlations within the nucleus. These
nuclear structure functions are then used to calculate the deep inelastic scattering cross sections.
Moreover, the contribution of π and ρ mesons as well as the corrections due to the shadowing and
antishadowing effects in the relevant kinematic region of the Bjorken variable x are also included. The
numerical results for the nuclear structure functions and scattering cross sections have been presented
and compared with the results obtained in the phenomenological approach using nuclear PDFs from
nCTEQ15 and nCTEQnu.
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I. INTRODUCTION

The tau neutrino (ντ) is experimentally the least studied
Standard Model lepton due to the inherent difficulties in
producing a ντ beam in the laboratory. The DONUT
Collaboration was the first to directly observe the tau
neutrino charge current interaction in their experiment [1].
Later attempts were made by the NOMAD [2] and OPERA
[3–6] Collaborations’ experiments to study the ντ-nucleon
charged current interactions by producing a τ lepton
generated through the νμ → ντ oscillations in the νμ beam
available at the high energy accelerators. The NOMAD
Collaboration [2] has observed nine ντ events and the
OPERA Collaboration [3] has observed ten ντ events. On
the other hand, ντ induced τ-lepton production has also
been reported in the atmospheric neutrino sector by
the SuperK [7,8] and IceCube [9] Collaborations, where
338� 72.7ðstats� sysÞ and 934 tau leptons have been
observed, respectively, using the ντ beam from the νμ → ντ
oscillations in the energy region of 3.5 < Eντ < 70

and 5.6 < Eντ < 56 GeV. The corresponding cross sections

have been reported to be ð0.94� 0.20Þ × 10−38 cm2 in the
energy region of 3.5 < Eντ < 70 GeV by the SuperK
Collaboration [8] and σconstντ ¼ ð0.39� 0.13� 0.13Þ ×
10−38 cm2=GeV for Eντ < 300 GeV by the DONUT
Collaboration [10]. Future experiments with the atmospheric
neutrinos are also proposed to be performed by the HyperK
Collaboration [11] with a larger volume of the ultrapure
water target, which is almost an order of magnitude larger
than the SuperK detector target [7,8].
In the accelerator sector, some experiments are planning

to use ντ beams from the νμ → ντ oscillations as well
as from the decay of Ds mesons (Ds → τντ), which are
produced in the high-energy proton-nucleus collisions. For
example, the SHiP Collaboration at CERN [12,13] and the
DUNE Collaboration at Fermilab [14–16] plan to use the ντ
beam from the νμ → ντ oscillations, while the DsTau
Collaboration [17] plans to use the ντ beam from the
decays of Ds mesons. Recently at CERN, the FASERν
experiment has been proposed to detect collider neutrinos
using an emulsion detector [18]. All these experimental
proposals, planned and approved to be performed, as well
as the earlier experiments, use nuclear targets to study the
ντ-nucleon interactions. In Table I, we give the list of
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various nuclear targets used or to be used in these
experiments. The extraction of ντ-nucleon interaction
observables, like the total and differential scattering cross
sections, as well as the oscillation parameters in the ντ
sector, would have systematic uncertainty arising due to
the model dependence of the ντ-nucleus cross sections in
treating the nuclear medium effects. This will be in
addition to the uncertainties in high-energy ντ-nucleon
cross sections present inherently in the case of free
nucleon targets, some of which are discussed in the
literature [19–23].
The need for studying the nuclear medium effects in the

ντ-nucleus interactions has been emphasized earlier in
some experimental and theoretical papers in the context of
τ-lepton production induced by the tau neutrinos [20,23].
With the increasing interest in ντ physics [9,12–18], it is
also important to understand the ντ-interaction cross
sections in the nuclear targets [24,25]. But a serious
attempt to study these effects quantitatively has been
lacking except for the earlier work of Paschos and Yu [20],
in which the nuclear medium effects in the ντ-nucleus
scattering in the deep inelastic region has been incorpo-
rated at the leading order in the massless limit of quarks
using the phenomenological nuclear structure functions of
Eskola et al. [26] and Hirai et al. [27]. However, some
recent work has been done to discuss the nuclear medium
effects in the cross sections and polarization of τ leptons
produced in the ντ induced quasielastic scattering [28,29],
but not in the case of deep inelastic scattering induced
by ντ. This is in contrast to the study of the deep inelastic
scattering induced by the electron neutrinos (νe) and muon
neutrinos (νμ) from nuclei, in which the nuclear medium
effects have been studied extensively [30–41]. Our aim in
this paper is to study the nuclear medium effects in the
deep inelastic scattering of tau neutrinos off nucleus, in
general, and apply it to the 40Ar nucleus in the energy
region relevant for the DUNE experiment.
The ντ-nucleon scattering from the free nucleons in

the deep inelastic scattering (DIS) region has been
studied by many authors [20–23,42–45]. The new features
that appear in the case of the ντ-nucleon interaction
as compared to the νe-nucleon and νμ-nucleon
interactions and contribute to modify the cross sections
are as follows:

(i) the kinematical change in Q2 and El due to the
presence of mτ, the finite mass of the τ lepton;

(ii) the contributions due to the additional nucleon
structure functions F4Nðx;Q2Þ and F5Nðx;Q2Þ in
the presence of mτ ≠ 0;

(iii) the modifications in cross sections due to the effect
of polarization state of the τ leptons produced in the
final state;

(iv) the additional effects in the Q2 evolution of the
nucleon structure functions FiNðx;Q2Þ; ði ¼ 1–5Þ
due to mτ ≠ 0 in the presence of massive heavy
flavored quarks like the charm quark;

(v) the additional effects of the higher twist (HT) [43,44]
and the target mass corrections (TMCs) [45] on the
structure functions FiNðx;Q2Þ; ði ¼ 1–5Þ in the pres-
ence of mτ ≠ 0 and mq ≠ 0.

Some of the above effects are modified in the nuclear
medium and need to be calculated using a reliable nuclear
model to describe the deep inelastic scattering of leptons
from the nuclear targets. For example:

(i) The structure functions are modified due to the
nuclear medium effects. This was for the first time
observed in the case ofF2Aðx;Q2Þ andF1Aðx;Q2Þ by
the EMC Collaboration and later on confirmed by
many other experiments done with electrons and
neutrinos.

(ii) In the presence of nuclear medium effects, the nuclear
structure functions F1Aðx;Q2Þ and F2Aðx;Q2Þ may
deviate from the Callan-Gross relation [46], and
the nuclear structure functions F4Aðx;Q2Þ and
F5Aðx;Q2Þ may not satisfy the Albright-Jarlskog
relation [42]. It is required that, independently, these
nuclear structure functions are studied.

(iii) The produced τ leptons in the final state may get
depolarized in the nuclear medium affecting the
production cross section from nuclear targets. The
depolarization of τ will also affect the topologies and
characteristics of its decay products.

(iv) There would be additional contributions to the
structure functions due to non-nucleonic degrees of
freedom in nucleilike pion and rho meson, except for
F3Aðx;Q2Þ where only valence quarks contribute.

(v) The shadowing and antishadowing effects in the
respective kinematic regions of the Bjorken variable
x, which are known to be present in the νμ-nucleus
deep inelastic scattering, will also be present in the
case of ντ-nucleus scattering and need to be taken
into account.

In this work, we report on the study of the deep inelastic
scattering cross sections for the ντ=ν̄τ − 40Ar scattering in
the energy region relevant for the DUNE and atmospheric
neutrino oscillation experiments. The study includes
nuclear medium effects mentioned above on the nucleon
structure functions and cross sections, except for the effect

TABLE I. ντ experiments with nuclear targets.

Experiment NOMAD DONUT OPERA DUNE SHiP DsTau SuperK HyperK FASERν

Nuclear Target 56Fe Emulsion nuclei 208Pb 40Ar 208Pb 208Pb 16O 16O Emulsion nuclei
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of the depolarization of the τ lepton in the final state,
which is presently under investigation. The corrections
due to the nuclear medium effects such as the Fermi
motion, binding energy, and nucleon correlations have
been calculated using the spectral function [47] of the
nucleons in the nucleus. The mesonic contribution is also
calculated and is found to be significant in the low and
intermediate region of x and is incorporated following
Refs. [48,49]. The (anti)shadowing corrections have
been incorporated following the works of Kulagin and
Petti [40]. Furthermore, the effects of applying a cut of the
center of mass (c.m.) energy (W) on the scattering cross
section are also discussed.
Since the nucleon structure functions are the basic

inputs in the determination of nuclear structure functions
and the scattering cross section, therefore, a proper
understanding of the nucleon structure functions becomes
quite important. In the low and moderate Q2 region, the
perturbative effects such as the Q2 evolution of the parton
distribution functions from the leading order to the next-
to-leading order (NLO) and next-to-next-to-leading order
(NNLO), as well as the nonperturbative effects like the
kinematical higher twist effect, which is also known as the
target mass correction, which arises due to the massive
quark contribution (e.g., charm, bottom, top) and dynami-
cal higher twist effect, which arises due to the multiparton
correlations, become important. These nonperturbative
effects are important in the kinematical region of high
x and low Q2 [19].
The inclusive cross sections at high energies and Q2

are expressed in terms of the structure functions corre-
sponding to the deep inelastic scattering processes from the
quarks and gluons. As one moves toward low energies, one
encounters the region of shallow inelastic scattering (SIS),
which constitutes the resonant and nonresonant processes,
with hadronic degrees of freedom. Presently, there is no
sharp kinematic boundary to distinguish these two regions.
In the SIS region, several resonances contribute to the
scattering cross section and the nucleon-to-resonance
transition is described in terms of nucleon-to-resonance
transition form factors. Presently, these transition form
factors are studied only for the N → Δð1232Þ and N →
N�ð1440Þ transitions. All the (anti)neutrino experiments
are being performed using nuclear targets and the proper-
ties of the resonances like their widths and masses may be
modified in the nuclear medium, while there is not much
study of the nuclear medium modifications on the proper-
ties of these resonances, except for the Δð1232Þ resonance.
Because of the absence of any sharp cut on the kinematical
variables defining the separation of the SIS and DIS
regions, in literature, there is large variation in the con-
sideration of the values of W and Q2 on the onset of the
DIS region. Lalakulich et al. [50] have suggested a
constrain of 1.1 ≤ W ≤ 1.6 GeV on the c.m. energy in
order to avoid the double counting of events in the

