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1 The study of (anti)neutrino reactions from the nuclear targets has
been emphasized as almost all the present generation (anti)neutrino
experiments use moderate to heavy nuclear targets like
12C,16O,40Ar,56Fe,208Pb, where the interactions take place with the
nucleons that are bound inside the nucleus.

2 Various experiments like MINERνA, NOvA, T2K, etc., are being
performed in the few GeV energy region where the contribution to the
scattering cross section comes from all the possible channels, viz.,
quasielastic, inelastic, and deep inelastic scattering processes.

3 The precision with which the basic neutrino-nucleon cross sections in
nuclear targets are known is still not better than 20-30%.

4 Neutrino oscillation experiments measure events that are a
convolution of
(i) energy-dependent neutrino flux and
(ii) energy-dependent cross section.

5 In the Deep Underground Neutrino Experiment (DUNE), it is
expected that more than 30% of the events would come from the DIS
region
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NME is broadly divided into four parts
M. Sajjad Athar and S. K. Singh, The Physics of Neutrino Interactions (CUP, 2020)

MINERνA: PRD93 071101(2016)
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Phenomenological Efforts
Phenomenological group data types used
EKS98 l+A DIS, p+A DY
HKM l+A DIS
HKN04 l+A DIS, p+A DY
nDS l+A DIS, p+A DY
EKPS l+A DIS, p+A DY
HKN07 l+A DIS, p+A DY
EPS08 l+A DIS, p+A DY, h±,π0,π± in d+Au
EPS09 l+A DIS, p+A DY, π0 in d+Au
nCTEQ l+A DIS, p+A DY
nCTEQ l+A and ν+A DIS, p+A DY
DSSZ l+A and ν+A DIS, p+A DY,

π0,π± in d+Au

Paukkunen and Salgado:JHEP2010: “find no apparent disagree-
ment with the nuclear effects in neutrino DIS and those in
charged lepton DIS.”

CTEQ-Grenoble-Karlsruhe collaboration “observed that the nu-
clear corrections in ν-A DIS are indeed incompatible with the
predictions derived from l±-A DIS and DY data”
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Charged lepton nucleus scattering

If we look inside the nucleus

We have incorporated the following NME in the present
calculation

1 Fermi motion
2 Pauli blocking
3 Nucleon correlations
4 Pion and rho meson cloud contributions
5 Shadowing and antishadowing
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Nucleon binding

The nucleons in the nucleus are bound and the binding
energy of the nuclei is well studied and known.

The nucleons in the nuclei are off-mass shell and do not
satisfy the energy momentum relation, that is, p2 =M2.
There are many theoretical models suggesting that the
effective mass of nucleons is reduced in the nuclear medium
and the reduction is related to the strength of the potential
responsible for the nuclear binding; it is therefore model
dependent.
This affects the free particle kinematics and the peak of the
energy distribution is shifted in the energy distribution of
the nucleus around the peak corresponding to ∆E = −q2

2M
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Fermi motion

The binding energy and the Fermi motion of the bound
nucleons affect the kinematics as well as the dynamics of
the DIS process induced by both the charged lepton and
(anti)neutrinos from the nuclear targets.

The nucleons in the nucleus move with a momentum ~p. In
the Fermi gas model, this momentum is bounded by a
maximum momentum pF called Fermi momentum given in
terms of the density as pF = (3π2ρ)3

In a shell model picture, the nucleons move in a central
mean field described by a potential V (r); the motion is
described nonrelativistically by a Hamiltonian given by
H = −q2

2M +V (r)
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The momentum of the nucleon in a nucleus is then defined
through the momentum distribution of the nucleons in the
nuclei which is determined by the nucleon wave function
ψ(~p) in momentum space obtained by solving the
Schrodinger equation with H.

This momentum distribution is called the spectral function
of the nucleon S(~p,E). In the simplest case of the Fermi
gas model, it is given by:
S(~p,E)∝ θ(pF −p)δ(E−

√
(|~p|2 +M2 + ε))

where ε is the separation energy. In a realistic nucleus, the
spectral function is related to |ψ(~p)|2.
The cross sections from a nucleon of a given momentum ~p
is then convoluted with the spectral function S(~p,E).
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Pauli blocking

In the conventional shell model picture of nuclei, various
nuclear states are filled by neutrons and protons starting
from the lowest possible state up to a certain nuclear state
depending upon the number of nucleons.

