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Introduction

Short-range nucleon dynamics is fundamental:

• Deficiencies of mean-field model

• Change of nucleon structure in nuclei (EMC effect)

• Related to quark and gluon d.o.f. in nuclei (?)

• Properties of matter under extreme conditions

Short-range nucleon dynamics is challenging:

• Complex nuclear many-body problem

• Nucleons are again many-body systems

Goal of this work:

• New nPDF ansatz: Single N in mean field + SRC NN pairs

• nCTEQ analysis of DIS, DY, W/Z-boson data at high energy

• Extract SRC fractions and properties of SRC pairs
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The nuclear many-body problem (1)
C. Ciofi degli Atti, Phys. Rep. 590 (2015) 1

Non-relativistic Schrödinger equation (even though vN
c ∼ 0.1):


∑

i

p2
i

2mN
+
∑

i<j

v2(xi , xj) +
∑

i<j<k

v3(xi , xj , xk)


ψf

A({xA}) = E f
Aψ

f
A({xA})

• V2 dominates, Vn ' ( vNc )n−2V2 [H. Primakoff, T. Holstein, PR 55 (1939) 1218]

• V3 contributes ≤ 20 % to BE [S.C. Pieper, R.B. Wiringa, ARNPS 51 (2001) 53]

Nuclear NN potentials: [R.J. Furnstahl, K. Ebeler, Rep. Progr. Phys. 76 (2013) 126301]

• Depend on L, S ,T (L + S + T odd, Pauli)

• Attractive (1S0, spin-aligned) for r ≥ 0.7 fm

• Tensor character for S = 1

• Repulsive at small r → pert. theory fails

• Off-shell effects, important at small r

C. Ciofi degli Atti / Physics Reports 590 (2015) 1–85 5

Fig. 1. The radial shape of the interaction in the 1S0 channel corresponding to three different NN potentials: RSC [24], Bonn [25] and AV18 [30].
Source: Reprinted from [9].
© 2013, by Institute of Physics.

experimental data [23] exhibit a very complicated structure. In the case of few-nucleon systems (A = 2, 3, 4) Eq. (2.3) can
be solved ab initio, and, as previously mentioned, a first result on its validity has already been obtained, namely it turns
out that if only two-nucleon interactions are considered, the binding energy of few-nucleon systems is only '90% of the
experimental value,with the remaining'10%providedbyphenomenological three-nucleon interactions [18–20]. The latter,
however, cannot be obtained experimentally and have to be parametrized by reproducing the binding energy of the few-
nucleon systems, introducing, by this way, a certain degree of ambiguity, since different phenomenological two-nucleon
potentials require different phenomenological three-nucleon interactions.2

2.1.1. The main features of free realistic NN interactions
The most common realistic interactions that will be recalled in the present Report are the Reid soft core (RSC) [24],

Bonn [25], Paris [26], Nijmegan [27] interactions, and the family of Argonne interactions, namely the AV6, AV8, AV8’, [28],
AV14 [29] and the AV18 [30] interactions. All of them exhibit the following basic features3:
1. they depend upon the relative orbital angular momentum L, the total spin S and total isospin T , with the Pauli principle

imposing that L + S + T be an odd number;
2. in state 1S0 they are attractive between spin-aligned nucleons at distances larger than r & 0.7 fm, reaching a maximum

value at r ' 0.9 fm; beyond this distance they decrease exponentially and becomes strongly repulsive at r . 0.5–0.6 fm
as required by the change of sign of the experimental phase shift; the attractive, long range part is constrained by field
theory in terms of pion and other boson exchange [31] as illustrated in Fig. 1 [32] (see also Ref. [33]).

3. to a large extent they are charge-independent, which means that once the Coulomb interaction is removed, they do not
depend uponwhether the nucleons are neutrons or protons. The introduction of the isotopic spin T allows one to describe
a two-nucleon state in a simple way, via the projection T3 of the isospin of the pair, which assumes the values T3 = 1 for
a pp pair, T3 = �1 for a nn pair, and T3 = 0 for a pn pair;

4. in states with S = 1 they have a tensor character, i.e. they depend upon the angle between the direction of the spin of
the two nucleons and the direction of their relative distance. The tensor force leads to the binding of the deuteron and to
the mixing of the deuteron orbital momentum states L = 0 and L = 2.