transition region, while Hagiwara et al. [22] consider this
limit to be 1.4 ≤ W ≤ 1.6 GeV, whereasW > 1.4 GeV has
been considered by Gazizov et al. [51] and Kretzer and
Reno [52] as the onset of DIS processes. In addition to
theoretical studies, in the Monte Carlo event generators like
NEUT [53] and GENIE [54], these boundaries are taken to
be W > 2 and W > 1.7 GeV, respectively, for the simu-
lation of neutrino events. The region of W ≥ 2 GeV and
Q2 ≥ 1 GeV2 is considered to be the region of safe DIS or
true DIS in the MINERvA experiment [55,56]. Recently,
this ambiguity in defining the onset of the DIS region has
been discussed in the literature [57,58]. In Fig. 1, kinematic
regions for the different processes such as elastic, inelastic,
and deep inelastic, as well as soft DIS induced by νμ and ντ
are shown. From the figure, one may notice the reduced
kinematic region for ντ events as compared to the allowed
νμ events. This is due to the mass of the τ lepton, which is
∼17 times heavier than the muon mass.
The proposed experiment, DUNE at Fermilab, is very

promising and plans to resolve many subtle issues like a
comprehensive investigation of neutrino oscillations to
test CP violation in the lepton sector, determining the
ordering of neutrino masses, etc. Because of the relatively
broad and high-energy neutrino spectrum at DUNE,
about 40%–50% of the neutrino interactions will come
from deep inelastic scattering rather than the quasielastic
scattering and single pion production reactions (∼40%
combined), and it is expected that about 60% of the events
would come from the combined region of SISþ DIS.
Therefore, it is important to understand the effect of the
kinematical cut on the c.m. energy W and Q2 on the cross
section, while evaluating the contribution of the DIS cross
section to the total cross section. Therefore, in the present
work, we have also studied the effect of the c.m. energy
cut of 1.6 and 2 GeV, keeping Q2 ≥ 1 GeV2 on the
evaluation of the nuclear structure functions and the
differential cross sections.
In the present work, the nucleon structure functions

have been evaluated using the Martin–Motylinski–
Harland-Lang–Thorne (MMHT) parton distribution func-
tions (PDFs) parametrization [59] up to NLO in the
four-flavor (u; d; s, and c) minimal subtraction (MSbar)
scheme [45]. The nonperturbative effects of TMC and HT
have been included following Refs. [43–45], respectively.
The QCD corrections have been first evaluated at the free
nucleon level and then the nuclear structure functions have
been evaluated including the nuclear medium effects.
This paper proceeds as follows: Section II presents a

brief formalism for the (anti)neutrino-nucleus DIS process.
This is followed by the discussion of the method for
obtaining nuclear structure functions with nuclear medium
effects due to the Fermi motion, binding energy, nucleon
correlations, mesonic contribution, and (anti)shadowing.
Section III presents the numerical results and their dis-
cussion. Section IV describes the summary of our findings.
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II. FORMALISM

For the evaluation of the weak nuclear structure func-
tions, not much theoretical effort has been made, except for
that of Kulagin and Petti [40,41] and Athar and co-workers
(Aligarh-Valencia group) [30–39]. The Aligarh-Valencia
group has studied nuclear medium effects in the structure
functions in a microscopic model that uses relativistic
nucleon spectral function to describe the target nucleon
momentum distribution, incorporating the effects of Fermi
motion, binding energy, and nucleon correlations in a field
theoretical model. The spectral function that describes the
energy and momentum distribution of the nucleons in
nuclei is obtained by using Lehmann’s representation for
the relativistic nucleon propagator and nuclear many-body
theory is used to calculate it for an interacting Fermi sea in
the nuclear medium [47]. A local density approximation is
then applied to translate these results to a finite nucleus.
Furthermore, the contributions of the pion and rho-meson
clouds in a many-body field theoretical approach have also
been considered, which is based on Refs. [48,49]. In this

section, the theoretical approach of the Aligarh-Valencia
group is discussed briefly.
The differential scattering cross section for the charged

current inclusive νl=ν̄l-nucleus deep inelastic scattering
process (depicted in Fig. 2),
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FIG. 1. Q2 − ν plane showing the allowed kinematic regions for νμ and ντ induced processes at Eν ¼ 10 GeV. The forbidden

region is defined as x; y ∉ ½0; 1�. For the elastic scattering, the c.m. energy isW ¼ MN and Bjorken variable is x ¼ Q2

2MNν
¼ 1. The SIS

region has been defined as the region for which MN þmπ ≤ W ≤ 2 GeV and Q2 ≥ 0, covering both nonresonant and resonant
meson production. The DIS region is defined as the region for which Q2 ≥ 1 GeV2 and W ≥ 2 GeV, and the soft DIS region is
defined as Q2 < 1 GeV2 and W ≥ 2 GeV. For the region lying in the band of MN < W < MN þmπ , we expect a process like single
photon emission. However, this region becomes important when the scattering takes place with a nucleon within a nucleus due to the
multinucleon correlation effect. The soft DIS region is nothing but the SIS region. The band after the vertical black solid line depicts
the additional contribution for each process, like SIS, DIS, etc., to the scattering cross section. The boundaries between regions are
not sharply established and are indicative only.

FIG. 2. Feynman diagrams for the νl=ν̄l; ðl ¼ μ; τÞ induced DIS
process off nuclear target (A).
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νl=ν̄lðkÞ þ AðpAÞ → l−=lþðk0Þ þ Xðp0
AÞ ð1Þ

is expressed in terms of the leptonic tensor Lμν and the
nuclear hadronic tensor Wμν

A as

d2σA
dxdy

¼
�
G2

FyMNEl

2πEν

��
M2

W

M2
W þQ2

�
2 jk0j
jkj Lμν W

μν
A ; ð2Þ

where, in Eq. (1), the quantities in the brackets are the
four momenta of the corresponding particles, for example,
k is the four momentum of incoming neutrino, pA is the
four momentum of the initial target nucleus, and so on.
In Eq. (2), GF is the Fermi coupling constant, MN is the

nucleon mass, and Eν and El are, respectively, the energies
of the incoming neutrino and the outgoing charged lepton.
MW is the mass of intermediateW-boson propagator, Q2 is
the four momentum transfer square, x is the Bjorken
variable, and y is the inelasticity. The leptonic tensor
Lμν is given by

Lμν ¼ 8ðkμk0ν þ kνk0μ − k:k0gμν � iϵμνρσkρk0σÞ; ð3Þ

where the � sign is for νl=ν̄l. The nuclear hadronic tensor
Wμν

A is written in terms of the weak nuclear structure
functions WiAðνA;Q2Þ; (i ¼ 1–6) as

Wμν
A ¼

�
qμqν

q2
− gμν

�
W1AðνA;Q2Þ þW2AðνA;Q2Þ

M2
A

�
pμ
A −

pA:q
q2

qμ
��

pν
A −

pA:q
q2

qν
�
� i
2M2

A
ϵμνρσpAρqσW3AðνA;Q2Þ

þW4AðνA;Q2Þ
M2

A
qμqν þW5AðνA;Q2Þ

M2
A

ðpμ
Aq

ν þ qμpν
AÞ þ

i
M2

A
ðpμ

Aq
ν − qμpν

AÞW6AðνA;Q2Þ; ð4Þ

where MA is the mass of the nuclear target. W6AðνA;Q2Þ does not contribute to the cross section, as it vanishes when
contracted with the leptonic tensor Lμν. The nuclear structure functions WiAðνA;Q2Þði ¼ 1–5Þ are written in terms of the
dimensionless nuclear structure functions FiAðxAÞ; ði ¼ 1–5Þ as [39,45]

F1AðxAÞ ¼ MAW1AðνA;Q2Þ
F2AðxAÞ ¼ Q2

2xMA
W2AðνA;Q2Þ

F3AðxAÞ ¼ Q2

xMA
W3AðνA;Q2Þ

F4AðxAÞ ¼ Q2

2MA
W4AðνA;Q2Þ

F5AðxAÞ ¼ Q2

2xMA
W5AðνA;Q2Þ

9>>>>>>>>>=
>>>>>>>>>;
; ð5Þ

where νA [¼ pA·q
MA

ð¼ q0Þ] is the energy transferred to the nuclear target in the rest frame of the nucleus, i.e.,

pA ¼ ðp0
A;pA ¼ 0Þ and xAð¼ Q2

2pA·q
¼ Q2

2p0
Aq

0 ¼ Q2

2AMNq0
¼ x

AÞ is the Bjorken scaling variable corresponding to the nucleus.

