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We investigate charged-current neutrino-nucleus deep inelastic scattering with particular interest in the
relationship of short-range correlation (SRC) and the EMC effect. The structure functions F/z4 (x, 0%),
xF4(x, Q%) and ratios of differential cross sections are presented where the nuclei A are chosen to be
carbon, iron, and lead. We propose a kind of universal modification function which would provide a
nontrivial test of SRC universality on the platform of neutrino-nucleus scattering and improve our

understanding of nucleon structure substantially.
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I. INTRODUCTION

As elementary particles in the standard model with no
electric charge, neutrinos interact only via the weak
interaction, which can be categorized by neutrino energies.
Elastic scattering has been used to measure the nuclear
charge distribution. Quasielastic scattering (QES) can serve
as a normalization cross section when experimentalists are
measuring the cross section ratios of neutrino scattering [1].
Resonance pion production (RES) is of critical importance
to current and future neutrino oscillation experiments [2].
Neutrino-nucleus deep inelastic scattering (DIS) is sensi-
tive to the nuclear quark distributions [3]. As the energy of
neutrinos increases, the DIS process becomes dominant in
neutrino-nucleus interactions.

One cannot determine the individual parton distribution
functions (PDFs) through electron DIS experiments alone;
information on the flavor decomposition of PDFs can be
obtained by neutrino DIS experiments, which are crucial
for global fits of PDFs, especially for the strange quark
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distribution. A good knowledge of neutrino DIS is also a
key factor for long-baseline experiments aiming at meas-
uring the mixing angle and CP-violating phase. In this
process, a neutrino scatters with a quark inside a nucleon
“deeply” (high-momentum transfer Q?) at high energy,
which destroys the nucleon. Because of the weak nature of
neutrino interactions, the use of heavy nuclear targets is
unavoidable; this brings complications, since correlations
between nucleons, dubbed as nuclear effects, can affect
observables in neutrino interaction. Nuclear effects are
still not well understood in neutrino physics, and there
has been renewed interest in investigating the nuclear
effects in neutrino DIS processes for the following
reasons: First, the data of current neutrino DIS measure-
ments are valuable because the F structure function can
directly probe valence quark distributions. But these data
contain non-negligible nuclear effects, since heavy
nuclear targets such as iron and lead are used. Second,
there is the issue of the NuTeV anomaly, which opens
the question of factorization assumption in the nuclear
environment—whether the neutrino DIS data could be
combined with the charged-lepton DIS data to get better
nuclear PDFs (NPDFs) [4-8]. This issue has attracted a lot
of interest—Ref. [9] pointed out that this anomaly might
be due to differences between the proton and the neutron
caused by mean-field effects, and a nucleon-nucleon
short-range correlation (SRC) explanation is also pre-
sented [10]. Third, nuclear effects are important in the
analysis of high-energy neutrinos interacting with Earth
matter—the total cross section is dominated by DIS off the
partons from matter nucleons; therefore, the nuclear
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effects have significant impact on the predictions for the
neutrino attenuation rates [11-16].

With such importance, neutrino DIS and nuclear
effects have been explored worldwide—e.g., NuTeV [4],
CHORUS [17], MINOS [18], and MINERvA [19] in recent
years. They have analyzed neutrino DIS off different
nuclear targets to measure structure functions, as well as
differential and total cross sections. Reconciled with the
charged-lepton DIS data and Drell-Yan (DY) dilepton
production data, etc., the NPDFs can be extracted through
global fitting [20,21]. One can resort to the global analysis
of NPDFs with uncertainties in the CTEQ framework [22],
the recent NPDF analyses [23], and EPPS16 [24] for more
details.

The original idea of having nuclear effects in PDFs
was driven by data in DIS measurements performed
by the European Muon Collaboration (EMC) [25]. The
initial expectation was that physics at the GeV scale would
be insensitive to the nuclear binding effects, which are
typically on the order of the several-MeV scale. However,
the collaboration discovered that the per-nucleon deep
inelastic structure function in iron is smaller than that of
deuterium in the region 0.3 < x < 0.7, where x is the
Bjorken variable. This phenomenon is known as the EMC
effect and has been observed for a wide range of nuclei
[26-30]. The EMC effect indicates that quark PDFs in
nucleons are modified, breaking down the scale separation
between nucleon structure and nuclear structure. Although
the understanding of how the quark-gluon structure of a
nucleon is modified by the surrounding nucleons has been
brought to a whole new level, one should note that there is
still no consensus as to the underlying dynamics that drives
this effect even after more than three decades.

