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LIntluduc ion:Deep in i tering from nuclei

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
120,16 0,40 Ar,56 Fe,208 Pb, where the interactions take place with the
nucleons that are bound inside the nucleus.

Various experiments like MINERvA, 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.

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

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

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)
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LPhenomenologica.l Efforts

Phenomenological group data types used

EKS98 i1+A DIS, p+A DY

HKM 1+A DIS

HKNO04 i1+A DIS, p+A DY

nDS l+A DIS, p+A DY

EKPS l+A DIS, p+A DY

HKNO7 l+A DIS, p+A DY

EPS08 I+A DIS, p+A DY, At 70 7« in d4Au
EPS09 I4+A DIS, p+A DY, 70 in d+Au
nCTEQ i1+ A DIS, p+A DY

nCTEQ 1+ A and v+ A DIS, p+A DY
DSSZ I+ A and v+ A DIS, p+A DY,

0 s 7% in d+Au
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henomenological Efforts

Phenomenological group data types used

EKS98 i1+A DIS, p+A DY

HKM 1+A DIS

HKNO04 i1+A DIS, p+A DY

nDS i1+A DIS, p+A DY

EKPS i+A DIS, p+A DY

HKNO7 l+A DIS, p+A DY

EPS08 I+A DIS, p+A DY, At 70 7« in d4Au
EPS09 I+A DIS, p+A DY, 70 in d4+Au
nCTEQ i1+ A DIS, p+A DY

nCTEQ l+A and v+ A DIS, p+A DY
DSSZ I+ A and v+ A DIS, p+A DY,

71'0,7\'i 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.
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Phenomenological Efforts

Phenomenological group data types used

EKS98 i1+A DIS, p+A DY

HKM 1+A DIS

HKNO04 i1+A DIS, p+A DY

nDS i1+A DIS, p+A DY

EKPS i+A DIS, p+A DY

HKNO7 l+A DIS, p+A DY

EPS08 I+A DIS, p+A DY, h®, 7% % in d+Au
EPS09 I+A DIS, p+A DY, #° in d+Au
nCTEQ i1+ A DIS, p+A DY

nCTEQ I+ A and v+ A DIS, p+A DY
DSSZ I+ A and v+ A DIS, p+A DY,

7r0, 7% 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 v-A DIS are indeed incompatible with the
predictions derived from [*-A DIS and DY data”
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cattering from nucleons and nuclei

bon nucleus scattering

If we look inside the nucleus

@

We have incorporated the following NME in the present
calculation

Fermi motion

Pauli blocking

Nucleon correlations

Pion and rho meson cloud contributions
Shadowing and antishadowing
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Nucleon binding

m The nucleons in the nucleus are bound and the binding
energy of the nuclei is well studied and known.
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m 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.
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L(l‘ha‘rg,ed lepton nucleus scattering

Nucleon binding

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

m The nucleons in the nuclei are off-mass shell and do not
satisfy the energy momentum relation, that is, p? = M?2.

m 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.

m 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 AE = 5—]‘\1/[2
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Fermi motion

m 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.
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L(l‘ha‘rg,ed lepton nucleus scattering

Fermi motion

m 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.

m The nucleons in the nucleus move with a momentum p. In
the Fermi gas model, this momentum is bounded by a
maximum momentum pr called Fermi momentum given in
terms of the density as pp = (372p)3

m 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= ;—]‘\142 +V(r)
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L(;harged lepton nucleus scattering

m 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
¥ (p) in momentum space obtained by solving the
Schrodinger equation with H.



lepton nucleus scattering

m 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
¥ (p) in momentum space obtained by solving the
Schrodinger equation with H.

m 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) < 0(pp — p)o(E — /(|pl* + M? +¢))
where € is the separation energy. In a realistic nucleus, the
spectral function is related to |1 ()|?.



lepton nucleus scattering

m 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
¥ (p) in momentum space obtained by solving the
Schrodinger equation with H.

m 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) < 0(pp — p)o(E — /(|pl* + M? +¢))
where € is the separation energy. In a realistic nucleus, the
spectral function is related to |1 ()|?.

m The cross sections from a nucleon of a given momentum p’
is then convoluted with the spectral function S(p, F).
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Pauli blocking

m 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.
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m Similarly, in a Fermi gas picture of the nuclei, all the
nuclear states in the Fermi sea are filled up to the
momentum pg
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L(l‘ha‘rg,ed lepton nucleus scattering

Pauli blocking

m 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.