Similarly, in a Fermi gas picture of the nuclei, all the
nuclear states in the Fermi sea are filled up to the
momentum pF

In any nuclear reaction, the nucleons from a certain filled
state are excited to a higher unoccupied state depending
upon the energy transfer, creating a hole in the previously
occupied state. This is called the creation of a
particle-hole(1p-1h) state in the in the Fermi sea.
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The nucleons are fermions and follow Pauli’s exclusion
principle, the excited particles are not allowed to occupy
the already filled states.

All the nuclear states up to a certain momentum in the
phase space are inaccessible for occupation after
scattering.This is called Pauli blocking and leads to the
reduction in the cross section which could be substantial in
certain kinematical regions especially in the region of low
momentum transfers.
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Approach to add Nuclear effects

Fermi motion, binding energy and nucleon correlations
through spectral function and is calculated using
Lehmann’s representation for the relativistic nucleon
propagator.

Nuclear many body theory is used to calculate it for an
interacting Fermi sea in nuclear matter. A local density
approximation is then applied to translate these results to
finite nuclei.
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There are virtual mesons associated with the nucleon
bound inside the nucleus. These meson clouds get
strengthened by the strong attractive nature of
nucleon-nucleon interactions.

This leads to an increase in the interaction probability of
virtual mediating quanta with the meson cloud. The effect
of meson cloud is more pronounced in heavier nuclear
targets and dominate in the intermediate region of
x(0.2<x<0.6).
The shadowing suppression at small x occurs due to
coherent multiple scattering of quark-anti quark pair
coming from the virtual boson with destructive interference
of the amplitudes and is incorporated following the works
of Kulagin and Petti. Phys. Rev. D 76, 094033(2007).
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l±−N scattering

l±(k) +N(p)→ l±(k′) +X(p′),

l±-N DCX:
d2σN

dΩ′dE′ = α2

q4
|k′|
|k| L

αβ WN
αβ

ν(ν̄)−N scattering

νl(ν̄l)(k) +N(p)→ l±(k′) +X(p′),

νl(k)

l−(k′)

W+(q = k − k′)

N(p)

X(p′)

ν-N DCX:

d2σN

dΩ′dE′
=
GF

2

(2π)2
|k′|
|k|

(
m2
W

q2−m2
W

)2
L
αβ
W
N
αβ
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l±−N scattering
Leptonic Tensor

L
αβ = 2(kαk′β +k

β
k
′α−k.k′gαβ)

Hadronic tensor

W
N
αβ =

(
qαqβ

q2
−gαβ

)
W1N +

1
M2

×
(
pα−

p.q

q2
qα

)(
pβ −

p.q

q2
qβ

)
W2N

MW1N (ν,Q2) = F
N
1 (x,Q2)

νW2N (ν,Q2) = F
N
2 (x,Q2)

F
ep
2 (x) = x

[
4
9

(u(x) + ū(x)) +
1
9

(d(x) + d̄(x))

+
1
9

(s(x) + s̄(x)) +
4
9

(c(x) + c̄(x))
]

ν(ν̄)−N scattering
Leptonic Tensor

L
αβ = k

α
k
′β +k

β
k
′α−k.k′gαβ ± iεαβρσkρk′σ

Hadronic tensor

W
N
αβ =

(
qαqβ

q2
−gαβ

)
W
ν(ν̄)
1N +

1
M2

×
(
pα−

p.q

q2
qα

)(
pβ −

p.q

q2
qβ

)
W
ν(ν̄)
2N

−
i

2M2
εαβρσp

ρ
q
σ
W
ν(ν̄)
3N

MW1N (ν,Q2) = F
N
1 (x,Q2)

νW2N (ν,Q2) = F
N
2 (x,Q2)

νW3N (ν,Q2) = F
N
3 (x,Q2)

F
νp
2 = 2x[d(x) + s(x) + ū(x) + c̄(x)],

xF
ν̄p
3 = 2x[u(x) + c(x)− d̄(x)− s̄(x)]
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l±−N scattering
The differential cross section:

d2σl

dxdy
=

8MNElπα2

Q4

{
xy

2
F1N (x,Q2) +

(
1−y−

xyMN

2El

)
F2N (x,Q2)

}
.