The family of Argonne interactions, that will be frequently referred to in this Report, can be represented in the following
form

v(xi, xj) =

mX

p=1

v(p)(rij)O
(p)
ij , (2.4)

where rij = |ri � rj| is the relative distance of nucleons i and j and O
(p)
ij a proper operators. The most advanced interaction,

the AV18, corresponds tom = 18, with the main eight components being

O
(1)
ij = 1, O

(2)
ij = �i · �j, O

(3)
ij = ⌧i · ⌧j, O

(4)
ij = (�i · �j)(⌧i · ⌧j),

O
(5)
ij = Sij, O

(6)
ij = Sij⌧i · ⌧j, O

(7)
ij = (L · S)ij, O

(8)
ij = (L · S)ij⌧i · ⌧j. (2.5)

2 Chiral interactions, to be briefly presented in Section 2.1.2 reduce the ambiguities in the definition of many-nucleon forces.
3 From now on the spectroscopic notation for the quantum numbers of a pair of nucleons will be used, namely 2S+1LJ , where L is the relative orbital

momentum of the pair, S and T the total spin and isospin of the pair and J the total angular momentum allowed by the vector coupling J = L + S . The
usual spectroscopic notations for the orbital momentum are used, namely L = S, P,D, . . . .
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The nuclear many-body problem (2)
C. Ciofi degli Atti, Phys. Rep. 590 (2015) 1

Chiral perturbation theory: [H.W. Hammer, A. Nogga, A. Schwenk, RMP 85 (2013) 197]

• EFT based on approx., spont. broken chiral symmetry of QCD
• Systematic expansion in local operators and powers of Λ ' mρ

• Short range contact int., long range pion exchange (pN ' mπ)
• Also repulsive at small r , solvable up to A ≤ 12 with RGEs

C. Ciofi degli Atti / Physics Reports 590 (2015) 1–85 7

Fig. 3. Comparison [38] of the central part (S-wave) of the AV18 interaction with the local projected EFT interaction N3LO-500 of Ref. [34]. The yellow
highlighted parts represent the difference between the two interactions. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
Source: Adapted from [38].
© 2003, by the American Physical Society.

Fig. 4. Local projection of AV18 andN3LO (500MeV) potentials in 3S1 channel [34] at different resolutions [38]. The dashed lines show thematrix elements
of the initial unevolved potentials. Here � is the parameter governing the resolution.
Source: Reprinted from [38].
© 2003, by the American Physical Society.

are based upon the application of unitary transformations of the original interaction v ! ṽ� = Û�vÛ
Ñ
� . An example is

shown in Fig. 4, representing the evolution of the chiral N3LO(500) interactions at various resolution scales. It should again
be stressed that these soft interaction are phase equivalent to the realistic ones but with the short-range repulsive core
appreciably decreasing with decreasing resolution �. Therefore, the many-body wave function, solution of the evolved
Schrödinger equation that they produce, exhibits a very low degree of SRCs, unlike what happens, as it will be shown in
detail, when bare realistic interactions are used in the Schrödinger equation. This does not mean that the expectation value
of the momentum operator n̂(k) = akÑak does not exhibit high momentum components. As a matter of fact, being the
renormalization group transformation a unitary one, we have  � = U� � and Ô� = U�Ô0UÑ

� , so that [10,11],

h �
0 |n̂�(k)| �

0 i = h 0|n̂(k)| 0i (2.7)

and the high momentum components do not disappear but are taken care of by the momentum operator.

2.2. Methods of solution of the nuclear many-body problem

Several exhaustive monographs on the nuclear many-body problems exist in the literature (see e.g. [39–41]). A variety
of approaches for the solution of the non relativistic Schrödinger equation has been developed and is being extensively
applied; since in this Report results obtained within these approaches will be discussed, a concise review of them will be
presented, with particular emphasis of those methods that allow a direct solution of the Schrödinger equation in terms of
realistic NN interactions.

2.2.1. The two-nucleon problem
The two-nucleon problem can be solved exactly by direct numerical integration of the Schrödinger equation. The

deuteron wave function describing a state with J = 1 and projection M , orbital momentum L = 0 and 2, spin S = 1
and isospin T = 0, has the following form

 1M(r) = �0(r)Y00(⌦r)�1M(s1s2) ⇠00(t1t2) + �2(r)[Y2(!r) ⌦ �1(s1s2)]1M ⇠00(t1t2). (2.8)

• Off-shell NN interactions ↔ On-shell 3N forces 21

pionless chiral chiral+∆

LO — —

NLO — —

N2LO

FIG. 23 Order of 3NF contributions in pionless and chiral EFT and in EFT with explicit ∆ degrees of freedom (chiral+∆).
Open vertices in the last column indicate the differences of the low-energy constants in chiral and chiral+∆ EFT.

lengths, subleading three-body forces are suppressed by
two orders and enter only at N2LO. Some higher-order
calculations of few-nucleon observables exist but much
remains to be investigated in this sector. Particularly
interesting are the application of pionless EFT to halo
nuclei and low-energy electroweak reactions. Halo nuclei
are the most promising candidates for observing Efimov
physics in nuclei, while precise calculations of low-energy
reactions are relevant for nuclear astrophysics and neu-
trino physics. In particular, 3NFs play a prominent role
in two-neutron halo nuclei and larger halo systems. Pio-
nless EFT also predicts universal three-body correlations
that can be explored in nuclear reactions in this regime
and to test the consistency of different theoretical calcu-
lations (similar to the Tjon line/band).