The expression for the differential cross section for the νl=ν̄l − A scattering can be obtained using Eqs. (3)–(5)
in Eq. (2) as

d2σA
dxdy

¼ G2
FMNEν

πð1þ Q2

M2
W
Þ2
��

y2xþ m2
l y

2EνMN

�
F1Aðx;Q2Þ þ

��
1 −

m2
l

4E2
ν

�
−
�
1þMNx

2Eν

�
y

�
F2Aðx;Q2Þ

�
�
xy
�
1 −

y
2

�
−

m2
l y

4EνMN

�
F3Aðx;Q2Þ þm2

l ðm2
l þQ2Þ

4E2
νM2

Nx
F4Aðx;Q2Þ − m2

l

EνMN
F5Aðx;Q2Þ

�
: ð6Þ

The scaling variables xð¼ Q2

2p·qÞ and yð¼ ν
Eν

¼ q0
Eν
Þ lie in the

range

m2
l

2MNðEν −mlÞ
≤ x ≤ 1 and a − b ≤ y ≤ aþ b; ð7Þ

where

a¼
1−m2

l ð 1
2MNEνx

þ 1
2E2

ν
Þ

2ð1þMNx
2Eν

Þ and b¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1− m2

l
2MNEνx

Þ2 − m2
l

E2
ν

q
2ð1þMNx

2Eν
Þ :

ð8Þ

For νe=ν̄e and νμ=ν̄μ interactions with a nuclear target (i.e.,
in the limit ml → 0), only the first three terms of Eq. (6),
i.e., the terms with F1Aðx;Q2Þ, F2Aðx;Q2Þ, and F3Aðx;Q2Þ
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would contribute. However, for ντ=ν̄τ all the five structure
functions [FiAðx;Q2Þ; (i ¼ 1–5)] would contribute, as the
terms with tau-lepton mass (mτ ¼ 1.78 GeV) cannot be
ignored. In the laboratory frame, the nuclear target is at rest,
but the nucleons bound inside the nucleus are moving
continuously with a finite momentum, i.e., pN is nonzero
and the motion of such nucleons corresponds to the Fermi
motion. If the momentum transfer is along the Z axis, then
qμ ¼ ðq0; 0; 0; qzÞ and the Bjorken variable xN correspond-
ing to the nucleon bound inside a nucleus is written as

xN ¼ Q2

2pN · q
¼ Q2

2ðp0
Nq

0 − pz
Nq

zÞ : ð9Þ

The bound nucleons interact with each other through the
strong force, hence various nuclear medium effects come
into the picture. Depending upon the value of the Bjorken
variable x, the various nuclear medium effects have differ-
ent contributions. The nuclear medium effects, such as
Fermi motion, binding, nucleon correlations, meson cloud
contribution, and shadowing effect, are discussed in the
Secs. II A–II C, respectively.

A. Fermi motion, binding, and nucleon correlation

In order to calculate the cross section for the neutrino
scattering off a bound nucleon inside the nucleus in the
presence of nuclear medium, we begin with a neutrino flux
hitting the target nucleons over a given period of time.
Because neutrinos are the weakly interacting particles, the
majority of them will pass through the target without having
any interaction, while a few neutrinos will interact with the
target nucleons, giving rise to final state leptons and hadrons.
To consider the interaction of neutrinos, we introduce the
concept of “neutrino self-energy.” The real part of neutrino
self-energy modifies the lepton mass and the imaginary
part gives information about the total number of neutrino
interactions that yield the final state leptons and hadrons.
The cross section (dσA) for small elemental volume (dV)

inside the nucleus is related to the probability of neutrino
interaction with a bound nucleon per unit time (Γ).
Probability times the differential of area (dS) defines the
cross section [48], i.e.,

d2σA ¼ ΓdtdS ¼ Γ
EνðkÞ
jkj d3r;

�
∵ dtdS ¼ dV

v
¼ EνðkÞ

jkj d3r

�
; ð10Þ

where v is the velocity of the incoming neutrino. Γ is
related to the imaginary part of νl self-energy [ΣðkÞ] as [48]

−
Γ
2
¼ mν

EνðkÞ
ImΣðkÞ: ð11Þ

From Eqs. (10) and (11), we get

d2σA ¼ −2
mν

jkj ImΣðkÞd3r: ð12Þ

The neutrino self-energy is evaluated corresponding to
the diagram shown in Fig. 3(a). In many-body field theory,
the interaction of a neutrino with a potential provided by a
nucleus can be explained as the modification to the fermion
two-point function as depicted in Fig. 4.
Figure 4(a) corresponds to the free field fermion propa-

gator, while Fig. 4(b,c) constitutes the neutrino self-energy.
Using the Feynman rules, we write the neutrino self-energy
corresponding to Fig. 3(a) as

−iΣðkÞ ¼
Z

d4q
ð2πÞ4

�
ūνðkÞ

−ig
2

ffiffiffi
2

p γμð1 − γ5Þ

×
ið=k0 þmlÞ

k02 −m2
l þ iϵ

−ig
2

ffiffiffi
2

p γνð1 − γ5ÞuνðkÞ
�

×

�
−

igμρ

q2 −M2
W

�
ð−iΠρσðqÞÞ

�
−

igσν

q2 −M2
W

�
:

ð13Þ

Now we use the relations

g2

8M2
W
¼ GFffiffiffi

2
p ; d4q ¼ d4k0;

X
r

urðkÞūrðkÞ ¼
=kþmν

2mν

and also apply the Cutkowsky rules

ΣðkÞ → 2iImΣðkÞ; Lepton self-energy;

ΠμνðqÞ → 2iθðq0ÞImΠμνðqÞ; Wþboson self-energy;

(a) (b)

FIG. 3. Diagrammatic representation of (a) the neutrino self-
energy and (b) the intermediate vector boson Wþ self-energy.

(a) (b) (c)

FIG. 4. Fermion two-point function and its modification.
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to obtain the imaginary part of the neutrino self-energy ImΣðkÞ as

ImΣðkÞ ¼ GFffiffiffi
2

p 4

mν

Z
d3k0

ð2πÞ4
π

Eðk0Þ θðq
0Þ
�

MW

Q2 þM2
W

�
2

Im½LWI
μν ΠμνðqÞ�; ð14Þ

where ΠμνðqÞ is the Wþ-boson self-energy [as shown in Fig. 3(b)].
ΠμνðqÞ is generally written in terms of the nucleon propagator (Gl) and meson propagator (Dj), corresponding to

Fig. 3(b), as

ΠμνðqÞ ¼
�
GFM2

Wffiffiffi
2

p
�
×
Z

d4p
ð2πÞ4 GðpÞ

X
X

X
sp;sl

YN
i¼1

Z
d4p0

i

ð2πÞ4
Y
i

Glðp0
lÞ
Y
j

Djðp0
jÞ

× hXjJμjNihXjJνjNi�ð2πÞ4δ4
�
kþ p − k0 −

XN
i¼1

p0
i

�
; ð15Þ

where sp and sl are the spins of the initial state nucleon
and the final state fermions, the indices l and j are,
respectively, for the fermions and bosons in the final
hadronic state, hXjJμjNi represents the hadronic current,
and δ4ðkþ p − k0 −

P
N
i¼1 p

0
iÞ ensures the conservation of

four momentum. GðpÞ gives the information about the
propagation of the nucleon from the initial state to the final
state or vice versa.
To obtain the relativistic nucleon propagator Gðp0;pÞ

in the nuclear medium, we start with the relativistic
free nucleon Dirac propagator G0ðp0;pÞ, which is written
in terms of the Dirac spinors for particles uðpÞ and
antiparticles vðpÞ. This includes the contribution
from positive and negative energy components of the
nucleon, where the negative energy contribution is sup-
pressed, while the positive energy contribution survives
[47,48]. Therefore, the free nucleon propagator may be
expressed as

G0ðp0;pÞ ¼ 1

=p −MN þ iϵ
¼ =pþMN

ðp2 −M2
N þ iϵÞ : ð16Þ

Considering only the positive energy part, the above
expression gets modified to

G0ðp0;pÞ¼ =pþMN

p2−M2
Nþ iϵ

þ2iπθðp0Þδðp2−M2
NÞnðpÞð=pþMNÞ: ð17Þ

In the interacting Fermi sea, the relativistic nucleon
propagator Gðp0;pÞ is written in terms of the nucleon
self-energy ΣNðp0;pÞ (depicted in Fig. 5), which contains
all the information on a single nucleon. Then, in the nuclear
medium, the interaction is taken into account through
Dyson series expansion, which can be understood as the
quantum field theoretical analog of the Lippmann-
Schwinger equation for the dressed nucleons, which is,
in principle, an infinite series in perturbation theory. We
add this perturbative expansion in a ladder approximation
(Fig. 5) as

GðpÞ ¼ G0ðpÞ þG0ðpÞΣNðpÞG0ðpÞ
þG0ðpÞΣNðpÞG0ðpÞΣNðpÞG0ðpÞ þ � � � ;

FIG. 5. Diagrammatic representation of neutrino self-energy in the nuclear medium.
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which after simplification modifies to

GðpÞ ¼ MN

EðpÞ
P

rurðpÞūrðpÞ
p0 − EðpÞ þ MN

EðpÞ
P

rurðpÞūrðpÞ
p0 − EðpÞ ΣNðp0;pÞ MN

EðpÞ
P

susðpÞūsðpÞ
p0 − EðpÞ þ � � �

¼ MN

EðpÞ
P

rurðpÞūrðpÞ
p0 − EðpÞ −P

rūrðpÞΣNðp0;pÞurðpÞ MN
EðpÞ

: ð18Þ

The spin diagonal nucleon self-energy is written using
spinorial indices α and β as ΣN

αβðp0;pÞ ¼ ΣNðp0;pÞδαβ.
ΣNðpÞ is taken from Refs. [47,60] and is obtained using the
techniques of standard many-body theory. The imaginary
part of the nucleon self-energy is calculated explicitly and
then ReΣNðp0;pÞ is obtained by means of dispersion
relations using ImΣNðp0;pÞ.
In the nuclear matter, the dressed nucleon propagator is

written as [48]

GðpÞ ¼ MN

EðpÞ
X
r

urðpÞūrðpÞ
�Z

μ

−∞
dω

Shðω;pÞ
p0 − ω − iη

þ
Z

∞

μ
dω

Spðω;pÞ
p0 − ωþ iη

�
; ð19Þ

where the expression for the nucleon self-energy
[ΣNðp0;pÞ] is taken from Ref. [47]. In the above
expression, Shðω;pÞ, Spðω;pÞ, μð¼ ϵF þMNÞ, and ω ¼
p0 −MN are the hole spectral function, particle spectral
function, chemical potential, and the removal energy,
respectively. η is the infinitesimal quantity, i.e., η → 0.
In our earlier work [35], the spectral function has been
discussed in detail and, for an inelastic scattering [Eq. (1)],
we need only the hole spectral function.
Then using Eqs. (12) and (14), the expression for the

differential cross section is written as

d2σA
dxdy

¼−
G2

FMNy
2π

El

Eν

jk0j
jkj

�
M2

W

Q2þM2
W

�
2

Lμν

Z
ImΠμνðqÞd3r:

ð20Þ

Comparing Eq. (20) with Eqs. (2), (15), and (19), the
nuclear hadronic tensor (for isospin symmetric nucleus) can
be expressed in terms of the nucleon hadronic tensor and
the hole spectral function and is given as [35]

Wμν
A ¼ 4

Z
d3r

Z
d3p
ð2πÞ3

MN

EðpÞ
×
Z

μ

−∞
dp0 Shðp0;p; ρðrÞÞWμν

N ðp; qÞ; ð21Þ

where ρðrÞ is the nucleon charge density inside the nucleus
and a factor of 4 is because of the spin-isospin degrees of
freedom of the nucleon. For argon, we have used the two-
parameter Fermi density given by

ρðrÞ ¼ ρ0
1þ expðr−Ra Þ ; ð22Þ

and the density parameters (R ¼ 3.53 and a ¼ 0.542 fm)
are taken from the electron-nucleus scattering experi-
ments [61].
From Eq. (21), we see that the nuclear hadronic tensor

Wμν
A is written in terms of the nucleonic tensorWμν

N given by

Wμν
N ¼

�
qμqν

q2
− gμν

�
W1NðνN;Q2Þ þW2NðνN;Q2Þ

M2
N

�
pμ
N −

pN:q
q2

qμ
��

pν
N −

pN:q
q2

qν
�
� i
2M2

N
ϵμνρσpNρqσW3NðνN;Q2Þ

þW4NðνN;Q2Þ
M2

N
qμqν þW5NðνN;Q2Þ

M2
N

ðpμ
Nq

ν þ qμpν
NÞ þ

i
M2

N
ðpμ

Nq
ν − qμpν

NÞW6NðνN;Q2Þ; ð23Þ

where WiNðνN;Q2Þ; (i ¼ 1–6) are the nucleon structure functions, which, in turn, are expressed in terms of the
dimensionless nucleon structure functions viz. FiNðxNÞði ¼ 1–5Þ as [39,45]
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F1NðxNÞ ¼ MNW1NðνN;Q2Þ
F2NðxNÞ ¼ Q2

2xNMN
W2NðνN;Q2Þ

F3NðxNÞ ¼ Q2

xNMN
W3NðνN;Q2Þ

F4NðxNÞ ¼ Q2

2MN
W4NðνN;Q2Þ

F5NðxNÞ ¼ Q2

2xNMN
W5NðνN;Q2Þ

9>>>>>>>>>=
>>>>>>>>>;
: ð24Þ

In the Bjorken limit, i.e., Q2 → ∞; ν → ∞ with x → finite,
the dimensionless nucleon structure functions depend only
on a single dimensionless variable x. However, if we move
toward the region of low and moderate Q2, these structure
functions show Q2 dependence and therefore become the
functions of x as well as Q2. The dimensionless nucleon
structure functions are generally expressed in terms of parton
distribution functions at the leading order, for example,

Fν
2NðxÞ ¼ x½uðxÞ þ ūðxÞ þ dðxÞ þ d̄ðxÞ þ 2sðxÞ þ 2c̄ðxÞ�; Fν̄

2N ¼ x½uðxÞ þ ūðxÞ þ dðxÞ þ d̄ðxÞ þ 2s̄ðxÞ þ 2cðxÞ�;
xFν

3NðxÞ ¼ x½uðxÞ − ūðxÞ þ dðxÞ − d̄ðxÞ þ 2sðxÞ − 2c̄ðxÞ�; xFν̄
3N ¼ x½uðxÞ − ūðxÞ þ dðxÞ − d̄ðxÞ − 2s̄ðxÞ þ 2cðxÞ�;

Fν=ν̄
4N ðxÞ ¼ 0; ð25Þ

where uðxÞ=ūðxÞ represents the probability density of
finding an up quark/antiquark with a momentum fraction
x. For F1NðxÞ and F5NðxÞ, we have used the Callan-Gross
relation [F2NðxÞ ¼ 2xF1NðxÞ] and Albright-Jarlskog rela-
tion [F2NðxÞ ¼ 2xF5NðxÞ] at the leading order. One may
notice that at the leading order F4NðxÞ ¼ 0 but when the
contribution from the next-to-leading order terms is taken
into account, we find that F4NðxÞ gives a nonzero contri-
bution. To evaluate the weak dimensionless nuclear structure

functions by using Eq. (21), the appropriate components of
the nucleon [Wμν

N in Eq. (23)] and the nuclear [Wμν
A in

Eq. (4)] hadronic tensors along the x, y, and z axes are
chosen. For example, the expression of nuclear structure
function F1A;NðxA;Q2Þ incorporating the nuclear medium
effects, like binding energy, Fermi motion, and nucleon
correlations, is obtained by taking the xx components,
F3A;NðxA;Q2Þ by taking the xy components, etc. We obtain
the expressions for all five nuclear structure functions as

FiA;NðxA;Q2Þ ¼ 4

Z
d3r

Z
d3p
ð2πÞ3

MN

ENðpÞ
Z

μ

−∞
dp0 Shðp0;p; ρðrÞÞ × fiNðx;Q2Þ; ð26Þ

where i ¼ 1–5 and

f1Nðx;Q2Þ ¼ AMN

�
F1NðxN;Q2Þ

MN
þ
�
px

MN

�
2 F2NðxN;Q2Þ

νN

�
; ð27Þ

f2Nðx;Q2Þ ¼
�
F2NðxN;Q2Þ

M2
NνN

��
Q4

q0ðqzÞ2
�
pz þ q0ðp0 − γpzÞ

Q2
qz
�

2

þ q0Q2ðpxÞ2
ðqzÞ2

�
; ð28Þ

f3Nðx;Q2Þ ¼ A
q0

qz
×

�
p0qz − pzq0

p · q

�
F3NðxN;Q2Þ; ð29Þ

f4Nðx;Q2Þ ¼ A

�
F4NðxN;Q2Þ þ pzQ2

qz
F5Nðx;Q2Þ
MNνN

�
; ð30Þ

f5Nðx;Q2Þ ¼ A
F5NðxN;Q2Þ

MNνN
×

�
q0ðp0 − γpzÞ þQ2

pz

qz

�
: ð31Þ

The nonperturbative effects of the target mass correction and the higher twist [43,44] have been incorporated in the free
nucleon structure functions, and then we have convoluted these nucleon structure functions with the spectral function in order
to evaluate the nuclear structure functions [Eq. (26)]. Using the nuclear structure functions, we have obtained the differential
scattering cross sections for the ντðν̄τÞ − A DIS process [Eq. (6)].
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The calculations are performed in the four-flavor MSbar
scheme, the light quarks u, d, and s are treated to be
massless, and charm quark c is a massive object. Hence,
we define

FiAðx;Q2Þ ¼ F
nf¼4

iA ðx;Q2Þ
¼ F

nf¼3

iA ðx;Q2Þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
for massless ðu;d;sÞ quarks

þ F
nf¼1

iA ðx;Q2Þ|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
for massive charm quark

:

ð32Þ

It is important to point out that, in the case of massive

charm contribution, F
nf¼1

iA ðx;Q2Þ; (i ¼ 1–5) are target
mass corrected [45]; however, the HT effect has not been
included, as there is no explicit prescription available in the
literature to include this effect.
The nucleons that are bound inside the nucleus may

interact with each other via meson exchange, such as π, ρ,
etc., and the interaction of the intermediate vector boson
with the mesons plays an important role in the evaluation
of nuclear structure functions [33,37]. This mesonic effect
has been incorporated and is discussed in the following
section (II B).

B. Contribution of pion and rho meson to the nuclear
structure function (mesonic effect)

Associated with each nucleon bound inside the nucleus
there are virtual mesons (pion, rho meson, etc.) and because
of the strong attractive nature of the nucleon-nucleon
interaction, the probability of a W�-boson interaction with
the mesonic cloud becomes high. In this work, we have
included the π and ρ meson contributions [40,48,62,63],
as the contributions from heavier mesons are expected to be
very small due to their significantly higher masses. The
pion cloud contribution is larger than that of the rho-meson
cloud as mπ ≪ mρ. Nevertheless, the contribution of the
rho meson is non-negligible, and both the contributions
together add up in the whole x region. The mesonic
contribution dominates in the intermediate region of

xð0.2 < x < 0.6Þ. For the medium nuclei like 4He, 12C,
etc., mesonic contribution is small [32], while it becomes
pronounced in heavier nuclear targets like 40Ar, 56Fe, etc. [33].
In our earlier works, we have found that in F1Aðx;Q2Þ and
F2Aðx;Q2Þ themesonic contributions lead to an enhancement
of the nuclear structure function, and it works in the right
direction to explain the experimental data [32,35,48].
Now, to take into account the contribution from the

virtual mesons, the neutrino self-energy is again evaluated
using many-body techniques [48]. For the mesonic effect,
we draw a diagram similar to Fig. 3, but here a nucleon
propagator is replaced by a meson propagator. The meson
propagator does not correspond to the free mesons, but it
corresponds to the mesons that are arising due to the
nuclear medium effects [47]. In the nuclear medium,
these mesons are arising through particle-hole ð1p − 1hÞ,
delta-hole ð1Δ − 1hÞ, 1p1h − 1Δ1h, 2p − 2h, etc. inter-
actions as shown in Fig. 6.
The mesonic structure functions FiA;aðxa;Q2Þ, (i¼1;2;5;

a ¼ π; ρ) are obtained as

FiA;aðxa;Q2Þ

¼ −6κ
Z

d3r
Z

d4p
ð2πÞ4 θðp

0Þδ ImDaðpÞ2mafiaðxaÞ;

ð33Þ

where

f1aðxaÞ ¼ Ama

�
F1aðxaÞ
ma

þ jpj2 − ðpzÞ2
2ðpzqz − p0q0Þ

F2aðxaÞ
ma

�
;

ð34Þ

f2aðxaÞ ¼
�
F2aðxaÞ
m2

aν

��
Q4

q0ðqzÞ2
�
pz þ q0ðγpz − p0Þ

Q2
qz
�

2

þ q0Q2ðjpj2 − ðpzÞ2Þ
2ðqzÞ2

�
; ð35Þ

(b)(a)

