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Deep Inelastic scattering(DIS)

General process for the deep inelastic scattering is
I(k)+N(p) — UK+ X(p), =€t putv,i, N=np

Kinematics(Nucleon in the rest frame)
R*=—q¢*=—(k— k)2 =4EF' sin2g
M? = p?

v=pg=M(E—-FE)

Q@ _ Q* _

Figure: Deep
Inelastic Scattering




L Introductio

MINERwvA is using neutrino/antineutrino beam to study
Nuclear medium Effect(NME) using several nuclear targets in
the energy region of 1 —20GeV. Recently they have presented
the results for cross section in the DIS region.

JLab has used high intensity electron beam in the energy region
of 6 GeV and 12 GeV and performed scattering cross section
measurement.

MINOS, MicroBooNE, NOvA, DUNE...

It is important to understand nucleon dynamics and reduce the
cross section uncertainty(~20-25%) which is contributing to the
systematic errors.
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NME is broadly divided into four parts

_

shadowing
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NME is broadly divided into four parts
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L Introduction

henomenological Efforts

Phenomenological group data types used

EKS98 I+ A DIS, p+A DY

HKM I+ A DIS

HKNO04 I+ A DIS, p+A DY

nDS I+ A DIS, p+A DY

EKPS I+ A DIS, p+A DY

HKNO7 I+ A DIS, p+A DY

EPS08 I+A DIS, p+A DY, h®, 79 7% in d+Au

EPS09 I+A DIS, p+A DY, ¥ in d+Au

nCTEQ I+ A DIS, p+A DY

nCTEQ l4+A and v+ A DIS, p+A DY

DSSZ I+ A and v+ A DIS, p+A DY,
7r0,7ri in d+Au
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henomenological Efforts

Phenomenological group data types used

EKS98 I+ A DIS, p+A DY

HKM I+ A DIS

HKNO04 I+ A DIS, p+A DY

nDS I+ A DIS, p+A DY

EKPS I+ A DIS, p+A DY

HKNO7 I+ A DIS, p+A DY

EPS08 I+A DIS, p+A DY, h®, 79 7% in d+Au
EPS09 I+A DIS, p+A DY, ¥ in d+Au
nCTEQ I+ A DIS, p+A DY

nCTEQ l4+A and v+ A DIS, p+A DY
DSSZ I+ A and v+ A DIS, p+A DY,

7r0,7ri 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 group data types used

BEKS98 T+A DIS, ptA DY
HKM I+A DIS

HKNO04 I+A DIS, p+A DY

nDS I+A DIS, p+A DY

EKPS I+A DIS, p+A DY

HKNO7 I+A DIS, p+A DY

EPS08 I+A DIS, p+A DY, h®, 79 7% in d+Au
EPS09 I+A DIS, p+A DY, 7% in d+Au
nCTEQ I+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,

TrO,Tri 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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L Introduction

Theoretical Efforts

Very few efforts have been made:

Kulagin and Petti

Nucl.Phys A 765(2006)126 and Phys. Rev. D 76(2007)094023

Our group at Aligarh

Nucl.Phys A 857(2011)29
Phys. Rev. C 84(2011)054610
Phys. Rev. C 85(2012)055201
Phys. Rev. C 87(2013)035502
Nucl.Phys A 940(2015)138
15)58
)58

Nucl.Phys A 943(20
Nucl.Phys A 955(2016
arXiv:1606.04645
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I* — N scattering

(k) + N(p) = = (k) + X (1),

X (")

[=-N DCX:

d20'N :05_2MLQE WN
dVAE" — ¢* K| o




— A scattering

[=-N DCX:

2o

dVdE

o K| Lap

q* |k

X (")

N
Was

v(v) — N scattering

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

v-N DCX:

2 2
2N Gp? K| My LBy
aQ/dE’  (2m)2 [k \ 2 —m2, o2
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I* — N scattering

Leptonic Tensor
Lo = 2(k*k'"P 4 KPR — K.k g2P)

Hadronic tensor

N dadp 1
Wag = (q2 *gag)W1N+—M2

p.q p.q
X (pa*—2¢m> (Fa*—2q5> Wan
q q

MWy (v, Q%) = FY (z,Q7)

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

. 4 B 1 _
FP(@) = o|g@)+a) + S(d=)+d=)

—

1 B 4 -
+5 (@) +5(@) + 5 (e(@) + ()
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I* — N scattering v(v)— N scattering