In chiral EFT discussed in Sections IV, V and VI,
3NFs are suppressed compared to NN interactions. This
explains the phenomenological success of weaker three-
body forces of the Fujita-Miyazawa type. As summarized
in Fig. 23, 3NFs enter at N2LO, and their relative contri-
butions to observables can be understood based on the
power counting. Because the operator structure of the
leading 3NFs is strongly constrained, a global analysis
of few-body scattering and bound-state data with theo-
retical uncertainties appears feasible in the framework of
chiral EFT. This would allow for a determination of the
long-range ci couplings in the three-body sector. In addi-
tion, a consistent determination of two- and three-body
forces from such an analysis may help to resolve the Ay

puzzle in few-body scattering.
For applications of chiral EFT interactions to nuclear

structure, 3NFs play a central role, as discussed for light
and medium-mass nuclei and for nuclear matter. For
these many-body calculations, the RG/SRG evolution
leads to greatly improved convergence. A consistent evo-
lution of chiral 3NFs has been achieved in a harmonic-
oscillator basis and recently in momentum space. Impor-
tant open problems are an understanding of the 3NFs
induced by the SRG and to control higher-body forces,

which is necessary for the desired accuracy in nuclear
structure.

If ∆(1232) degrees of freedom are included, part of
the physics contained in the low-energy constants in chi-
ral EFT is made explicit in lower orders. As a conse-
quence, a 3NF of the Fujita-Miyazawa type appears al-
ready at NLO as shown in Fig. 23. Improved convergence
of the chiral expansion with explicit ∆ degrees of free-
dom is expected, but a full analysis of few-nucleon data
remains to be carried out. In addition, a chiral EFT
with explicit ∆’s would naturally explain why the con-
tributions from the long-range two-pion-exchange parts
of 3NFs dominate over the shorter-range parts in appli-
cations to neutron-rich nuclei and nuclear matter.

Three-nucleon forces are a frontier in the physics of nu-
clei that connects the systematic development of nuclear
forces in chiral EFT with the exploration of neutron-rich
nuclei at rare isotope beam facilities. The subleading
3NFs at N3LO are predicted in chiral EFT, without free
parameters, as is the case for N3LO 4N forces. In many
present calculations, the uncertainty of the leading 3NFs
likely dominates the theoretical uncertainties of the pre-
dicted observables. The derivation of N3LO 3NFs has
only been completed recently, and no calculation exists
with N3LO 3N or 4N forces beyond few-body systems.
Therefore, there is a window of opportunity to make key
discoveries and predictions. In addition to advancing mi-
croscopic calculations with 3NFs to larger and neutron-
rich nuclei, an important problem is to understand the
impact of 3NFs on global nuclear structure predictions,
e.g., for key regions in the r-process path where system-
atic theoretical predictions of extreme nuclei, often not
accessible in the laboratory, are needed.

Electroweak interaction processes are unique probes of
the physics of nuclei and fundamental symmetries, and
play a central role in astrophysics. Chiral EFT provides
a systematic basis for nuclear forces and consistent elec-
troweak currents, where pion couplings contribute both
to electroweak currents and to 3NFs. This opens up
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The nuclear many-body problem (3)
C. Ciofi degli Atti, Phys. Rep. 590 (2015) 1

Nuclear shell model:
• Independent Particle Model: [Jensen et al. PR 75 (1949) 1766; Mayer idib. 1969]

[
− ~2

2mN
∇2

i + U(xi )

]
φα(xi ) = εαφα(xi )

with isotropic mean field U(ri ) = 1
2~ωr

2
i + DL2

i + CLS.
Generated by V2 → Reproduces magic numbers in Z and N
• Motivates “bound” nucleon PDFs
• V3 modifies monopole, explains e.g. N = 28 in 20Ca

Modern approaches:
• No-Core Shell Model: [B.R. Barrett, P. Navratil J.P. Vary, PPNP 69 (2013) 131]