FIG. 6. Neutrino self-energy diagram accounting for neutrino-meson DIS: (a) the bound nucleon propagator is substituted with a
meson (π or ρ) propagator with momentum p represented here by a dashed line, (b) by including particle-hole ð1p − 1hÞ, delta-hole
ð1Δ − 1hÞ, 1p1h − 1Δ1h, etc. interactions.
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and

f5NðxaÞ ¼ A
F5aðxaÞ
maν

×

�
q0ðγpz − p0Þ þQ2

pz

qz

�
: ð36Þ

In Eqs. (33)–(36), κ ¼ 1ð2Þ for pion (rho meson),

ν ¼ q0ðγpz−p0Þ
ma

, xa ¼ − Q2

2p·q, and ma is the mass of the meson
(π or ρ). DaðpÞ is the meson (π or ρ) propagator in the
nuclear medium and is written as

DaðpÞ ¼ ½p2
0 − p2 −m2

a − Πaðp0;pÞ�−1; ð37Þ

with

Πaðp0;pÞ ¼
f2

m2
π

CρF2
aðpÞp2Π�

1 − f2

m2
π
V 0
jΠ� ; ð38Þ

where Cρ ¼ 1ð3.94Þ for pion (rho meson). FaðpÞ ¼ ðΛ2
a−m2

aÞ
ðΛ2

a−p2Þ
is the πNN or ρNN form factor, Λa ¼ 1 GeV (fixed by
Aligarh-Valencia group [32,35]), and f ¼ 1.01. V 0

j is the
longitudinal (transverse) part of the spin-isospin interaction
for pion (rho meson), and Π� is the irreducible meson self-
energy that contains the contribution of particle- and delta-
hole excitations. For the pions, we have used the PDF
parametrization given by Gluck et al. [64] and for the ρ
mesons the same PDFs as for the pions have been used, as
there is no available explicit parametrization for the ρ-meson
PDFs in the literature. It is important to mention that mesonic
contribution does not play any role to F3Aðx;Q2Þ. The
reason is that F3Aðx;Q2Þ depends mainly on the valence
quark distribution and not on the sea quarks distribution.
In the evaluation of F4Aðx;Q2Þ, the mesonic contribution
has not been incorporated because the mesonic PDFs for
F4Aðx;Q2Þ are not available in the literature and for
F5Aðx;Q2Þ the mesonic effect is included by using the
Albright-Jarlskog relation at the leading order, as the para-
metrization for mesonic PDFs for F2Aðx;Q2Þ is available in
the literature.

C. Shadowing and antishadowing effects

The shadowing effect is taken into consideration follow-
ing the works of Kulagin and Petti [40,41], who have used
the Glauber-Gribov multiple scattering theory. In the case
of νμ=ν̄μ induced DIS processes, they have treated (anti)
shadowing differently from the prescription applied in the
case of electromagnetic structure functions [40,41], due to
the presence of the axial-vector current in the neutrino
interactions. The interference between the vector and the
axial-vector currents introduces C-odd terms in the neutrino
cross sections, which are described by the structure
function F3ðx;Q2Þ. In their calculation of nuclear correc-
tions, separate contributions to different structure functions
according to their CP have been taken into account.

This results in a different dependence of nuclear effects
on the nuclear structure functions depending upon theirCP,
especially in the nuclear (anti)shadowing region [30]. We
have adopted the same prescription for the inclusion of
(anti)shadowing effect [40,41] in the case of ντ=ν̄τ-nucleus
scattering.

III. RESULTS AND DISCUSSION

Thepresentmodel describes thenuclear structure functions
FiAðxA;Q2Þ; (i ¼ 1–5), in terms of the nucleon structure
functions FiNðxN;Q2Þ; (i ¼ 1–5), convoluted with the spec-
tral function of the nucleon in the nucleus (Sh). The spectral
function takes into account the effect of Fermi motion,
binding energy, and nucleon correlations. The results for
the nucleon structure functions FiNðxN;Q2Þ; i ¼ 1–5 at the
leading order are obtained using nucleon PDFs of MMHT
[59]. The structure functions are obtained in the three
massless flavor (nf ¼ 3) MSbar scheme, as well as in the
four-flavor (nf ¼ 4) MSbar scheme, taking the charm quark
mass into account (mc ¼ 1.3 GeV [45]). All the numerical
evaluations have been performed forQ2 > 1 GeV2. Thenwe
evaluate the structure functionsup to the next-to-leading order
following the works of Kretzer and Reno [52]. The target
mass correction has been included following Ref. [45] and
the dynamical higher twist (twist-four) correction has been
taken into account following the methods of Dasgupta
and Webber [43]. In the numerical results, the HT effect is
applied only on the three nucleon structure functions, i.e.,
FiNðxN;Q2Þ; (i ¼ 1–3), and is not explicitly applied on the
massive charm quark. Then the mesonic effects, which
include the contributions from the pion and the rho meson,
are taken into account for FiAðxA;Q2Þ; (i ¼ 1, 2, 5) and the
(anti)shadowing effect is also included in the nuclear structure
functions FiAðxA;Q2Þ for i ¼ 1, 2, 3, and 5. For the mesonic
cloud contribution,weuse the pionicPDFsparametrizationof
Gluck et al. [64].
Let us first recapitulate the findings of our earlier works

[19,39,65] for the free nucleon structure functions:
(i) The effect of higher order perturbative evolution

of parton densities at the next-to-leading order is to
increase the nucleon structure functions in the entire
region of x.

(ii) The effect of target mass correction is to decrease the
nucleon structure functions in the region of low x up
to x ≤ 0.5, after which it leads to an increase in the
structure functions.

(iii) The inclusion of higher twist corrections results
in a small change (< 1%–2%) in 2xF1Nðx;Q2Þ and
F2Nðx;Q2Þ evaluated at NLO, while in xF3Nðx;Q2Þ
there is a significant change in the entire range of x
in the region of low and moderate Q2. Quantita-
tively, in F3Nðx;Q2Þ the higher twist effect is found
to be 20% (7%) at x ¼ 0.3 and 21% (11%) at
x ¼ 0.8 for Q2 ¼ 2ð5Þ GeV2.
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(iv) The results of nucleon structure functions evaluated
at NNLO with TMC effect are found to be close,
i.e., within< 1% to the results obtained at NLO with
TMC and higher twist corrections.

(v) We find that the inclusion of tau-lepton mass leads to
a reduction in the differential scattering cross sec-
tion, which is predominantly due to the contribution
from F5Nðx;Q2Þ, in addition to the kinematical
effect. The contribution of F4Nðx;Q2Þ to the cross
section is small.

We now present the numerical results of the study
performed in this work for ντðν̄τÞ − 40Ar scattering with
nuclear medium effects. In the numerical results “SF”
corresponds to the case when the results are obtained using
only the spectral function, and “Total” corresponds to the
results of the full model, where the additional contributions
from the meson clouds as well as the shadowing effects are
taken into account. The expression for the total nuclear
structure functions in the present model is given by

FiAðx;Q2Þ ¼ FiA;Nðx;Q2Þ þ FiA;πðx;Q2Þ þ FiA;ρðx;Q2Þ
þ FiA;shdðx;Q2Þ; ð39Þ

where i ¼ 1, 2, 5. FiA;Nðx;Q2Þ are the nuclear structure
functions, which have contribution only from the spectral
function, and FiA;π=ρðx;Q2Þ is the contribution from the
mesons.
FiA;shdðx;Q2Þ; (i ¼ 1, 2, 5) have contribution from the

shadowing effect given by [40]

FiA;shdðx;Q2Þ ¼ δRiðx;Q2Þ × Fi;Nðx;Q2Þ; ð40Þ

where δRiðx;Q2Þ are the shadowing correction factors.
The full expression for the parity violating weak nuclear

structure function F3Aðx;Q2Þ is given by

F3Aðx;Q2Þ ¼ F3A;Nðx;Q2Þ þ F3A;shdðx;Q2Þ: ð41Þ

From Eq. (41), it may be noticed that F3Aðx;Q2Þ has no
mesonic contribution, as the contribution to this structure
function comes mainly from the valence quarks (uv and dv).
For F3A;shdðx;Q2Þ, a similar definition has been used [30]
as given in Eq. (40) following the works of Kulagin
and Petti [40].
In view of F4Nðx;Q2Þ being very small as it vanishes in

the leading order and contributes only due to higher
order corrections, we have evaluated F4Aðx;Q2Þ using
only the spectral function, i.e., the contributions from
the mesonic and shadowing effects have not been included,
and therefore,

F4Aðx;Q2Þ ¼ F4A;Nðx;Q2Þ: ð42Þ

The mesonic and the shadowing effects have been
incorporated in F5Aðx;Q2Þ assuming the Albright-
Jarlskog relation between F5Nðx;Q2Þ and F2Nðx;Q2Þ to
be valid for the mesons also at the leading order, and we use
the following expressions:

F5A;π=ρðx;Q2Þ ¼ F2A;π=ρðx;Q2Þ
2x

; ð43Þ

F5A;shdðx;Q2Þ ¼ F2A;shdðx;Q2Þ
2x

: ð44Þ

Using Eqs. (39)–(44) described above, we have evaluated
the nuclear structure functions FiAðx;Q2Þ and using them
obtained the differential scattering cross sections 1

Eν

d2σ
dxdy vs y

and 1
Eν

dσ
dy vs y by integrating over the Bjorken x.