Leptonic Tensor Leptonic Tensor
LB = 2k kP £ KPR — k! g%F) L = kOR'E L PRI k! gOF £ ;PP k!
Hadronic tensor Hadronic tensor
N [daas 1 N _ (%95 W 1
Wap = ( = *gaa) Win+ 15 Was = ( o *gaa) oz
p.q p.q p-q 2@ v
X (Pa - —2‘1a> (pa - —2q5> Wan X (pa - —2%) (P/3 - —21113) W;ZS,”)
q q q q
g v
——€ pPq W
T oMz ePPe
MWy (v, Q%) = F{' (2,Q%)
vWan (v,Q%) = Fy' (2,Q%)
MWy (1,Q%) = F(2,Q%)
4 Wan (,Q%) = Fy (2,Q%)
ep = - —
FgP(a) = [9(u<z>+u<z>) + @D | et = FNEed)
F;p = 2z[d(z)+ s(z)+ a(z) + c(x)],

1
9

4
x)+ s(x c(xz)+c(z = _
(s(x) (z))+ 9( (=) ( )):| IF;P = 2z[u(z) 4 c(z) — d(z) — 5(x)]
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We have used Q PDFs for the numerical calculations.

QCD evolution

The QCD evolution of DIS structure functions are taken from the works of
Vermaseren and van Neerven et al. NPB724(2005)3 van Neerven and Vogt
NPB568(2000)263.




We have used CTEQ PDFs for the numerical calculations.

QCD evolution

The QCD evolution of DIS structure functions are taken from the works of
Vermaseren and van Neerven et al. NPB724(2005)3 van Neerven and Vogt
NPB568(2000)263.

The TMC' correction has been taken from the works of
Schienbein et al. JPG 35 (2008) 053101.
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The differential cross section:

d?o! 8MNEl‘rrcy2 Py Py Ty M N Py
= — S zy  F 5, +(1—y— F- 5, .
dndy ol y FiN(z,Q7) y 25, 2N (2, Q7)
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NME in the d
B )

The differential cross section:

2ot 8Mpy E;ra? M
d:v:y = 1\7(274@{11}2171N(E,Q2)+(1* - N)F2N(E,Q2)} .
v(v)— N scattering
The differential cross section:
d2o¥ @ G2 ME, 5 2y )
= — | F*
do dy 7r(1+Q2/M‘2}V)2([y I+2E,,M:| 18 (z,Q)

4E2

y

+ n—Z
[zy( 2)

T 4E M

1 Max & 2
)—( +E)y oN (2, Q%)

ml2y

} FSN(IvQQ))




NME in the deep inelastic lilu’)/(f/) — A scattering
I—Ii /v (D) — A scattering

If we look inside the nucleus
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If we look inside the nucleus
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If we look inside the nucleus

We have considered the following NME:
Fermi motion
Pauli blocking
Nucleon correlations
P Meson cloud contributions

Shadowing and antishadowing
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I—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 (T') of the lepton
interacting with the nucleons:

dt
do = TdtdS =T—dSdl = I‘ dV I‘—dV F—d3
’ di k" k]
dl is the length of the interaction, v(= dt) is the velocity of the
incoming lepton and we have used k = vE;.
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L /u(w)

I—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 (T') of the lepton
interacting with the nucleons:

dt
do = TdtdS =T—dSdl = I‘ dV I‘—dV F—d3
’ di k" k]
dl is the length of the interaction, v(= dt) is the velocity of the
incoming lepton and we have used k = vE;.

I is also related to imaginary part of lepton self energy:
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L Nucleon correlations

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

M {Zrur(p)ﬂr(p)+err(—p)5r(—p)}

G (po,p) =

E(p) \p°—E(p)+ic  p'+E(p)—ie




nucteon:

M (>, ur(p)uy(p) >, v-(=p)o.(—p)
{pO—E<p>+z'e+ PO+ E(p) — ie }




M {Zrur(p)ﬂr(p)+er7~(—p)ﬁr(—p)}

p° — E(p) +ie P’ + E(p) —ie

ET ur(p)ur(p)

G(po,P) (po —E(p)+ 15)

My ur®)ir(p) M
m (pofE(p)+ie) (m
M D e

Ep) (pO—E(p)+ieE1E’}I)) )
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Nucleon correlations

H oo w
G(Povp):%zur(p)ﬁr(p) [/ dw% +/ dwpigzl(wf)ie]
T - W
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L Nucleon corr

H oo w
G(povp):%zur(p)ﬁr(p) [/_ dw% +/ﬂ dwpif”_(w’f)ie]

for p" < pu
Sh(po p) _ l E( )Imz(poap)
PR 0= Ep) — H ReS 00 p) + (g ImE(7.p))?
for p® > p
M 0
Sp(p’,p) == ®)

7 (p° — E(p) — gy ReZ(0°,p))? + (goy ImE(p°, p))?