Currently, one of the leading approaches for describing
the EMC effect is that nucleons bound in nuclei are
unmodified, the same as “free” nucleons most of the time,
but they are modified substantially when they fluctuate into
SRC pairs. The SRC describes the probability that two
nucleons are close in coordinate space, as a result of
nontrivial nucleon-nucleon interactions in the nucleus. The
connection between SRC and EMC effects has been
extensively investigated in nuclear structure function mea-
surements [31-34]. A linear relation between the magni-
tude of the EMC effect measured in electron DIS at
0.3 <x < 0.7 and the SRC scale factor obtained from
electron inelastic scattering at x > 1.5 was proposed [35];
this striking linear relation suggests that the EMC effect and
SRC correlation both stem from the same underlying
physics, such as high local density and high-momentum
nucleons in nuclei. This relation, if finally established, shall
provide a unique method to study nuclear structure physics;
see some of the recent developments in Refs. [36-39]. One
of the key aspects of SRC is the universality, where the
partonic structure from the correlated nucleon-nucleon pair
is the same for all kinds of nuclei, and thus a universal

modification function can be deduced. This function
will be useful for testing QCD symmetry-breaking mech-
anisms and for distinguishing nuclear physics effects from
beyond the standard-model effects in neutrino scattering
experiments.

The robust linear correlation between the strength of the
EMC and the SRC scale factor in nuclei indicates that
possible modifications of the quark PDFs occur in nucleons
which are inside SRC pairs. As illustrated above, the
neutrino-nucleus DIS process is another ideal platform
for testing nucleon structures and SRC interpretation of the
EMC effect: it is sensitive to the quark distributions,
especially for u and d quarks (antiquarks), and they contain
crucial information on nuclear effects which should be
distinguished from beyond-the-standard-model effects
[40—46]. These can be studied by measuring three structure
functions: F(x, 0?), F»(x, Q%), and F3(x, Q%) [47,48]. In
this work, we will study charged-current neutrino-nucleus
deep inelastic scattering where the nuclei A are chosen to be
12C, 3Fe, and 2*8Pb. The structure functions F4 (x, 0?) and
xF4(x, Q%) are calculated with the consideration of NPDFs
by using EPPS16 parametrization [24], and our free
nucleon baseline is CT14NLO [49]. The ratios of structure
functions for nuclei and free nucleons as well as ratios of
differential cross sections d*c/dxdy are also presented for a
better view of the EMC effect. A kind of universal
modification functions were deduced in neutrino-nucleus
DIS; these functions would provide a nontrivial test of SRC
universality on the platform of neutrino-nucleus scattering.

The rest of this paper is organized as follows: The
formalism and results of structure functions in neutrino-
nucleus DIS are presented in Sec. II. Differential cross
sections (d*c/dxdy)** and (d*c/dxdy)" are analyzed in
Sec. III. Section IV is devoted to the discussion of universal
modification functions. Finally, we summarize our paper
and comment on future developments in Sec. V.

II. FORMALISM FOR STRUCTURE FUNCTIONS
IN NEUTRINO-NUCLEUS DIS

Neutrino charged-current DIS depicts the process in
which a neutrino scatters off a quark in the nucleon via the
exchange of a W* boson whose momentum is ¢, producing
a corresponding lepton and hadron in the final state, which
can be written as

ve(k) + N(p)
De(k) + N(p)

£(K) +X(p'),
(k) +X(p"). (1)

_)
_)
Here, k is the momentum of the incoming neutrino
(antineutrino), and k' indicates the momentum of the
outgoing lepton (antilepton). The momenta of the initial
nucleon and produced hadron are p and p’, respectively.
These processes can be analyzed by the following Lorentz
invariants: the Bjorken scaling variable x = Q*/(2p - q),
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diagram of the neutrino charged-current DIS process is
shown in Fig. 1.

The amplitude for neutrino charged-current interactions
with the nucleon is described by the matrix element

UK

quark’

Mo Gr/V2

=~ 5 o2, K1 =rs ) XEO)p). - (2)

N(p) = X

where Gy is the Fermi coupling constant and J$€(0) is the
weak charged current of the nucleon. The leptonic part can
be calculated perturbatively, and the hadronic part becomes
the hadron tensor WS, which is then expressed by three
structure functions in the expression of neutrino double

FIG. 1. Neutrino charged-current DIS process.

the inelasticity y = (2p-k)/(2p-q), and the negative

squared four-momentum transfer Q% = —¢°. A schematic  differential cross sections [50]:
|
do \A G2MyE y
_ v FyA , 2 2 FI./A , 2 1= FyA , 2 1 =2 ,
() = e [Pt 0+ P )1 =)+ P 0 (1

do \"A  GiMyE;
dxdy) — x(1+ Q*/M3,)?