In Fig. 7, we present the results for the nuclear structure
functions viz. 2xF1Aðx;Q2Þ, F2Aðx;Q2Þ, and xF3Aðx;Q2Þ
(top to bottom) vs Q2, at the different values of x lying
in the range of 0.05 ≤ x ≤ 0.8 in the three- and four-flavor
MSbar schemes, showing explicitly the effect of charm
quark mass with mc ¼ 1.3 GeV [45]. The numerical
calculations are performed at the next-to-leading order
with the target mass corrections. The results of FiAðx;Q2Þ;
ði ¼ 1–3Þ obtained only with the spectral function have
been compared with the corresponding results of free
nucleon structure functions FiNðx;Q2Þ; ði ¼ 1–3Þ. It may
be noticed that, due to the presence of nuclear medium
effects, the results of nuclear structure functions get sup-
pressed from the results of the free nucleon case. For
example, a suppression of ≈8%ð10%Þ is found at
x ¼ 0.05ð0.25Þ and at Q2 ¼ 3 GeV2 in the results of
nuclear structure functions. From the figure, one may
notice that the effect of the massive charm quark is
important up to x ≤ 0.2 for the free nucleon, as well as
in the evaluation of nuclear structure functions like at
x ¼ 0.05 we find an enhancement of 2%, 9%, and 18% for
Q2 ¼ 3 GeV2, which becomes 8%, 11%, and 22% for
Q2 ¼ 20 GeV2, respectively, in F1Nðx;Q2Þ, F2Nðx;Q2Þ,
and F3Nðx;Q2Þ. At x ¼ 0.25 the massive charm effect is
found to be < 1% in all three nucleon structure functions
FiNðx;Q2Þ; (i ¼ 1–3) for Q2 ¼ 3 GeV2, while for Q2 ¼
20 GeV2 it is found to be ∼2% in F1Nðx;Q2Þ, 5% in
F2Nðx;Q2Þ, and ∼6% in F3Nðx;Q2Þ. It is important to
notice that the massive charm effect is more pronounced in
F3Nðx;Q2Þ than in F1Nðx;Q2Þ and F2Nðx;Q2Þ. We have
observed that the contribution of the massive charm quark
to the nucleon as well as the nuclear structure functions
increases with the increase in Q2 and decreases with the
increase in x. Moreover, for the nuclear structure functions
obtained only with the spectral function, the contribution
of the charm quark is found to be approximately the
same as we have observed in the case of free nucleon
structure functions.
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In Fig. 8, we present the numerical results of F2Aðx;Q2Þ
and xF3Aðx;Q2Þ vs x at Q2 ¼ 5 GeV2. These results are
obtained using the spectral function only (dashed line) and
when the (anti)shadowing corrections are also included

(solid line) in the three-flavor MSbar scheme at NLO with
TMC effect. We have also compared the results with the
numerical results of Kulagin and Petti [40] (dash-dotted
line). From the figure it may be observed that the results for
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FIG. 8. Results for the nuclear structure functions F2Aðx;Q2Þ and xF3Aðx;Q2Þ vs x are shown at Q2 ¼ 5 GeV2. nf3 denotes the
evaluation of FiAðx;Q2Þ; (i ¼ 2, 3) in the three-flavor scheme by treating u, d, and s quarks to be massless. The numerical calculations
are performed by incorporating the TMC effect [45] at NLO using MMHT nucleon PDFs parametrization [59]. The results are compared
with the results of Kulagin and Petti [40].
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F2Aðx;Q2Þ are in good agreement, while our theoretical
results for xF3Aðx;Q2Þ are ∼7% lower from the results of
Kulagin and Petti at x ¼ 0.2; however, for x > 0.3 we find
them to be in reasonable agreement.
In Fig. 9, the results for the nuclear structure functions

2xF1Aðx;Q2Þ (top), F2Aðx;Q2Þ (middle), and xF3Aðx;Q2Þ
(bottom) vs x are shown at NLO with TMC effect.
The results are obtained at Q2 ¼ 2 GeV2 (left) and Q2 ¼
20 GeV2 (right), without and with a c.m. energy cut of
2 GeV. The results presented here are relevant to under-
stand the nuclear medium modifications, dependence on
the kinematic variables such as x, Q2, and W. In general,
the structure functions in the nuclear environment get
reduced due to the effects of the spectral function (in
the entire range of x) and the shadowing correction [in the
low xð≤ 0.1Þ region], while they get enhanced due to the
mesonic contribution (up to mid x ≤ 0.6). One may notice
from the figure that the results obtained with the full
theoretical model (total), which has contribution from the

spectral function, mesonic cloud, and (anti)shadowing
effects [Eq. (39)], get enhanced as compared to the
results obtained only with the spectral function in the
case of F1Aðx;Q2Þ and F2Aðx;Q2Þ. Quantitatively,
the enhancement in the results of nuclear structure
functions with the full theoretical model from the results
obtained only with the spectral function in F1Aðx;Q2Þ is
about ≈30%ð33%Þ at x ¼ 0.05, 24%(21%) at x ¼ 0.2,
≈2%ð2%Þ at x ¼ 0.5 for Q2 ¼ 2ð20Þ GeV2, while in
F2Aðx;Q2Þ this enhancement becomes 23%(25%) at
x ¼ 0.05, 29%(21%) at x ¼ 0.2, and ∼8%ð≈3%Þ at
x ¼ 0.5 for Q2 ¼ 2ð20Þ GeV2. However, in the case of
the F3Aðx;Q2Þ structure function, where there is no
mesonic effect, we have observed that due to the shad-
owing corrections at very low x, for example, at x ¼ 0.05,
there is a further reduction from the results obtained using
only the spectral function, which is about 11% and 3% at
Q2 ¼ 2 and 20 GeV2, respectively. Whereas at x ¼ 0.1we
observe an enhancement arising due to antishadowing
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FIG. 9. Results for the nuclear structure functions FiAðx;Q2Þ; ði ¼ 1–3Þ vs x are shown for the different values ofQ2. nf4 denotes the
evaluation of FiAðx;Q2Þ in the four-flavor scheme (u, d, s, and c) by treating u, d, s quarks to be massless and c quark to be massive. The
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The results are also presented for the case when a cut on the c.m. energyW > 2 GeV is applied. SF corresponds to the results only with
the spectral function, and Total corresponds to the results of full model, where the additional contribution from the mesonic clouds and
the shadowing effects are taken into account. The results of F2Aðx;Q2Þ and xF3Aðx;Q2Þ are compared with the phenomenological
results obtained using the nCTEQ15 nuclear PDFs parametrization [66].
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correction which is about 7% for Q2 ¼ 2 GeV2 and it
decreases to ≈1% for Q2 ¼ 20 GeV2.
The present theoretical model was first applied to study

the nuclear medium effects in the electromagnetic nuclear
structure functions, i.e., FEM

1A ðx;Q2Þ and FEM
2A ðx;Q2Þ using

different nuclear targets such as beryllium, carbon, alumin-
ium, calcium, iron, copper, tin, gold, and lead [32,35,37,38].
These theoretical results were compared with the available
data from EMC [67], SLAC [68], NMC [69,70], and JLab
[71,72] experiments and were found to be in reasonable
agreement. Moreover, in Ref. [38], a comparative study of
our theoretical results with the phenomenological paramet-
rizations of Whitlow et al. [73,74] and nCTEQ15 nuclear
PDFs [66] were made. In Refs. [30,33,37,39], this model
was applied to understand the nuclear medium effects in
νμðν̄μÞ − A DIS process for carbon, hydrocarbon, argon,
iron, and lead nuclear targets, which are presently being used
in most of the (anti)neutrino oscillation experiments or those
being used by the MINERvA Collaboration in order to
understand the hadron dynamics in the nuclear medium. The
results of weak nuclear structure functions and the differ-
ential scattering cross sections were compared with the
available experimental data of CDHSW [75], NuTeV [76],
CCFR [77], CHORUS [78], and MINERvA [79] Colla-
borations, as well as with the phenomenological paramet-
rizations of nCTEQnu nuclear PDFs [80], Hirai et al. [81],
Eskola et al. [26], Cloet et al. [82], Bodek and Yang [83,84],
and GENIEMonte Carlo generator [85]. In the present work,
the numerical results of F2Aðx;Q2Þ and xF3Aðx;Q2Þ in
argon have been compared with the results obtained using
the nCTEQ15 nuclear PDFs parametrization [66] as shown
in Fig. 9. It may be noticed from the figure that the results of
F2Aðx;Q2Þ are consistent with the phenomenological results
of nCTEQ15 [66], while the results of xF3Aðx;Q2Þ are
different in the intermediate region of x (≤ 0.4); however,
this difference decreases with the increase in x and Q2.
We have also observed that the inclusion of W cut

suppresses the nuclear structure functions as shown in
Fig. 9. The effect of kinematical cut on W is summa-
rized below:

(i) Because of the effect of c.m. energy cut of 2 GeV,
i.e., W > 2 GeV, the suppression in the results of
F1Aðx;Q2Þ is found to be 14%ð3%Þ at x ¼ 0.1 and
18%ð< 1%Þ at x ¼ 0.3, while in F2Aðx;Q2Þ it is
found to be about 13%ð< 1%Þ at x ¼ 0.1 and
∼25%ð< 1%Þ at x ¼ 0.3 for Q2 ¼ 2ð20Þ GeV2. In
F1Aðx;Q2Þ and F2Aðx;Q2Þ, the c.m. energy cut is
important only in the low Q2 region, and this effect
becomes almost negligible for Q2 > 20 GeV2. It
may be noticed that this suppression is x dependent
(large suppression at higher values of x).

(ii) The nature of suppression in F3Aðx;Q2Þ is different
from F1Aðx;Q2Þ and F2Aðx;Q2Þ and is significant
even at high Q2. Furthermore, it may be observed

from Fig. 9 that the x dependence of F3Aðx;Q2Þ is
also different from F1Aðx;Q2Þ and F2Aðx;Q2Þ, and
the effect of W cut is prominent at low x even for
Q2 ∼ 20 GeV2. For example, at x ¼ 0.1 the sup-
pression in the results of F3Aðx;Q2Þ with c.m.
energy cut ofW > 2 GeV as compared to the results
obtained without having any constraint on the c.m.
energy is about 16% for Q2 ¼ 2 GeV2 and 38% for
Q2 ¼ 20 GeV2, and at x ¼ 0.3 it becomes 5% for
Q2 ¼ 2 GeV2 and 12% for Q2 ¼ 20 GeV2.