Variational many-body ansatz (A ≤ 12), also used with ChPT
• Quantum Monte Carlo: [R. Cruz-Torres et al., Nature Phys. 17 (2021) 306]

Scale separation of short and long distances →
A-dependent SRC fractions, A-independent contact terms
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Short-range correlations
O. Hen et al., Rev. Mod. Phys. 89 (2017) 045002 [1611.09768]

Experimental and theoretical evidence:

• QE data show only 65% of single-N strength predicted by IPM

L Lapikds I Quasi-elastic electron scattering 305c 

for the absolute spectro~opic strength for 
the studied closed shell nuclei is ,~,Som F = 
0.65(5), appreciably lower than the 90 % 
occupation for valence orbitals predicted by 
Hartree Fock plus RPA theory. A possible 
explanation for this discrepancy is that 
sizable short-range and tensor correlations 
are present, which are not included in the 
mean-field approximation. Their  effect 
would be twofold. Firstly, they shift 
strength from the quasi panicle peak (see 
fig. 10) into a tail at large missing energy 
outside the experimental ly accessible 
domain. Secondly they cause an overall 
depletion of the states below the Fermi edge 
and populate the states above it. 

The high resolution of  the measured 
(e,e'p) missing energy spectra made it also 
possible to determine the strength residing 
in "normally empty" orbitals, i.e. the ones 
directly above the Fermi edge. In fig. 9 we 
show the resulting integrated spectroscopic 
strengths, Their average for closed shell 
nuclei amounts to Y-~ct~ F--0.07(3) relative to 
the IPSM sum rule limit (2j+l). Since the 
obtained values for the spectroscopic 
strengths below and above the Fem~i edge 
seem rather mass-independent it is now 
tempting to cornpare these results with 
nuclear matter (NM) calculations, 
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Fig. 13. The proton momentum distribution np
A(k1) ⌘ nA(k) and its separation into the uncorrelated and correlated contributions, Eqs. (4.19)–(4.24),

in A = 3 (wave function from Ref. [48], AV18 interaction), A = 4 (wave function from Ref. [49], AV80 interaction), A = 16 (wave functions from
Ref. [68], AV80 interaction), and A = 40 (wave function from Ref. [68], AV80 interaction). The values of the probabilities P

p
gr(0) = 4⇡

R
k2 dk np

gr (k) and
P

p
ex(1) = 4⇡

R
k2 dk np

ex , Eq. (4.26), are listed in Table 3 and the partial probabilities, Eq. (4.28), in Table 4.
Source: Reprinted from [80].
© 2013, by the American Physical Society.

particle–hole structure of the realistic solutions of Eq. (2.3) is explicitly exhibited by Eq. (2.12).Within such a representation,
one has [93,111]

nA(k1) = n0(k1) + n1(k1), (4.22)

where

(2⇡)3 n0(k1) =

X

fF ,�1

���
Z

eik1·r1dr1
Z
�

Ñ
1
2 �1
 

f
A�1({ri}A�1)

Ñ 0(r1, {ri}A�1)
AY

i=2

dri
���
2
, (4.23)

(2⇡)3 n1(k1) =

X

f>F ,�1

���
Z

eik1·r1dr1
Z
�

Ñ
1
2 �1
 

f
A�1({ri}A�1)

Ñ 0(r1, {ri}A�1)
AY

i=2

dri
���
2
. (4.24)

The summation over f in Eq. (4.23) includes all the discrete shell-model levels below the Fermi level in (A�1) (‘‘hole states’’
of A), and in Eq. (4.24) it includes all the discrete and continuum states above the Fermi level created by SRCs. In a fully
uncorrelated MF approach, one has

nA(k1) = n0(k1) =

X

↵F

|�↵(k1)|
2 n1(k1) = 0. (4.25)

The modulus squared of the overlap integral represents the weight of the ground and excited virtual states of (A � 1) in
the ground state of A, so that the quantities

Pgr(0) =

Z
1

0
ngr(0)(k1) d k1 Pex(1) =

Z
1

0
nex(1)(k1) d k1, (4.26)

with

Pgr(0) + Pex(1) = 1, (4.27)

yield, respectively, the probability to find a MF and a correlated nucleon in the range 0  k1  1, therefore they can
be assumed to represent the MF and SRC total probabilities. It is clear that both low- and high-momentum components
contribute to mean-field and correlated momentum distributions but, as it should be expected, ngr(0) (nex(1)) should get
contribution mainly from low (high) momentum components. This is clearly illustrated in Fig. 13, where the proton
momentum distributions of A = 3, 4, 16, and 40 nuclei are shown with the separation into the MF and correlation
contributions: it can be seen that, starting from k & 2 fm�1, the momentum distributions are dominated by the correlated
part, but around k ' 1.5 fm�1, LRCmay play a non negligible role. The calculated values ofPgr(0) andPex(1) for several nuclei