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

m 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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m The nucleons are fermions and follow Pauli’s exclusion
principle, the excited particles are not allowed to occupy
the already filled states.
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L(;harged lepton nucleus scattering

m The nucleons are fermions and follow Pauli’s exclusion
principle, the excited particles are not allowed to occupy
the already filled states.

m 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.



Lc harged lepton nucleus scattering

Approach to add Nuclear effects

m Fermi motion, binding energy and nucleon correlations
through spectral function and is calculated using
Lehmann’s representation for the relativistic nucleon
propagator.
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L(l‘ha‘ljged lepton nucleus scattering

Approach to add Nuclear effects

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

m 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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m 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.
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L(;harged lepton nucleus scattering

m 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.

m 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
2(0.2<x<0.6).
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1 lepton nucleus scattering

m 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.

m 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
2(0.2<x<0.6).

m The shadowing suppression at small z 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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I* — N scattering

(k) + N(p) = IF(K) + X (p),

Xip)

I*-N DCX:

>N a? K|

dQ'dE" ~ ¢* k|

L wij
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v(v)— N scattering

I*-N DCX:

d2aN
dQY dE’

o? K|
q* |k

Xip)

L wli

vi(7) (k) + N (p) = (k') + X (),

1= (k)

W(qg =k — k)

v-N DCX:

2 N 2 2 2
d“o _ Gp \kl\ < my, ) LBy N
2

dQ/dE’  (2m)2 [k| \ ¢ —m2, &
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it /v ()

= cattering

I* — N scattering

Leptonic Tensor

Lo = 2(k%k'P + kP K'Y — K.k g%P)

Hadronic tensor

N _ dadp 1
Was ( 2 _gaﬂ) W1N+m

p.q p.q
(Pa = 7qa> (Pa = Tqﬁ) WanN
q q

MWy, Q%) = FYY (z,Q7)

X

vWan (v, Q%) = Fy' (2,Q%)

. 4 ~ 1 -
FP(z) = = [g(u(zHu(Z)) t 5 d(@) +d(@)

5 (6(0) +5(@) + 5 (@) + a(x))]
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cattering

I* — N scattering

Leptonic Tensor

LB — ok kP 4 P

— K.k g®B)

Hadronic tensor

N
Was

X

FyP(z) =

dadp
L12
p.q p-q
(Pa - qj‘kz) (Pﬁ - ?QB) WanN

MWy, Q%) = FYY (z,Q7)

_gaﬁ) Win + e

vWan (v, Q%) = Fy' (2,Q%)

4 i L d d
@ g(u(z)+u(1)) + 5( (z) +d(=))

5 (6(0) +5(@) + 5 (@) + é(ac))]

v(v) —

Leptonic Tensor

N scattering

LoP 1g%P 4 3eBPI k!

Hadronic tensor

= kKPP + P — K.k
N dadp u(l/) 1
w = = +—
= ( q2 g“ﬂ) M?2

124 12 7
X (Pa*qulhz) (Pﬁ*qum) wi P

2N
i v(©)
Vel €aBpoP’q WSN

MWin(»,Q%) = F (z,Q%)
WWon (1,Q%) =  F3(2,Q%)
vWan(1,Q%) = F3 (2,Q°)
FYP = 2zld(e) +s(x) + a(e) +&(x)),

zF;p =  2zfu(z) +c(z) —d(z) — 5(x)]
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L=

/() —

The differential cross section:

d?o! SMNEl‘lra2 xy M N
= — Ly’ Fin@ Q)+ (1-y— Fopn(2,Q%) b .

dzdy Q4 2E;
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The differential cross section:

d?o! SMNEl‘lr(x2 2 2 zyMpn 2
= — < xy  F x +(1—y— F- T .
dady ot Yy FiN(z,Q7) VT om an (2, Q%)

v(v)— N scattering

The differential cross section:

d2ov (@) G2 ME, 2 m2y 5
= F s
T =(1+Q?/M2,)? ([y * QEVM] gy b @)
dla-2h)—as 220] myee?)
— - )
153 2m, Y| v (@

_yy_ My 2
+ |zy(1 2) =T F3n(z,Q7)
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L 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 (I") of the lepton
interacting with the nucleons:

do = Tdtds=T2qsq = re lw-rBigv_rf

d3
dl |k | |k |

dl is the length of the interaction, v(= %) is the velocity of the
incoming lepton and we have used k = vEj.




from nucleons and nuclei

LFermi motion and Binding energy

The cross section for an element of volume dV in the nucleus is
related to the probability per unit time (T') of the lepton
interacting with the nucleons:

dt
do = TdtdS=T—dSdl = I‘ dV I‘—dV F—d?’
i dl =™ Tkl
dl is the length of the interaction, v(= dt) is the velocity of the
incoming lepton and we have used k = vEj.