In Fig. 10, the results for the nuclear structure functions
F4Aðx;Q2Þ and F5Aðx;Q2Þ vs x, are shown, considering all
the cases discussed above for Fig. 9. These are the two
additional structure functions that contribute to the charged
current ντ=ν̄τ-nucleus scattering cross sections in the case
of mτ ≠ 0 and their contributions are negligible in νe=νμ
induced charged current DIS. Here we find that F4Aðx;Q2Þ
has a finite contribution in the region of low xð≤ 0.2Þ
and at low Q2ðQ2 ∼ 2–5Þ GeV2, while at higher values
of x its contribution becomes almost negligible. For
example, when the evaluation of PDFs is performed at
the next-to-leading order, we have observed that the
value of F4Nðx;Q2Þ is finite and considerably large at
very low x as compared to the leading order case, where
F4Nðx;Q2Þ ¼ 0. Moreover, we find that in the case of
bound nucleon the results of nuclear structure functions
F4Aðx;Q2Þ get suppressed by about 10%–12% due to
nuclear medium effects as compared to the results of
F4Nðx;Q2Þ, in the region of x ≤ 0.2. With the increase
in Q2 (20 vs 2 GeV2), F4Aðx;Q2Þ contributes only at very
low x. The effects of W cut and charm mass are found to
be small in F4Aðx;Q2Þ. For F5Aðx;Q2Þ, we have noticed
that the x and Q2 dependence is qualitatively similar as
observed in the case of F2Aðx;Q2Þ. The effect of nuclear
corrections obtained only with the spectral function has
been found to be qualitatively similar in F5Aðx;Q2Þ and
F2Aðx;Q2Þ, and the mesonic cloud contributions in
F5Aðx;Q2Þ, which are incorporated using the Albright-
Jarlskog relation at the leading order, give rise to an
enhancement in the nuclear structure function. For exam-
ple, at Q2 ¼ 2ð20Þ GeV2 the mesonic cloud contribution is
found to be ∼7%ð6%Þ at x ¼ 0.2 and < 1%ð< 1%Þ at
x ¼ 0.5. By performing a comparative study of F2Aðx;Q2Þ
and F5Aðx;Q2Þ, we find that the Albright-Jarlskog relation
gets violated due to the presence of nuclear medium effects
(not shown here explicitly), especially in the region of low
and intermediate xð≤ 0.6Þ, and with the increase in x and
Q2 the difference between F2Aðx;Q2Þ and 2xF5Aðx;Q2Þ
becomes almost negligible. Other effects like the inclusion
of the massive charm quark or kinematical constrain (c.m.
energy cut) have been found to be qualitatively similar to
what has been observed in the case of F2Aðx;Q2Þ.
Using the results of the nuclear structure functions

[FiAðx;Q2Þ; ði ¼ 1–5Þ], we evaluate the differential
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scattering cross section [Eq. (6)]. All the numerical results
are obtained forQ2 ≥ 1.0 GeV2 at NLO with HTand TMC
effects in the energy range for 6.25 ≤ Eν ≤ 20 GeV, which
is the relevant energy region of the present and future
(anti)neutrino experiments. The effects of c.m. energy cut
of W > 1.6 and W > 2 GeV on the scattering cross
sections have been also studied.
In Fig. 11, the results for the double differential scatter-

ing cross section 1
Eν

d2σ
dxdy vs y is shown for the different

values of x at Eν ¼ 6.25 GeV.We find that the contribution
to the cross section comes from the intermediate and high
regions of x, and for y ≤ 0.6. In the presently considered
kinematical region of 0.5 ≤ x ≤ 0.9 and y ≤ 0.6, the
mesonic cloud contribution to the differential scattering
cross section is significant in the region of low inelasticity
y, however, it becomes small with the increase in y. For
example, at x ¼ 0.5 there is an enhancement of 23% for
y ¼ 0.2 and 16% for y ¼ 0.3 in the full model as compared
to the results obtained using only the spectral function. The
kinematic region of 0.3 ≤ Q2 ≤ 6 GeV2 is sensitive to
the nonperturbative QCD corrections of higher twist effect,
the inclusion of which along with the TMC effect leads to
an enhancement of about 21% and 5% at x ¼ 0.6 for
y ¼ 0.2 and y ¼ 0.4, respectively, as compared to the

results obtained only with the TMC effect (not shown
here explicitly). We have found that the enhancement in the
cross sections due to the HT effect becomes more pro-
nounced with the increase in x, e.g., at x ¼ 0.8, it is found
to be 88% for y ¼ 0.2 and 28% for y ¼ 0.4. Furthermore,
incorporation of the c.m. energy cut in the numerical
calculations further reduces the DIS cross section, like
at x ¼ 0.6 and y ¼ 0.4 (corresponding to Q2 ¼ ∼3 GeV2)
the results of 1

Eν

d2σ
dxdy obtained without any cut on the c.m.

energy are 28% and 95% higher in magnitude as compared
to the results with cuts of W > 1.6 and W > 2 GeV,
respectively. It is important to point out that the application
of W ≥ 2 GeV cut (shown with double-dash-dotted lines)
leads to a very small (almost negligible) contribution of
DIS cross section in the considered kinematic region.
To study the energy dependence of the cross section,

we have calculated the differential scattering cross sections
at Eν ¼ 10 GeV as well as at Eν ¼ 20 GeV, and the
corresponding results are presented in Figs. 12 and 13,
respectively. One may notice from the figures that with the
increase in energy the differential cross section gets
enhanced. For example, we find an enhancement of about
24%ð30%Þ at x ¼ 0.3 and 18%ð17%Þ at x ¼ 0.6 for
y ¼ 0.2ð0.4Þ in the results of the cross section obtained
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FIG. 10. Results for nuclear structure functions FiAðx;Q2Þ; (i ¼ 4, 5) vs x are shown at the different values of Q2. The results are
obtained by treating u, d, s quarks to be massless and c quark to be massive. The numerical calculations are performed by incorporating
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at Eν ¼ 20 GeV as compared to the results obtained at
Eν ¼ 10 GeV. It is important to point out that, up to
Eν ¼ 20 GeV, the contribution to the cross section from
the charm quark is negligible (not shown here explicitly).
Moreover, we have found that the effect of twist-4 con-
tribution (HT effect) decreases with the increase in energy,
quantitatively as we move from Eν¼6.25 to Eν ¼ 10 GeV;
a reduction of about 7%ð1%Þ for y ¼ 0.2ð0.4Þ at x ¼ 0.6 is

found, which becomes 43%ð14%Þ at x ¼ 0.8. The impact
of HT corrections is further reduced for Eν ¼ 20 GeV.
The inclusion of the c.m. energy cuts (W > 1.6 and
W > 2.0 GeV) significantly reduces the cross section;
however, this reduction becomes small with the increase
in energy in the wide kinematic region of x and y.
For Eν ¼ 10 GeV, we find a reduction of about 25%(40%)
with W > 1.6 GeV cut (shown by dash-double-dotted
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dxdy vs y, are shown at the different values of x for Eν ¼ 10 GeV

in ντ − 40Ar. The lines and symbols have the same meaning as in Fig. 11.
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line), which becomes 26%(90%) with W > 2 GeV cut
(shown by double-dash-dotted line) for y ¼ 0.2ð0.4Þ
at x ¼ 0.3.
To understand the impact of charged lepton mass on the

scattering cross section in order to interpret the exper-
imental data, we have also performed the numerical
calculations for νμ − 40Ar deep inelastic scattering cross
section, where the contributions from F4Aðx;Q2Þ and
F5Aðx;Q2Þ are negligible. Moreover, a comparison of
the differential cross section obtained for the νμ − 40Ar
vs ντ − 40Ar scattering processes has also been made to
quantify the effect of lepton mass. These results are
presented in Figs. 14 and 15, respectively.

The results of 1
Eν

d2σA
dxdy vs y are presented in Fig. 14 at the

different values of x for Eνμ ¼ 6.25 GeV. For the sake of
completeness, we have made a comparison of these
theoretical results for νμ − 40Ar scattering cross section
with the results obtained using the phenomenological
nuclear PDFs prescribed by the nCTEQnu Collaboration
[80] to obtain the cross sections. This comparative study
gives an overview of existing uncertainties in the prediction
of the cross sections. We observe that the present theoretical
results with the TMC effect at NLO in the four-flavor

MSbar scheme (solid line) [86] show significant deviation
from the results obtained using the nCTEQnu nuclear PDFs
parametrization [80], especially in the region of high y
and low x. However, in the intermediate range of x, i.e.,
0.35 ≤ x ≤ 0.45 (presented here) both of the approaches
are in reasonable agreement. It implies that, in the region
of a few GeV (< 10 GeV), more theoretical as well as
phenomenological efforts are required in order to develop a
better understanding of neutrino interactions.
In order to see the effect of finite lepton mass on the cross

section, in Fig. 15, we present the results for the ratio of the

differential cross sections
ðd2σνdxdyÞντ−40Ar
ðd2σνdxdyÞνμ−40Ar

vs y, obtained using the

four-flavor MSbar scheme at NLO with TMC and HT
effects at the different values of x, for Eν ¼ 10 and
Eν ¼ 20 GeV. It may be noticed from the figure that the
effect of the lepton mass decreases with the increase in

energy and the ratio r

�
¼ ðd2σνdxdyÞντ−40Ar

ðd2σνdxdyÞνμ−40Ar

�
approaches unity at

high energies. For example, at x ¼ 0.3 and y ¼ 0.2ð0.4Þ, r
increases by 24%ð27%Þ when we increase the projectile
beam energy from 10 to 20 GeV, while it becomes
17%ð18%Þ at x ¼ 0.6. Furthermore, we observe that the
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FIG. 15. Ratio of the differential scattering cross section d2σντ
d2σνμ

vs y without any cut on c.m. energy is shown [21,52] at Eν ¼ 10

and Eν ¼ 20 GeV. These results are obtained at NLO by using MMHT nucleon PDFs parametrization [59]. The effects of
TMC [45] and HT [43] are also included.
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ratio r shows x as well as y dependence as the effect of
lepton mass increases with the increase in y and decrease
in x. For example, at y ¼ 0.4 and Eν ¼ 10ð20Þ GeV, the
ratio increases by 21%ð18%Þ when x is varied from 0.3 to
0.6. These results would be relevant for the upcoming
DUNE experiment, where the νμ → ντ oscillation channel
is planned to be studied.
In Figs. 16–18, the results for the antineutrino (ν̄τ)