L. Lapikas, Nuclear Physics A 553 (1993) 297c M. Alvioli et al., PRC 87 (2013) 034603 [1211.0134]

• Remainder in SRC pairs (small p∗, but prel. > pF ∼ 250 MeV)

• Dominated by nodeless rel. S-wave with S = 1, T = 0 (∼ d)

• Typical distance ∼ 1 fm < average 1.7 fm → Higher density
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Exclusive quasi-elastic scattering
R. Subedi et al. (Hall A), Science 320 (2008) 1476 [0908.1514]

12C(e, e ′p, pN) (Ee = 4.627 GeV, θe = 19.5◦):
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Figure 2: The fractions of correlated pair combinations in carbon as obtained from the (e,e’pp) and (e,e’pn) reac-
tions, as well as from previous (p,2pn) data. The results and references are listed in Table 1.

6

Figure 3: The average fraction of nucleons in the various initial state configurations of 12C.
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Inclusive quasi-elastic scattering
N. Fomin et al. (Hall C), Phys. Rev. Lett. 108 (2012) 092502 [1107.3583]

Ratio a2 = const. for x > 1.5 (Ee = 5.766 GeV, θe = 18◦):

3

nents are related to two-nucleon short range correlations
(2N-SRCs), where two nucleons have a large relative mo-
mentum but a small total momentum due to their hard
two-body interaction, then they should yield the same
high-momentum tail whether in a heavy nucleus or a
deuteron.

The first detailed study of SRCs combined data in-
terpolated to fixed kinematics from different experi-
ments at SLAC [29]. A plateau was seen in the ra-
tio (σA/A)/(σD/2) that was roughly A independent for
A ≥ 12, but smaller for 3He and 4He. Measurements
from Hall B at JLab showed similar plateaus [30, 31] in
A/3He ratios for Q2 ≥ 1.4 GeV2. A previous JLab Hall
C experiment at 4 GeV [11, 32] measured scattering from
nuclei and deuterium at larger Q2 values than SLAC or
CLAS, but had limited statistics for deuterium. While
these measurements provided significant evidence for the
presence of SRCs, precise A/D ratios for several nuclei,
covering the desired range in x and Q2, are limited.
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FIG. 2: Per-nucleon cross section ratios vs x at θe=18◦.

Figure 2 shows the cross section ratios from E02-019
for the θe = 18◦ data. For x > 1.5, the data show the ex-
pected plateau, although the point at x = 1.95 is always
high because one is approaching the kinematic threshold
for scattering from the deuteron at x = MD/Mp ≈ 2.
This rise was not observed in previous measurements;
the SLAC data did not have sufficient statistics to see
the rise, while the CLAS measurements took ratios of
heavy nuclei to 3He, where the cross section does not go
to zero for x → 2. Table I gives the ratio in the plateau
region for a range of nuclei at all Q2 values where there
were sufficient large-x data. We apply a cut in x to iso-
late the plateau region, although the onset of scaling in
x varies somewhat with Q2. The start of the plateau is
independent of Q2 when taken as a function of α2n,

α2n = 2 − ν − q + 2MN

2MN

(
1 +

√
1 − M2

N/W 2
2n

)
, (3)

(W 2
2n = 4M2

N + 4MNν − Q2) which corresponds to the
light-cone momentum fraction of the struck nucleon as-
suming that the photon is absorbed by a single nucleon
from a pair of nucleons with zero net momentum [29].
We take the ratio for xmin < x < 1.9, such that xmin
corresponds to a fixed value of α2n.

TABLE I: r(A, D) = (2/A)σA/σD in the 2N correlation region
(xmin < x < 1.9). We take a conservative value of xmin = 1.5
at 18◦, corresponding to α2n = 1.275, and use this to set
xmin at 22 and 26◦. The last column is the ratio at 18◦

after subtracting the inelastic contribution as estimated by a
simple convolution model (and applying a 100% systematic
uncertainty on the correction).