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

Spectral function is normalized to mass number A’

4/d37“ /%/—; Sh(w,p,p(r)) dw=A,

where p(r) is the baryon density for the nucleus.



NME in t}

Spectral function is normalized to mass number A’

4/d37«/(§i’)’3 /_; Sy (w, s p(r)) dew = A,

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

3 H
<l>= %/d3r /(ZWZ)):s (E(p) —M)/_Oo Su(0°,p,p(r)) dp°,

4o NG 0 07,0
<E>_A/dr/@ma/ Su(p”sp,p(r)) P dp”,

—00

and the binding energy per nucleon:

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



3
2 d q 1 0 B 1 1
Scattering cross section: do = — 2‘71?“’ Im X d3r.

d*c a K| 1 3 of
T4~ Tt [ e | )

4L . d2 N _ 2 ‘k/‘ N

I*-N DCX: g = & L W

== . _d?c? _ o? K] A

I*-A DCX: g%y = S g L Wi

Wi =— [ d*rImII,5(q)




L Nucleon correlations

Nuclear hadronic tensor:

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

d*p [H M
Wl;4/3:4/d3r/(2ﬂ_l))3 /_oodpoE(p) Sn(p°, P, p(r))Wajs (p,q)




NME in the d inelastic li/y(f/) — A scattering
I—Ii/u('ﬂ) —As ering

Nucleon correlations

Nuclear hadronic tensor:

It is written as a convolution of nucleonic hadronic tensor with

the hole spectral function

d*p [H M
WS‘BZ‘*/CZ?’T/(QWI;P, /_oodpoE(p) Sn(p°, P, p(r))Wajs (p,q)

A 2
A quqv A 2 W3 (v,Q%) p.q P.q
W“,,, = (—279}LV) wy (v,Q )"FT Pp— —4u Pv — — Qv
A
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Nucleon correl.

Nuclear hadronic tensor:

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

— 00

d*p [H M
WS‘,BZ‘*/CZ?’?”/(QWI;P,/ deE(p) Sn(p°, P, p(r))Wajs (p,q)

A 2
A qudv A 2., W3 (v, Q%) P.q p.q
w = —_— = Wi (v,Q°)+ ——— | pp— —9q Py — —q
N ( q2 Quz/) 1 ( ) ]\/Ii n q2 n v qz v

a9y ; Wan (v, Q%) p-q p-q
wh, = <*—2 - Q;w) Win (v, Q%)+ ——— ( pp Py — — v
q

——g —
M?2 q2 " q2
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Nucleon correl.

Taking the xx component

4zq 1 P-q P-q
Wf;\; = ( sz _gzz> WlN‘FW (px— — %c) (pac_ — Qz> WQN
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L Nucleon correl

Taking the xx component

M?

4zq 1 P-q P-q
e (B 0 B ) (28

Choosing q along the z-axis

Wh(vn,Q%) =W (vn,Q%) +

1

Wp:%WgV(VN,QQ)
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Nucleon correlations

Similarly taking xx component of nuclear hadronic tensor

F(z4)

Wit (va, Q%) = Wit(va,Q?) = i
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L Nucleon correlations

Similarly taking xx component of nuclear hadronic tensor

F(z4)

Wit (va, Q%) = Wit(va,Q?) = i

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

FA a:A 3 dp M - 0 0

DA o 4/d @ Bl )/oodp Sh(p”,p,p(r)) x
FlN(zy) 1 o F) (an)
l M TaEPr Ty
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L Nucleon co

d?* M .
i) =23 / i [ iy | SR Pnn @) (e)C
—0o0

2
oo | @ (PP =02\, 0o® (p2Q° [\ wM
P 2M2 M2v2 \ p.qq- Po G0 — Pz 4z
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L Nucleon correlations

Weak Interaction

v self energy 3(k):

Gp 4 diK’ 1 my 2
B(k) = (i) — — 5 — S LopT*?(q)
V2 my (2m)* K/ —m7 +ie q2 —my,

113 (q) is the W self-energy in the nuclear medium:

- d'p . T[22 1T o TTan. (o)
—i*(q) = (—)/(25416?(17)221_[/(2;;4 Hsz(Pz)l?[sz(Pj

X $p,sii=1

= m2 /
(%) (X|J*|INYX|JP|NY* (2m)*6* (g +p — S yp7)
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Weak Nuclear Structure Function

d3 M -
Fi(za) = 4AM/d3 / p / dp” Sy (", p, p(r))
— 00
Y (@y) 1 2F2 (zn)
M M2c° v

3 dp M G N
F (x4 —2§ d°r dp~S; " (p P, pp,n(r)) Fo' () C
—00

2
oo | @ (P =02\, 0o® (p2Q° [\ eM
¢z 2M2 M?2v2 \ p.qq: Po 90 — Pz Q=
d’p M M 0e 0 P y—p: N
Fi' (x4, d3r dp® Sy, (°,p, p(r)) ——=_F
f(24,Q / / 2B By | Sn ) r T B
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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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m and p mesons contributions

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

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



There are virtual mesons associated with each 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 photons with the meson cloud.