induced reaction on the argon nuclear target have been

presented. These results are shown for 1
Eν

d2σA
dxdy vs y. The

qualitative behavior of the differential scattering cross
section and its modifications due to the nuclear medium
effects is similar to that observed in the case of ντ − 40Ar
induced DIS process (Figs. 11–13). However, quantita-
tively, the nuclear medium effects on the ν̄τ − 40Ar cross
sections are found to be larger at low x as compared to the
case of ντ − 40Ar cross sections. For example, on
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FIG. 16. Results for the double differential scattering cross section, 1
Eν

d2σA
dxdy vs y, are shown at the different values of x for

Eν ¼ 6.25 GeV in ν̄τ − 40Ar. The lines and symbols have the same meaning as in Fig. 11.
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FIG. 17. Results for the double differential scattering cross section, 1
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comparing the results obtained with the full model (total)
and the results obtained only using the spectral function, we
find that the ντ − 40Ar cross section gets enhanced by
30%ð1%Þ at Eν ¼ 10 GeV, y ¼ 0.3, and x ¼ 0.3ð0.6Þ,
while the ν̄τ − 40Ar cross section gets enhanced by
50%ð< 1%Þ. To study the effect of the c.m. energy cut
on ν̄τ − 40Ar scattering cross sections in Figs. 16–18, we
have compared the results when we apply no cut on the
c.m. energy (solid line) and when a cut of 2 GeV (W > 2.0)
is applied (double-dash-dotted line). We find a suppression
of about 41%ð86%Þ in the ντ − 40Ar and 63%ð87%Þ in the

ν̄τ − 40Ar scattering cross sections at Eν ¼ 10 GeV,

y ¼ 0.3, and x ¼ 0.3ð0.6Þ.
In Figs. 19 and 20, we have presented the results for

1
Eν
ðdσAdy Þ vs y, respectively, for ντ and ν̄τ induced DIS

processes by integrating 1
Eν

d2σA
dxdy over x in the kinematic

region as defined in Eq. (7). These results are obtained
for 6.25 ≤ Eν ≤ 20 GeV at NLO with the TMC and HT
effects in the four-flavor MSbar scheme. It is important to
notice that the scattering cross section peaks in the region of
low yð∼0.2Þ irrespective of the incoming neutrino energy.
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FIG. 18. Results for the double differential scattering cross section, 1
Eν

d2σA
dxdy vs y, are shown at the different values of x for Eν ¼ 20 GeV

in ν̄τ − 40Ar. The lines and symbols have the same meaning as in Fig. 11.

FIG. 19. 1
Eν
ðdσAdy Þ vs y is shown for Eν ¼ 6.25 GeV (left), 10 GeV (middle), and 20 GeV (right) in ντ − 40Ar. SF corresponds to the

results only with the spectral function, and Total corresponds to the results of full model, where the additional contribution from the
mesonic clouds and the shadowing effects are taken into account. Results are obtained in the four-flavor MSbar-scheme (massless
quarks viz. u, d, s and massive c quark) by incorporating the TMC [45] and HT [43] effects at NLO. For the numerical calculations
MMHT nucleon PDFs parametrization [59] has been used. Dash-dotted and solid lines represent the results of cross section only with
the spectral function and with the full model, respectively, without having any cut on the c.m. energyW. Double-dash-dotted line shows
the results for the full model with a cut of W > 2.0 GeV on the c.m. energy.
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When the results obtained using only the spectral function
(dash-dotted line) are compared with the results obtained
using the full model (solid line), we find an enhancement of
15%ð5%Þ in the ντ − 40Ar and 25%ð14%Þ in the ν̄τ − 40Ar
cross section at Eν ¼ 10 GeV and y ¼ 0.3ð0.5Þ. The effect
of charm mass has also been studied and found to be
negligible in the overall energy region of present interest
(not shown here explicitly). The results in these figures are
also compared when there is no cut (solid line) on the c.m.
energy and when a cut of W > 2 GeV is applied (double-
dash-dotted line), considering the region of Q2 ≥ 1 GeV2

and W ≥ 2 GeV to be the region of safe DIS [57,58].
From the figure, it may be noticed that the results of the
differential cross section obtained with a cut ofW ≥ 2 GeV
are very small at Eν ¼ 6.25 GeV; i.e., in the safe DIS
region at this energy value, the τ-lepton production is small.
While at higher energies, viz. Eν ¼ 10 and Eν ¼ 20 GeV,
there is significant contribution of tau-lepton events, which
results in an enhancement in the differential cross section.
From a quantitative analysis, we find that due to the effect
of W > 2 GeV cut the results of differential cross sections
at Eν ¼ 10 GeV get reduced by 67%ð22%Þ for the neutrino
induced process and by 75%ð38%Þ for the antineutrino
process at y ¼ 0.3ð0.5Þ. The differential scattering cross
section for ν̄τ − 40Ar interaction is found to be 36%ð82%Þ
smaller from the one obtained for ντ − 40Ar scattering at
y ¼ 0.2ð0.5Þ for Eν ¼ 6.25 GeV. This reduction is found
to be energy dependent and becomes 32%ð78%Þ at Eν ¼
10 GeV and 30%ð68%Þ at Eν ¼ 20 GeV for y ¼ 0.2ð0.5Þ.

IV. SUMMARY AND CONCLUSIONS

In this work, we have presented the results for the
nuclear structure functions [FiAðx;Q2Þ, i ¼ 1–5] and the
double ( d

2σ
dxdy) and single (dσdy) differential scattering cross

sections for the charged current ντ=ν̄τ − 40Ar deep inelastic
scattering by incorporating perturbative and nonperturba-
tive effects including the nuclear medium effect.
This is the first work that has explicitly dealt with the

nuclear medium effects in the evaluation of F4Aðx;Q2Þ and
F5Aðx;Q2Þ structure functions. These structure functions

become significant for the tau leptons produced in the
charged current ντ=ν̄τ interactions from the nuclear
target. In the evaluation of nuclear structure functions
FiAðx;Q2Þ; ði ¼ 1–5Þ, nucleon structure functions
FiNðx;Q2Þ; ði ¼ 1–5Þ are taken as input and then con-
voluted with the spectral function of the nucleons in the
nuclear medium to take into account the Fermi motion,
binding energy, and nucleon correlation effects. At the
nucleon level, we have assumed the Callan-Gross relation
[F2ðxÞ ¼ 2xF1ðxÞ] and Albright-Jarlskog [F2ðxÞ ¼
2xF5ðxÞ] relation. However, in the case of nuclei, all the
nuclear structure functions FiAðx;Q2Þ; ði ¼ 1–5Þ were
evaluated independently. In addition to that, we have
considered the mesonic contributions and shadowing
effects while evaluating the nuclear structure function.
Both of these effects are included in F1Aðx;Q2Þ and
F5Aðx;Q2Þ by using the Callan-Gross and Albright-
Jarlskog relations. Furthermore, in F3Aðx;Q2Þ, there is
no mesonic effect and only the shadowing effect contrib-
utes along with the nucleon spectral function, while in
F4Aðx;Q2Þ, both the shadowing effect and mesonic con-
tributions are absent. The kinematic region in which
these studies have been done are not only important to
the DUNE experiment, but also to the HyperK and IceCube
experiments, as well as to the atmospheric neutrino
experiments [3,7,8,12,13,17].
Our findings are as follows:
(i) The inclusion of perturbative and nonperturbative

effects is quite important in the evaluation of the
nucleon structure functions, as well as in the evalu-
ation of the differential scattering cross sections.

(ii) The nuclear structure functions obtained only with
the spectral function are suppressed from the free
nucleon case in the entire region of x. However, with
the increase in Q2, it has been observed that the
suppression in the nuclear structure functions due to
nuclear medium effects becomes small.

(iii) When the mesonic contributions are included, we
find an enhancement in the nuclear structure func-
tions F1Aðx;Q2Þ, F2Aðx;Q2Þ, and F5Aðx;Q2Þ in the
low and intermediate region of x. We observe that

FIG. 20. 1
Eν
ðdσAdy Þ vs y for Eν ¼ 6.25 GeV (left), 10 GeV (middle), and 20 GeV (right) in ν̄τ − 40Ar. The lines and symbols have the

same meaning as in Fig. 19.
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the mesonic contribution is dominant in the region of
0.2 ≤ x ≤ 0.6 and decreases with the increase inQ2.

(iv) We find that at low energy the double differential

scattering cross section d2σA
dxdy contributes only in the

intermediate and high region of x for the low and mid
range of y. The results obtained with the c.m. energy
cut are found to be very small at Eν ¼ 6.25 GeV.
Although, at higher neutrino energies (Eν ¼ 10 and
20 GeV) the scattering cross section gets enhanced,
but even at these energies we observe that in the
region of low y there is significant suppression in the
results due to the effect of c.m. energy cut. It implies
that the definition of sharp kinematic limits for the
safe DIS region is quite important in order to avoid
the contribution coming from the inelastic region to
be calculated using DIS formalism.

(v) For the antineutrino induced process, the scattering
cross section gets reduced as compared to the case of
the neutrino induced process, which was expected.
However, the qualitative behavior of the lepton mass
effect, c.m. energy cut, massive charm quark, and
nuclear medium effects is found to be similar.

(vi) Theeffect of τ-leptonmass is found tobe significant at
low energies in the region of low and intermediate x.
However, with the increase in energy, the leptonmass
effect gradually decreases.

(vii) The differential scattering cross section dσ
dy peaks in

the low y region irrespective of the (anti)neutrino
energies.

Thus, to conclude these theoretical results describing
the nuclear medium effects in various regions of Bjorken x
and inelasticity y for ντðν̄τÞ − 40Ar scattering, it would be
helpful to understand the experimental results from DUNE.
Furthermore, these results are also important in under-
standing the results from the experiments being performed
using atmospheric neutrinos.
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