A θe=18◦ θe=22◦ θe=26◦ Inel. sub.
3He 2.14±0.04 2.28±0.06 2.33±0.10 2.13±0.04
4He 3.66±0.07 3.94±0.09 3.89±0.13 3.60±0.10

Be 4.00±0.08 4.21±0.09 4.28±0.14 3.91±0.12

C 4.88±0.10 5.28±0.12 5.14±0.17 4.75±0.16

Cu 5.37±0.11 5.79±0.13 5.71±0.19 5.21±0.20

Au 5.34±0.11 5.70±0.14 5.76±0.20 5.16±0.22

〈Q2〉 2.7 GeV2 3.8 GeV2 4.8 GeV2

xmin 1.5 1.45 1.4

There are small inelastic contributions at the higher Q2

values, even for x > 1.5. A simple convolution model [7]
predicts an inelastic contribution of 1–3% at 18◦ and 5–
10% at 26◦. This may explain the small systematic Q2

dependence in the extracted ratios seen in Tab. I. Further
results on the role of SRCs will be based on the 18◦ data,
with the inelastic contributions subtracted (including a
100% model dependence uncertainty), to minimize the
size and uncertainty of the inelastic correction.

Calculations of inclusive FSIs generally show them to
decrease rapidly with increasing Q2. However, the effects
can still be important at high Q2 for x > 1. While at least
one calculation suggests that the FSI is A dependent [33],
most indicate that the FSI contributions which do not
decrease rapidly with Q2 are limited to FSI between the
nucleons in the initial-state SRC [3, 5, 29, 34–36]. In this
case, the FSI corrections are identical for 2N-SRCs in the
deuteron or heavy nuclei, and cancel when taking the ra-
tios. Our y-scaling analysis of the deuteron cross sections
(Fig 1) suggests that the FSIs are relatively small for the
deuteron, and the ratios shown in Tab. I have only a small
Q2 dependence, consistent with the estimated inelastic
contributions, supporting the standard assumption that
any FSIs in the plateau region largely cancel in taking
the target ratios.

In the absence of large FSI effects, the cross section ra-
tio σA/σD yields the strength of the high momentum tail
of the momentum distribution in nucleus A relative to a
deuteron. If the high-momentum contribution comes en-
tirely from quasielastic scattering from a nucleon in an n–
p SRC at rest, then this ratio represents the contribution
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Inclusive deep-inelastic scattering
I. Schienbein et al. [nCTEQ], PRD 80 (2009) 094004 [0907.2357]; D.M. Alde et al., PRL 64 (1990) 2479

Nuclear modification of FA
2 (x ,Q2) (Ee = 4.5 ... 280 GeV):

2

Figure 1: Nuclear correction ratio, F F e
2 /F D

2 , as a function
of x. The parameterized curve is compared to SLAC and
BCDMS data [18–24].

B. Nuclear Corrections in the Literature

In previous PDF analyses [25, 26], a fixed nuclear cor-
rection was applied to “convert” the data from a heavy
target to a proton. As such, these nuclear correction fac-
tors were frozen at a fixed value. They did not adjust for
the Q2 scale or the physical observable (F2, F3, dσ

dxdy ),
and they did not enter the PDF uncertainty analysis.

While this approach may have been acceptable in the
past given the large uncertainties, improvements in both
data and theory precision demand comparable improve-
ments in the treatment of the nuclear corrections.

Figure 1 displays the FFe
2 /FD

2 structure function ratio
as measured by the SLAC and BCDMS collaborations.
The SLAC/NMC curve is the result of an A-independent
parametrization fit to calcium and iron charged-lepton
DIS data [18–24, 27]. This parameterization was used to
“convert” heavy target data to proton data, which then
would be input into the global proton PDF fit.1 The
SLAC/NMC parmeterization was then applied to both
charged-lepton–nucleus and neutrino–nucleus data, and
this correction was taken to be independent of the scale
Q and the specific observable {F2, F3, ...}. Recent work
demonstrates that the parameterized approximation of
Fig. 1 is not sufficient and it is necessary to account for
these details [28–30].

C. Outline

In this paper, we present a new framework for a global
analysis of nuclear PDFs (NPDFs) at Next-to-Leading-

1 Technically, the heavy target data was scaled to a deuteron tar-
get, and then isospin symmetry relations were used to obtain
the corresponding proton data. Deuteron corrections were used
in certain cases.
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Figure 2: We display the A-dependent coefficients ck(A),
k = {1, 5}, for the up-valence (top) and down-valence PDF
(bottom) as a function of the nuclear A. The dependence of
the coefficients ck(A) is shown by the following lines: c1- solid
(red) line, c2- long dashed (blue) line, c3- dashed (green) line,
c4- dash-dotted (magenta) line, c5- dotted (brown) line.

Order (NLO). An important and appealing feature of
this framework is that it naturally extends the proton
analysis by endowing the free fit parameters with a de-
pendence on the atomic number A. This will allow us to
study proton and nuclear PDFs simultaneously such that
nuclear correction factors needed for the proton analysis
can be computed dynamically.