ν(ν̄)−N scattering
The differential cross section:

d2σν(ν̄)

dx dy
=

G2
FMEν

π(1 +Q2/M2
W

)2

([
y
2
x+

m2
l
y

2EνM

]
F1N (x,Q2)

+
[

(1−
m2
l

4E2
ν

)− (1 +
Mx

2Eν
)y
]
F2N (x,Q2)

±
[
xy(1−

y

2
)−

m2
l
y

4EνM

]
F3N (x,Q2)

)
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Fermi motion and Binding energy

The cross section for an element of volume dV in the nucleus is
related to the probability per unit time (Γ) of the lepton
interacting with the nucleons:

dσ = ΓdtdS = Γdt
dl
dSdl = Γ1

v
dV = Γ El

| k |dV = Γ El
| k |d

3r,

dl is the length of the interaction, v(= dl
dt) is the velocity of the

incoming lepton and we have used k = vEl.

Γ is also related to imaginary part of lepton self energy:

−Γ
2 = ml

El(k)ImΣ
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Fermi motion and Binding energy

dσ = −2m
El(k)ImΣ(k)El(k)

|k| d
3r,

Lepton self energy Σ(k):

−iΣ(k) =
∫

d4q

(2π)4 ūl(k) ieγµ i 6k′+m

k′2−m2 + iε

ieγνul(k)−igµρ
q2 (−i) Πρσ(q) −igσν

q2

Imaginary part of lepton self energy:

ImΣ(k) = e2
∫

d3q

(2π)3
1

2El
θ(q0) Im(Παβ) 1

q4
1

2m Lαβ

In this expression, Παβ is the photon self-energy, which is
written in terms of the nucleon (Gl) and meson (Dj)
propagators.
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Fermi motion and Binding energy

dσ = −2m
El(k)ImΣ(k)El(k)

|k| d
3r,

Lepton self energy Σ(k):

−iΣ(k) =
∫

d4q

(2π)4 ūl(k) ieγµ i 6k′+m

k′2−m2 + iε

ieγνul(k)−igµρ
q2 (−i) Πρσ(q) −igσν

q2

Imaginary part of lepton self energy:

ImΣ(k) = e2
∫

d3q

(2π)3
1

2El
θ(q0) Im(Παβ) 1

q4
1

2m Lαβ

In this expression, Παβ is the photon self-energy, which is
written in terms of the nucleon (Gl) and meson (Dj)
propagators.
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l±/ν(ν̄)−A scattering

Fermi motion and Binding energy

photon self-energy Παβ(q) in the nuclear medium:

γ∗(q)

γ∗(q)

Παβ(q) = e2
∫

d4p

(2π)4G(p)
∑
X

∑
sp,sl

∏N

i=1

∫
d4p′i
(2π)4

∏
l

Gl(p′l)
∏
j

Dj(p′j)

<X|Jµ|H ><X|Jν |H >∗ (2π)4 δ4(q+p−
N∑
i=1

p′i)

where sp is the spin of the nucleon, sl is the spin of the fermions in X, <X|Jµ|H > is the
hadronic current for the initial state nucleon to the final state hadrons, index l, j are
respectively, stands for the fermions and for the bosons in the final hadronic state X, and
δ4(q+p−

∑N

i=1
p′i) ensures the conservation of four momentum at the vertex.

The nucleon propagator G(p) inside the nuclear medium provides information about the

propagation of the nucleon from the initial state to the final state or vice versa.



Deep inelastic scattering from nucleons and nuclei
l±/ν(ν̄)−A scattering

Nucleon correlations

Relativistic Dirac propagator G0(p0,p) for a free nucleon:

G0(p0,p) = M

E(p)

{∑
r ur(p)ūr(p)

p0−E(p) + iε
+
∑
r vr(−p)v̄r(−p)
p0 +E(p)− iε

}

Only the positive energy contributions are retained as the negative
energy contributions are suppressed. In the interacting Fermi sea, the
relativistic nucleon propagator is then written in terms of the nucleon
self-energy

∑N (p0,p).
In the nuclear many body technique, the quantity that contains all
the information on single nucleon properties in the nuclear medium is
the nucleon self-energy

∑N (p0,p).
For an interacting Fermi sea, the relativistic nucleon propagator is
written in terms of the nucleon self-energy and in nuclear matter, the
interaction is taken into account through Dyson series expansion.