Here E, ;) is the energy of the incoming neutrino (antineutrino), and My is the nucleon mass. The expressions above can be
further simplified by using the Callan-Gross relation F54 = 2xF44, FiA = 2xF? [51]:

do \¥A GAMyE y? y
= L 1—y+=|Fs 1-2 | P,
<dxdy> w1+ O/ M3, K . 2) s ( 2) 3}
do \7 GrMyE; Y\ Y\ o
— v 1 _ 7 FI/A _ 1 _ F}/A 4
<dxdy> 2(1+ Q%M K e oo T “)

{ A R

U vp/A — vn/A
P = E A2,

00+ P01 =) = P 0y (1-3) | 3)

with

Here the explicit dependence on x and Q? is omitted for brevity. We would like to discuss what kind of combinations of
NPDFs can be constrained by the neutrino-nucleus DIS data; in the parton model, the structure functions for a nucleus with

atomic mass A and atomic number Z can be expressed in terms of NPDFs (also suppressing the dependence on x and Q?):
o z v A-Z n on
Fi =P+ P =S (R B+ === (R 1)

Z A-Z n n n n
_ 2xz(f5/A S N L T e § A S L Ly L ) (5)

|
Thus, the expression of the structure function in Eq. (5) can
be further simplified as

where f7 /A represents the NPDFs of parton 7 in a proton

bound in nucleus A, and f :7/ A corresponds to a neutron. The
NPDFs of strange and charm quarks are not considered
here, since the contributions are very small in the EMC and

kinematic regions where this work focuses.
Assuming isospin symmetry between bound neutrons
and protons, one has

fn/A_ p/A n/A __ pp/A

wi —Jgq-

A A
L =fua f?,/ :fﬁ/ for other flavors.

(6)

A P A 14 A 14 A P A
F; = 2x(fu/ +fd/ +fu/ fgi/ )s (7)
and similarly,

Fl=2ft" 40" =1t =1 )
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FIG.2. Structure functions with EPPS16 parametrization of nuclear corrections for C, Fe, and Pb as functions of x with 0% =5 GeV2.
F,(x, Q%) and xF5(x, Q%) are presented in plots (a) and (b), respectively. The shaded regions are uncertainties caused by NPDFs.

The NPDF f7/*(x, 02) can be defined relative to the free
proton PDF f7(x, Q%) as [24]

FP4(x, Q%) = RA(x, Q) f1 (x. Q). 9)

where R%(x, 0?) is known as the nuclear modification
factor. The free proton baseline is CT14NLO [49]. Figure 2
|

presents the structure functions F4 (x, Q%) and xF4 (x, 0?)
with respect to x, with Q2 fixed to 5 GeV?, which
is reachable in many neutrino-nucleus scattering experi-
ments, and the uncertainties in this figure are caused
by NPDFs. One can see that the lines in Fig. 2 are very
close to each other; for a better illustration of the EMC
effect, the ratios

+ [0 (x, Q%) + f1 (x, 07)

2

O+ A QD)
— fH(x. 0%) = 24 (x, 0%)

2

£ (% 0%) + £ (x, 02
A 2\
R(F2ix. O0) = O + 7

, SO x, 02) + 214
R(F?»X, Q2) = ff,’(x, Q2) _’_fs(x’ B

are presented in Fig. 3.

III. MODIFICATION FACTORS FOR d?c/dxdy

Absolute neutrino flux is never known to be better than
20%-30%, which makes total cross sections hard to

Q
Q
Q
Q

O'Swwwl‘\|\||\| | l 1 T | P -

01 02 03 04 05 06 07 038
X

(10)

~_ | — — | —

—fi(x. Q%) = f(x.0%)

[
measure accurately, so experimentalists like to measure
cross section ratios as well as the differential cross section,
which is one of the least model-dependent measurements
[52]. In the previous section, we have analyzed the structure
functions of neutrino-nucleus DIS. In this section, we will

[

—~
L1

/
/
/

AT A
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01 02 03 04 05 06 07 08