In Section II, we outline our method for the analysis,
specify the DIS and DY data sets, and present the χ2 of
our fit. In Section III, we compute the nuclear correction
factors (FFe

2 /FD
2 ) for the fit to the "±A and DY data.

In Section IV, we compare these results to the nuclear
correction factors (FFe

2 /FD
2 ) from the νA fit of Ref. [30].

Finally, we summarize our results in Section V.

II. NPDF GLOBAL ANALYSIS FRAMEWORK

A. PDF analysis framework

In this section, we present the global analysis of NPDFs
using charged-lepton DIS (l±A) and Drell–Yan data to
extend the analysis of Ref. [27] for a variety of nuclear

VOLUME 64, NUMBER 21 PHYSICAL REVIEW LETTERS 21 MAY 1990

I I I 1 I ~
~

~ t I I I I I f t I
~

v
/

v
/

v ( I
/

~

~ \

08 —"I

1.00
0.9

(D
~ I~~I

0.7 a I a I a I a I a

2.0 4.0 6.0 8.0 10.0
a I a I a

0.5 1.0
I a I a I

1.5 2.0 2.5
a I a I I I a I a

0.0 O.S 0.4 0.6 O.e

Mass (GeV) P, (GeV)
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from the pure continuum mass region, 4 ~M ~9 GeU and M ~ 11 GeU.

EMC effect fall into three general categories: pion-
excess models, quark-cluster models, and rescaling mod-
els. These models can also be used to predict the nuclear
dependence of DY dimuon production. The acceptance
of the E772 spectrometer was taken into account in each
of the following calculations.
The pion-excess model in its earliest forms' ' pre-

dicted a rise in the F2"'/F2" ratio at small x, as well as a
depletion for x, ~0.2. The small enhancement in the
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FIG. 3. Ratios of the Drell-Yan dimuon yield per nucleon,
Yg/Y2„, for positive xF The curves show. n for Fe/ H are pre-
dictions of various models of the EMC effect. Also shown are
the DIS data for Sn/ H from the EMC (Ref. 4).

pion cloud surrounding a bound nucleon arises from a
conjectured attractive p-wave rr-N interaction in nuclear
matter. The strength of this interaction is often charac-
terized by the Landau-Migdal parameter go., typical
values found in the literature range around go-0.6-0.7.
Figure 3 compares the results of a calculation's (using
the structure functions of Ref. 14) with go 0.6 to the
present Fe/ H DY data; it is completely inconsistent
with the data. The pion-excess model of Ref. 17, which
uses a different pion distribution function, predicts a
similar enhancement in the antiquark content of nuclei,
in disagreement with our data.
Quark-cluster models view the nucleus as composed of

a combination of ordinary nucleons plus some fraction of
multiquark (6q, 9q, and higher) clusters formed by the
overlap of nucleons. The uncertainties in these models
come from the essentially unknown structure functions
of multiquark clusters. In the model of Carlson and
Havens, ' for example, the parton structure functions
were parametrized according to constituent counting
rules. The gluon momentum fraction for the 6q cluster
was constrained to be the same as for the free nucleon.
This results in a significant enhancement of the sea even
for a modest 15% 6q-cluster fraction. The calculated
DY ratio (Fig. 3) is in significant disagreement with the
present data. An alternate but plausible assumption,
that the sea-to-glue momentum fraction in 6q clusters is
the same as it is for nucleons, leads to a smaller enhance-
ment of the DY ratio. However, such a calculation is
still in disagreement with our data.
The rescaling model assumes that nuclear binding re-

sults in a phenomenon similar to the scaling violation as-
sociated with gluon emission. ' Comparisons to the
present DY data are made on the basis of the scale
change of structure functions f(x„g) f(xt, gg ),
where (-2 over the Q range of our data. The calcula-
tion, shown in Fig. 3, yields a scaling violation similar to
DIS. It approximately fits the DY data, except in the

2481

Explanation with N’s only violates baryon/momentum sum rules →
Need also π’s, but no q̄ enhancement seen in nuclear DY.
Partonic? Fewer high-momentum quarks → larger size (e.g. NN∗).
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SRCs and the EMC effect
O. Hen, E. Piasetzky, L.B. Weinstein et al., PRL 106 (2011) 052301 and PRC 85 (2012) 047301 [1202.3452]

EMC slope in 0.35 ≤ x ≤ 0.7 vs. ratio a2 = σA/σd for x > 1.5:
3

by about 10%. Applying the SRC-pair center of mass
motion correction decreases the ratios by 10% to 20%.
The last column of Table I shows the magnitude of the
EMC effect for the different nuclei as measured by [3, 7]
and averaged by [8].