I' is also related to imaginary part of lepton self energy:

r my

—— = ———ImX
> El(k) m



do = —2(“31 E(k:) “§|>d3r,

I~ (K
X

Yo
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LFermi moti 1d Binding energy
_ —=2m £(k) 53
do = 28 Im (k) 22 dPr,
(i Lepton self energy X(k):
: _ dq ¥ +m
I (k) - —i(k) = /(27r)4 L) de” k’2 m?2 +ie
Alp) .
. - . —1
iey" (k) j’;‘” (=) 7 (q) =7

Yo

Imaginary part of lepton self energy:

d3¢ 1 11

mBk) = & [ Gy g0 () o Lag

In this expression, II*? is the photon self-energy, which is
written in terms of the nucleon (G;) and meson (Dj)
propagators.
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LFermi motion and Binding energy

Haﬁ(q) _ 62 (d p G(p Z ZH d pz HGl pl H D p]

< X|JMH >< X|JY|H >* 2n)* 4 (q+p— Zpl

where sp is the spin of the nucleon, s; is the spin of the fermions in X, < X[J*|H > is the
hadronic current for the initial state nucleon to the final state hadrons, index [, j are
respectively, stands for the fermions and for the bosons in the final hadronic state X, and

N
54(q+p — g ) p/L) ensures the conservation of four momentum at the vertex.
i=
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.
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Nucleon c:

Relativistic Dirac propagator G°(pg,p) for a free nucleon:

M { > ur (p)Ur(p) +err(—p)vr(—p)}

G°(po,p) =

E(p) \p°—E(p)+ic  p'+E(p)—ie

m 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 ZN(pO,p).

m 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 ZN(pO7 D).

m 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.
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Nucleon co




L=

Jv(p

Nucleon co

G(po,p)

My ur(®)in(p) M \2 1 >, ur®ane)
E(p) m (E(p)) (v° - E(p) +ic) Z (0 - E(®) +ic) "
M Zrurr-(p)ﬂv-(p)
E(p) (po ~E(p) +iegiey Z)




p w oo y
G(".p) = %ZUT(P)QT(I’) |:/ dw% +/ dw;m:|
T —o0 P




12 [e') w
¢6°p) = 2L S w@yin(p) | [ dwsh@RL | [T, Sel@ip)
E(p) 7 _ p w 1€ w p w+l€

for p° <
M 0
51" p) = - rp MEE )
™ (00— E(p) — gy ReS(0°,2))? + (g ImE (2", p))?
for p® >
M 0
1 e imE(P’.p)
Sp(p°.p) = Z(p)

™ (00— E(p) — gy ReZ(0°, 2)) + (55 ImE (", p))?

P.Fernandez de Cordoba and E. Oset, PRC 46, 1697(1992)
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L Nucleon correlations

Spectral function is normalized to mass number *A’:

4/d37“ /(;er];?) /_; Sh(w,p,p(r)) dw=A,

where p(r) is the baryon density for the nucleus.
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Spectral function is normalized to mass number *A’:

4/d37“ /(;er];?) /—; Sh(w,p,p(r)) dw=A,

where p(r) is the baryon density for the nucleus.
Kinetic energy <1 >:

3
<To= g [ [ G B EE - [ 860 b,

A d*p [+ 0 07,0
<E>—A/dr/@ﬂg/ Su(®”, P p(r)) p dp”,

—0o0

and the binding energy per nucleon:

1 A—2
Ejl=—=(<E-M>+—=<T
|E4| 2(< >+A_1< >)



Lepton self energy (k) in the nuclear medium:

3
% d°q 1 0 8 1 1
ImX3(k)=e /(271_)3 2—El9(q ) Im (11¢ )qj% Lag
Scattering cross section: do = — 2‘7&“ Im X d°r.