Deep inelastic scattering from nucleons and nuclei
l±/ν(ν̄)−A scattering

Nucleon correlations

The nucleon propagator in the interacting Fermi sea:

X(p′) +

l−(k)

l−(k′)

l−(k)
γ∗(q)

γ∗(q)
N (p)

1h 1p +
l−(k′)

N (p)

1h 1∆X(p′)

l−(k)

l−(k) γ∗(q)

γ∗(q)
l−(k)

l−(k)
γ∗(q)

γ∗(q)

l−(k′)
1h 1p

1∆1h

X(p′) +......................

π, ρ, ...

π, ρ, ....

π, ρ, ....

G(p0,p) =
M

E(p)

∑
r
ur(p)ūr(p)(

p0−E(p) + iε
) +
(

M

E(p)

)2 1(
p0−E(p) + iε

)∑ ∑
r
ur(p)ūr(p)(

p0−E(p) + iε
) + ..

=
M

E(p)

∑
r
ur(p)ūr(p)(

p0−E(p) + iε M
E(p)

∑)
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Nucleon correlations
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Deep inelastic scattering from nucleons and nuclei
l±/ν(ν̄)−A scattering

Nucleon correlations

Relativistic nucleon propagator in the nuclear medium:

G(p0,p) = M

E(p)
∑
r

ur(p)ūr(p)
[∫ µ

−∞
dω

Sh(ω,p)
p0−ω− iε

+
∫ ∞
µ

dω
Sp(ω,p)
p0−ω+ iε

]

for p0 ≤ µ

Sh(p0,p) = 1
π

M
E(p)ImΣ(p0,p)

(p0−E(p)− M
E(p)ReΣ(p0,p))2 + ( M

E(p)ImΣ(p0,p))2

for p0 > µ

Sp(p0,p) =− 1
π

M
E(p)ImΣ(p0,p)

(p0−E(p)− M
E(p)ReΣ(p0,p))2 + ( M

E(p)ImΣ(p0,p))2

P.Fernandez de Cordoba and E. Oset, PRC 46, 1697(1992)
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Nucleon correlations
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Deep inelastic scattering from nucleons and nuclei
l±/ν(ν̄)−A scattering

Nucleon correlations

Spectral function is normalized to mass number ’A’:

4
∫
d3r

∫
d3p

(2π)3

∫ µ

−∞
Sh(ω,p,ρ(r)) dω =A,

where ρ(r) is the baryon density for the nucleus.
Kinetic energy < T >:

< T >= 4
A

∫
d3r

∫
d3p

(2π)3 (E(p)−M)
∫ µ

−∞
Sh(p0,p,ρ(r)) dp0 ,

< E >= 4
A

∫
d3r

∫
d3p

(2π)3

∫ µ

−∞
Sh(p0,p,ρ(r)) p0dp0 ,

and the binding energy per nucleon:

|EA|=−
1
2(<E−M >+A−2

A−1 < T >)
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Deep inelastic scattering from nucleons and nuclei
l±/ν(ν̄)−A scattering

Nucleon correlations

Lepton self energy Σ(k) in the nuclear medium:

ImΣ(k) = e2
∫

d3q

(2π)3
1

2El
θ(q0) Im(Παβ) 1

q4
1

2m Lαβ

Scattering cross section: dσ =− 2mν
|k| Im Σ d3r .