X

FIG. 3. The ratios (a) R(F4;x,0?) and (b) R(F4;x,Q?) as functions of x with Q> =5 GeV2. The blue, red, and green lines
correspond to C, Fe, and Pb, respectively. As in Fig. 2, the shaded regions are uncertainties caused by NPDFs.
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FIG. 4. Nuclear correction factor R(¢*A"4); x, 0?) according to Eq. (11) in charged-current (a) v(2) C, (b) v(7) Fe, and (c) v(7) Pb

scattering. Here the shaded regions are presented as uncertainties.

compare differential cross sections of neutrino-nucleus DIS
and neutrino-free nucleon DIS:

d2 o A d2 o \V nucleon/A
R(e*;x,0%) = :
@)= (55)" /(i)

do do

R(GDA;X’ Q2) _ DA v nucleon/A7 (l 1)
dxdy dxdy

where R(c*4(); x, Q%) are called nuclear correction fac-
tors. The numerator in Eq. (11) can be derived from Eq. (4),
and for the denominator we have used

do O\ v nucleon/A
(dxdy)
_ G%ZWZNEL/2 5 1— y+ ﬁ F; nucleon/A
z(1+ Q*/My,) 2

+ xy (1 _ %) Fl; nucleon/A:| ’

do O\ P nucleon/A
(dxdy>
_ G%MNED |:<1 —y+ ﬁ) Fx‘/ nucleon/A
n(1+ Q*/M3,)? 2)?
—xy (1 _ X) Fg nucleon/A:| ’
2
with
F;(D) nucleon/A _ %F;(D)p + AA;ZF;(DM,
F;(D) nucleon/A _ %F;(D)p + AA;ZFI;(D)’[.

Our results are presented in Fig. 4 for Q> = 5 GeV?. The
solid lines correspond to neutrinos, and the dashed lines to
antineutrinos.

IV. UNIVERSALITY OF SRC

The neutrino-nucleus DIS process is an ideal platform
for testing the SRC interpretation of the EMC effect.

Motivated by the correlation between the EMC effect
and the SRC scale factor and according to the universality
of the SRC, we parametrize the u and d quark distributions
in the EMC region as those for the structure function in
Refs. [53,54] by assuming that all nuclear modifications
originate from the nucleon-nucleon SRCs,

1
Tt (@) =~ 27 4 (6. @) + e ) (6. Q).
(12)

where n,. represents the number of np pairs in nucleus A,
notably the subscript V in f, , and f,;, means distributions
of valence quarks, since experimental results pointed to the
EMC effect being due to a change in the valence quark
distributions. of 5 J(dy) TEpresents the difference between
u(d) valence quark distribution in the SRC pair and in the
free proton. Substituting Eq. (12) into Eq. (9), we have

O (a6 @) _ Riya (. 0% — 1
fzv(d‘,)(x’ Q2> n?rc/ZA

(13)

The left-hand side of the equation above is assumed to be
nucleus-independent, meaning that the right-hand side
should be a universal function which does not depend
on the type of nucleus. Therefore, we can parametrize the
quark distribution in A in terms of that in B:

A
A 2\ nsrc/ZA B
Ruan @) =35 77, (R,

— ﬁéﬂ(RB

aBZ,Ap

(dv)(x, 0*)-1)+1
(@)X Q%) = 1)+ 1. (14)

Here, a5 = (n4../A)/(n%../2) is the SRC ratio of nucleus
A with respect to that of a deuteron. This ratio can be
measured through the nuclear structure functions at the x >
1.5 region [35,55,56].

Based on the EPPS16 parametrization of quark NPDFs
for carbon and Eq. (14), one can get quark NPDFs for iron
and lead. With these distributions, the universality of SRC
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Universality of EMC effects shown in the structure functions with the theoretical assumption in Eq. (14), here Q%> = 5 GeV?2.

The nucleus-independent (universal) behavior of the SRC modification is clearly observed. The shaded regions are uncertainties caused

by NPDFs and the scaling factor a,.

can be illustrated more specifically by introducing one kind
of universal modification functions whose functionality is
normalizing the ratios defined in Eq. (10) by the respective
SRC factors

27, R (FAx, 0%) — 1
Ry (F4:ix,0%) ==2 (F2:x. 0')