There are virtual mesons associated with each 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 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).



7 and p mesons contributions

For meson cloud contribution

zw%Sh(po,p)WﬁB(p,q) — 2ImD (p)0(po) W5 (p,q)

Pion propagator in the nuclear medium

D(p) = [po* —p*—m2 — I (po,p)] "

- £/maF(p)p?I
T 2 m2ViT

7NN form factor F(p) = (A? —m?2)/(A?+p?)
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7 and p mesons contributions

Ffw(ww) = d3r 0) 0ImD(p) 2my X
Fir(zx) |P|2 - pz For(zx)
_|_
M 2(po g0 — P2qz) Max

F2 (zr) = —6/d3r/(2 i

d4
p 0(po) 6ImD(p) 2mx LC&FQT;—(Z'W
™ Po — Pz 7Y

2

Ol_Q_2<|p|2 - p§)+(po - p: )’ ((p p: Q°

mn 0o — Pz Y

2
+1
)q09= )
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7 and p mesons contributions

0(po) 0ImD,(p) 2m, X

Flp(xp) + |P|2 - pz F2p(xp)
mp 2(po g0 — Pz qz) Mmp

mp
F;‘p(l'p = 12/d3 / pO 6ImDp( )Qmp mOQFQP(

2
Oy — Q% (Ipl* — p? (po — pz 7)? p: Q*
2= 7 2 + 2 + 1
e 2m3 mg (Po — Pz 7)q04=




I—Shadowil g and antishadowing effects

“Significant at low-z and low-Q*”

For the shadowing and antishadowing effects, Glauber-Gribov

multiple scattering model has been used following the works of
Kulagin and Petti. PRD76(2007)094033.
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L Results

Electromagnetic Interactions
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I

xQ)

Fe
F,
S

o

— A scattering

Q=2GeV?
Carbon

—-— LOSF
LO Total

NLO SF
NLO Total
® ILab

|

=

o
T

SErTTIpTI T T

I A A WA A WA |
0.2 0.3 0.4 0.5 0.6 0.7

X

ot
%

Q=1.8GeV?
Iron

Ll b L LT
0.2 0.3 0.4 0.5 0.6 0.7 0.8

X

Q=2 GeV?
Aluminium

tilir

X

L i i b
0.2 0.3 0.4 0.5 0.6 0.7

0.8



L e e e e B e e e e
04— —-— LOSF E 04—~ E
E ~Q - LO Total q -
E S~ —--— NLOSF 9 B
~— N NLO Total | |
P e JLab ] 4
P R | ]
N : ] ]
©L02- - —
=R ] ]
i ol ¢ I | ;
C 4 | C uminium |
E — F B
— —_

Covvn bovvn Lo b bovrn Lo Laaa 1 I T N I Y O B A
.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

X X
LU I L e S B B B R R R R
04—« 3 1
503 3 5 B
< B X 3
& E | 3 4
w02 B ! ]
E Q=86 E 3
0.1 Iron 3 —
E T T
T O B A I A A Cooa o b b Lo Lo b
870z 05 04 05 06 07 08 %1 02 03 04 05 06 07 08
X

e At LO(SF—Full): ~ 15% increase at low x in 120, increases with x and negligible at high x.
e At NLO: Results at low x get suppressed while at high « results get enhanced compared to
LO results.

e NME depends on "A’
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2cF A(x,
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e Qualitatively similar in nature to that found in ngM (z, Q2)4

o Quantitatively some variation, specially in low x region.
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L Conclusions

We have studied nuclear medium effects in electromagnetic and
weak nuclear structure functions.

For the nuclear medium effects, we took into account Fermi
motion, nuclear binding, nucleon correlations, effect of meson
degrees of freedom, and shadowing effects. The calculations are
performed both at LO and NLO.

The theoretical results presented here show that the difference

between FEM (2,Q%) and FJV e (2,Q?) is quite small at large
z(z > 0.3).

The experiments at JLab and MINERvA using several nuclear
targets in the region of low as well as high = and Q?, should be
able to determine more precisely FFM (z,Q?) and F)Ve* (z,Q?)
structure functions.
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