Differential scattering cross section for l±−A interaction:

d2σ
dΩ′dE′ =− α

(q)4
|k′|
|k|

1
(2π)2Lαβ

∫
d3rImΠαβ(q) .

l±-N DCX: d2σN

dΩ′dE′ = α2

q4
|k′|
|k| L

αβ WN
αβ

l±-A DCX: d2σA

dΩ′dE′ = α2

q4
|k′|
|k| L

αβ WA
αβ

WA
αβ =−

∫
d3rImΠαβ(q)



Deep inelastic scattering from nucleons and nuclei
l±/ν(ν̄)−A scattering

Nucleon correlations

Nuclear hadronic tensor:
It is written as a convolution of nucleonic hadronic tensor with
the hole spectral function

WA
αβ = 4

∫
d3r

∫
d3p

(2π)3

∫ µ

−∞
dp0 M

E(p)Sh(p0,p,ρ(r))WN
αβ(p,q)

W
A
µν =

(
qµqν

q2
−gµν

)
W
A
1 (ν,Q2) +

WA
2 (ν,Q2)
M2
A

(
pµ−

p.q

q2
qµ

)(
pν −

p.q

q2
qν

)

W
N
µν =

(
qµqν

q2
−gµν

)
W1N (ν,Q2) +

W2N (ν,Q2)
M2

(
pµ−

p.q

q2
qµ

)(
pν −

p.q

q2
qν

)
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Nucleon correlations

Nuclear hadronic tensor:
It is written as a convolution of nucleonic hadronic tensor with
the hole spectral function
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Deep inelastic scattering from nucleons and nuclei
l±/ν(ν̄)−A scattering

Nucleon correlations

Taking the xx component

WN
xx =

(
qxqx
q2 −gxx

)
WN

1 + 1
M2

(
px−

p.q

q2 qx

)(
px−

p.q

q2 qx

)
WN

2

Choosing q along the z-axis

WN
xx(νN ,Q2) =WN

1 (νN ,Q2) + 1
M2 p

2
xW

N
2 (νN ,Q2)
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Deep inelastic scattering from nucleons and nuclei
l±/ν(ν̄)−A scattering

Nucleon correlations

Similarly taking xx component of nuclear hadronic tensor

WA
xx(νA,Q2) =WA

1 (νA,Q2) = FA1 (xA)
AM

F1(x) =M W1(ν,Q2), F2(x) = ν W2(ν,Q2)

FA1 (xA)
AM

= 4
∫
d3r

∫
d3p

(2π)3
M

E(p)

∫ µ

−∞
dp0Sh(p0,p,ρ(r))×[

FN1 (xN )
M

+ 1
M2 px

2F
N
2 (xN )
ν

]
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Nucleon correlations

F2(x) = νW2(ν,Q2)

FA2 (xA) in nuclear medium

FA2 (xA) = 2
∑
p,n

∫
d3r

∫
d3p

(2π)3
M

E(p)

∫ µ

−∞
dp0Sp,nh (p0,p,ρp,n(r))FN2 (xN )C

C =

[
Q2

q2z

(
p2 − p2

z
2M 2

)
+ (p.q)2

M 2 ν2

(
pz Q2

p.qqz
+ 1

)2 q0 M
p0 q0 − pz qz

]
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Nucleon correlations

Formalism: νl/ν̄l−A scattering

To calculate the scattering
cross section for a neutrino
interacting with a target
nucleon in the nuclear
medium, we write

dσA =−2 mν

| k |ImΣ(k)d3r.

The neutrino self energy
Σ(k):

Σ(k) = iGF√
2

∫
d4q

(2π)4
4LWI

µν

ml

1
(k′2−m2

l + iε)

(
MW

q2−M2
W

)2
Πµν(q) ,

l−(k′)

νl(k)

νl(k)

W+(q)

W+(q)

N (p)
X(p′)

uνl(k)

ūνl(k)

−igW
2
√
2
γν(1− γ5)

−igW
2
√
2
γµ(1− γ5)

−igµν−qµqν

M2
W

q2−M2
W

i( 6k′+ml)

k
′2−m2

l

Πµν

−igµν−qµqν

M2
W

q2−M2
W

Πµν(q) written in terms of the nucleon propagator (Gl) and
meson propagator (Dj):

Πµν(q) =
(
GFM

2
W√

2

)
×
∫

d4p

(2π)4G(p)
∑
X

∑
sp,sl

N∏
i=1

∫
d4p′i
(2π)4

∏
l

Gl(p′l)
∏
j

Dj(p′j)