AA Clg ’
27, R*(F4;x,0%) -1
Riy(Fion, @) = AR 2Ly
A as

where the R* marked with an asterisk is used to indicate
that it is derived from Eq. (14)—i.e., from the assumption
that all nuclear modifications originate from the SRCs in
the EMC region. Rj,(F5;x, Q%) and R},(F4;x, Q%) are
plotted in Fig. 5; the shaded regions are uncertainties which
are mainly caused by the scaling factor a,, whose con-
tributions are introduced through Eq. (15). We can clearly
see that the three curves of normalized ratios shrink almost
into one single line at 0.3 < x < 0.7; this is a remarkable

(7 S —
0.03 @ -C 7

—Fe ]
0.02 E

0.01

0

R, (F*:x,Q%)

-0.01
-0.02

-0.03

-0.04

prediction from the universality of the SRC contributions.
Besides, Fig. 3 already shows the ratios R(F5;x, Q%) and
R(F4;x, 0?), and they can also be normalized by Eq. (15),
denoted as Ry. The results of Ry (F;x,0%) and
Ry (F4;x, Q%) are shown in Fig. 6.

The predicted nucleus-independent universal behavior
by the SRC-driven EMC model can be illustrated more
clearly if we put these results together. The ratios R defined
in Eq. (10), the universal modification function R,, with
EPPS16 parametrization, and the universal modification
function R}, with the theoretical assumption have been
presented in Fig. 7. One can clearly find that after they are
normalized by the respective SRC factors, the ratios of
different nuclei tend to shrink substantially; this observa-
tion is applicable to both R, and Rj},. Besides this, the
shapes of R), are consistent with R},. This consistency
supports the theoretical assumption in our paper and
indicates that the EMC effect is mainly caused by SRC
pairs in the EMC region. Figure 7 shows a nontrivial test of
SRC universality.

0.04
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FIG. 6. Universality of EMC effects shown in the structure functions with EPPS16 parametrization, here Q> = 5 GeV?. As in Fig. 5,
the shaded regions are uncertainties caused by NPDFs and the scaling factor a,.

033002-6



NUCLEAR EFFECTS IN NEUTRINO-NUCLEUS DIS AND A ...

PHYS. REV. D 104, 033002 (2021)

1l e e e e e e e

g -C 1 i

105 [~ — —Fe -/A - 1.05
~ 'F /I Q=5 GeV? |
I F A N &
o F J <
e - i1 | >
<095 /] 1095 %
) 77 1R
~ e ] ] o~

09 § - —09
S / ]

085 S - - —oss

08 | I | | I I I I r | Lidgg

0.04 ey : e 2 E T 004
r —-C r —C ]

003 [ : F Jo03
g —Fe hor ~Fe |1

0.02 E —Pb f: e Pb —0.02

F i F
~ r /- F —~

01 F = - 01
GOtk EN: 001 5
FooF Q=5 GeV? - 0
=) F - F A =)

> b /] ]

2001 = oo of

0.02 E —— J-002
003 - - —-003
004 Hodl L L L S T T FETTE EUTTE FOTT FETTE FUTTE I YW
004 . ; . ; e . e 0.04

£ -C £ —C 3
003 [ B B - o003

£ I;Z C —Fe ]

002 | E 2 —pb o002
001 = £ 001 &
g U E g e
S0k Q=5 GeV? Q’=5GeV? o
= F E =
= E ] E
o001 [ = 00172

—0.02 - = 002
-003 [+ - E J003
_oo4 E I | | I 1 1 | I E | | | | | | | I PPV

FIG. 7. Results of R(F5(F%);x, Q?) (the first row), Ry (F4 (F4);x

presented together in this figure for convenience of comparison.

V. CONCLUSION

In summary, we have studied charged-current neutrino-
nucleus deep inelastic scattering with particular interests in
the relationship of SRC and the EMC effect. The ratios of
structure functions F4 (x, 0%), xF4(x, Q%) and differential
cross sections are presented. We also show the consistency
of EMC data and the SRC interpretation of the EMC effect
based on the assumption of SRC universality. From these
results, one can come to the conclusion that the EMC effect
in different nuclei can be described by the abundance of
SRC pairs and the proposed modification functions are in
fact universal. These universal modification functions
presented here provide a new clue to understand the
fundamental aspects of QCD.

We would like to emphasize that the data used
in EPPS16 include not only neutrino-nucleus DIS,

Q?) (the second row), and R}, (F4 (F4);x, Q%) (the third row) are

but also charged-lepton-nucleus DIS, Drell-Yan dilepton
production, and inclusive pion production, etc. To purely
test the universality of SRC through neutrino-nucleus DIS,
more data and new observables were called for. These new
data will improve our understanding of nucleon structure
substantially.
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