Differential scattering cross section for IT — A interaction:

d’a a K| 1 3 ap
= — Log [ d*rImII*(q).
dvaE (g K| @z e | 4TI

+ . d?eN o K| paf N

N DOX: o = 47 i L°7 Wa

+ . d2 A . 2 ‘k" A

[F-A DOX: oy = &7 i L2 Wiy

W(fﬁ = —fd3rImHaB(q)
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Nuclear hadronic tensor:

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

&p [# M
Wé‘ﬂZ‘l/dBT/ (2753 /oodpoE(p)Sh(po,p,p(r))Wo%(p,q)
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Nucleon correlations

Nuclear hadronic tensor:

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

&p [# M
W&4/3=4/d37“/ (273;3 /oodpoE(p)Sh(po,p,p(r))WaNg(p,q)

A 2
A quav A 2. Wi (v,Q%) p.q p.q
WW/ = ( 2 *guy) Wi (v, Q )"FT P,u*qj‘hL PV*?QV




nucleons d nuclei

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

&p [# M
W&4/3=4/d37“/ (2753 /oodpoE(p)Sh(po,p,p(r))WaNg(p,q)

A 2
A qudv A 2, W5 (v,Q7) p.q p.q
W, = ( “2 —guv | Wi (v, Q )+72; Pu——qu | | Pv—

]WA q q

7 2
N apay B 2, , Wan (v, Q%) P-q p-q
w v = ( 2 - 9;w> Win (v, Q%)+ T Pu — qTq“ Pv — Fqll
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Taking the xx component

qzq 1 P-q P-q
Wi = ( zgx —gm> Wit 15 (px— — qx> (pa:— — qm) W,




d nuclei

Taking the xx component

=4 1 p-q p-q
Wé\;:(fﬂx— )Wl +M2<:Jc_2qg:>(pm_2

Choosing q along the z-axis

Wag\gfc(’/NvQQ) (VN,Q ) pa:WQ (VN7Q2)




L Nucleon correlations

Similarly taking xx component of nuclear hadronic tensor

F(z4)

WJ?E(”A?Q2):W1A(VA7Q2): AM




L

L Nucleo

Similarly taking xx component of nuclear hadronic tensor

F(z4)

WJ?E(”A?Q2):W1A(VA7Q2): AM

Fi(z) =M Wi(v,Q?), Fy(z)=v Wa(v,Q?)

A T 3 m
Fza) _ 4/d37«/(dpM/_ dp° S (p”, p, p(r)) x
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F 54(:1714) in nuclear medium

A . 3, dgpﬂ b om0 NEN (2
men =2 o [ gy [ Sk pann ) @

2)
oo | @ (PP =02\, 0o® (p2Q° [\ ___eM
qz 2M2 MZ2v2 \ p.qq- Po 90 — Pz Q=




Nucleon co

Formalism: v;/v;— A scattering

m To calculate the scattering
cross section for a neutrino
interacting with a target
nucleon in the nuclear

medium, we write ﬂw(“ i

—i9W (] — A (k) @? =My
2v2 1\

m
dUA — _2 Y m (k)dgr 17(/{/)
’ k ‘ i(l//fm/) € X(] ,)
k l—mf
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Ly,

Weak Nuclear Structure Function

& M .
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7 and p mesons contributions

m and p mesons contributions

There are virtual mesons associated with each nucleon
bound inside the nucleus.
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7 and p mesons contributions

m and p mesons contributions

1t low and mid

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.

This leads to an increase in the interaction probability of
virtual photons 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).
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7 and p mesons contributions

For meson cloud contribution

27T13]Z))5h(po,p)wz‘$ﬂ(p, q) = 2ImD ()0 (po) W (p,0)

Pion propagator in the nuclear medium

D(p) =[po> —p*—mz —x(po,p)] "

1 _ £/maF(p)p’Il
T 2 m2viaT

7NN form factor F(p) = (A2 —m2)/(A%+p?)
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7 and p mesons contributions

‘WEAK STRUCTURE FUNCTIONS IN z/-N AND y/-A ... PHYS. REV. D 101, 033001 (2020)
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7 and p mesons contributions
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Deep inelasti from nucleons and nuclei
L,i// (D) —
L7 and p mesc

ontributions

Nuclear Medium Effects, Left: are different in EM and

Weak interactions. Right: show A dependence
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Haider et al., Nuc Phys A, 955, 2016, 58
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