<X|Jµ|N ><X|Jν |N >∗ (2π)4 δ4
(
k+p−k′−

N∑
i=1

p′i

)
,
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Nucleon correlations

Weak Nuclear Structure Function

FA1 (xA) = 4AM
∫
d3r

∫
d3p

(2π)3
M

E(p)

∫ µ

−∞
dp0Sh(p0,p,ρ(r))[

FN1 (xN )
M

+ 1
M2 px

2F
N
2 (xN )
ν

]

FA2 (xA) = 2
∑
p,n

∫
d3r

∫
d3p

(2π)3
M

E(p)

∫ µ

−∞
dp0Sp,nh (p0,p,ρp,n(r))FN2 (xN )C

C =

[
Q2

q2z

(
p2 − p2

z
2M 2

)
+ (p.q)2

M 2 ν2

(
pz Q2

p.qqz
+ 1

)2 q0 M
p0 q0 − pz qz

]

FA3 (xA,Q2) = 4
∫
d3r

∫
d3p

(2π)3
M

E(p)

∫ µ

−∞
dp0Sh(p0,p,ρ(r)) p0γ−pz

(p0−pzγ)γ
FN3 (xN )



Deep inelastic scattering from nucleons and nuclei
l±/ν(ν̄)−A scattering
π and ρ mesons contributions

π and ρ mesons contributions

“Significant at low and mid x”

1 There are virtual mesons associated with each nucleon
bound inside the nucleus.

2 These meson clouds get strengthened by the strong
attractive nature of nucleon-nucleon interactions.

3 This leads to an increase in the interaction probability of
virtual photons with the meson cloud.

4 The effect of meson cloud is more pronounced in heavier
nuclear targets and dominate in the intermediate region of
x(0.2<x<0.6).
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Deep inelastic scattering from nucleons and nuclei
l±/ν(ν̄)−A scattering
π and ρ mesons contributions

For meson cloud contribution

2π M

E(p)Sh(p0,p)Wαβ
N (p,q)→ 2ImD(p)θ(p0)Wαβ

π (p,q)

Pion propagator in the nuclear medium

D(p) = [p0
2−p2−m2

π−Ππ(p0,p)]−1

Ππ = f2/m2
πF

2(p)p2Π∗

1−f2/m2
πV
′
LΠ∗

πNN form factor F (p) = (Λ2−m2
π)/(Λ2 +p2)
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π and ρ mesons contributions

FA1,π(xA):

FA1,π(xπ) = −6AM
∫
d3r

∫
d4p

(2π)4 θ(p0) δImD(p) 2mπ ×[
F1π(xπ)
mπ

+ |p|2 − p2
z

2(p0 q0 − pzqz)
F2π(xπ)
mπ

]

FA2,π(xA):

FA2,π (xπ) = −6
∫
d3r

∫
d4p

(2π)4 θ(p0) δImD(p) 2mπ
mπ

p0 − pz γ
C1F2π(xπ)

C1 = Q2

q2
z

(
|p|2 − p2

z

2m2
π

)
+ (p0 − pz γ)2

m2
π

(
pz Q

2

(p0 − pz γ)q0qz
+ 1

)2



Deep inelastic scattering from nucleons and nuclei
l±/ν(ν̄)−A scattering
π and ρ mesons contributions

FA1,ρ(xA):

FA1,ρ(xρ) = −12AM
∫
d3r

∫
d4p

(2π)4 θ(p0) δImDρ(p) 2mρ×[
F1ρ(xρ)
mρ

+ |p|2 − p2
z

2(p0 q0 − pz qz)
F2ρ(xρ)
mρ

]

FA2,ρ(xA):

FA2,ρ(xρ) = −12
∫
d3r

∫
d4p

(2π)4 θ(p0) δImDρ(p) 2mρ
mρ

p0 − pz γ
C2F2ρ(xρ)

C2 = Q2

q2
z

(
|p|2 − p2

z

2m2
ρ

)
+ (p0 − pz γ)2

m2
ρ

(
pz Q

2

(p0 − pz γ)q0qz
+ 1

)2
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Deep inelastic scattering from nucleons and nuclei
l±/ν(ν̄)−A scattering
π and ρ mesons contributions

Nuclear Medium Effects, Left: are different in EM and
Weak interactions. Right: show A dependence
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