III. THE EMC-SRC CORRELATION

The quality of the correlation between the magnitude
of the EMC effect and the newly measured SRC scaling
factors, a2(A/d), is shown in Fig. 1. Due to the large
uncertainties of the SRC-pair center-of-mass motion cor-
rection, Fig. 1 shows the data of Fomin et al. as published
but without that correction. Fig. 1 also shows the results
of a one-parameter fit to the EMC slopes as a function
of the SRC scaling factors. Because the point for the
deuteron is fixed at dREMC/dx = 0 and a2(A/d) = 1,
the fitted slope is also the negative of the intercept of the
line.

In order to test the robustness of the EMC-SRC cor-
relation, we made a series of one-parameter linear fits to
the EMC slopes (Table I column 8) as a function of the
different SRC scaling factors shown in Table I. The χ2

per degree of freedom for each of these fits was approx-
imately one, indicating an excellent fit. In addition, the
values of a2(A/d) predicted for 9Be and 197Au by Ref. [8]
agree within uncertainties with the new values measured
by Fomin et al. with the radiative and isoscalar correc-
tions from [12].

Following Ref. [8], the value a2(A/d) = 0 corresponds
to the limit of free nucleons with no SRC. If we ex-
trapolate the linear fit to this point, this should give
us the EMC ratio for a free (unbound) pn pair to the
deuteron, the so-called In-Medium Correction (IMC) ef-
fect. The IMC effect then equals the negative of the fitted
EMC-SRC slope. This value ranges from |dRIMC/dx| =
0.079 ± 0.006 to 0.084 ± 0.004 for the different data sets
with the different corrections (excluding the cm motion
correction). If we include the SRC-pair center of mass
motion correction, then the linear fit is still excellent.
However the slope and hence the intercept increases by
about 20% to 0.106 ± 0.006.

Since the EMC effect is linear for 0.3 ≤ xB ≤ 0.7, we
have (also following [8]),

σd

σp + σn
= 1 − a(xB − b)

where σd and σp are the measured DIS deuteron and
proton cross sections, σn is the unmeasured free neutron
cross section, a = |dRIMC/dx| ≈ 0.08 and b = 0.31±0.04
is the average value of xB where the EMC effect is unity
(i.e., where the per-nucleon cross sections are equal).
Evaluating this at xB = 0.7 gives the ratio of the free
pn cross section to the bound pn (deuteron) cross sec-
tion which ranges from 1.032 ± 0.004 to 1.034 ± 0.004 for
the different data sets and corrections (again excluding
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FIG. 1: The slope of the EMC effect for 0.35 ≤ xB ≤ 0.7
plotted versus a2(A/d), the SRC scaling factor (the relative
amount of 2N-SRC pairs) in a variety of nuclei. The un-
certainties include both statistical and systematic uncertain-
ties added in quadrature. The values of a2(A/d) are taken
from Fomin et al. [18] as published except for the SRC-
pair center of mass motion corrections. The fit parameter,
a = −0.084 ± 0.004, is the intercept of the line and also the
negative of the slope of the line.

the cm motion correction). If we include the cm motion
correction, then this ratio changes to 1.043 ± 0.005.

The agreement of the slope of the EMC-SRC cor-
relation, and therefore of the deuteron IMC effect at
xB = 0.7, among all combinations of data sets and correc-
tions is a clear indication of the robustness of the EMC-
SRC correlation. This also indicates that the deuteron
IMC effect and the free neutron structure function ex-
tracted in [8] and used in [19] do not change due to the
new data and/or analysis. If the center of mass motion
correction is included, then the linearity of the EMC-SRC
relation improves slightly and the deuteron IMC effect
increases by about 20% to dRIMC/dx = 0.106 ± 0.006.

IV. CONCLUSIONS AND OUTLOOK

New higher precision data [18] strengthens the phe-
nomenological correlation between the strength of the
EMC effect and the relative amount of SRC-correlated
NN pairs in a nucleus [8]. The new measurements are
consistent with the SRC scaling factors for 9Be and 197Au
that were predicted based on this EMC-SRC correlation.
Different corrections for the SRC cross section ratio were
examined and all were shown to be consistent with a lin-
ear correlation between the strength of the EMC effect
and the relative amount of SRC correlated NN pairs in

Correlation suggests that EMC effect is of short-distance nature.
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Deep-inelastic scattering and nuclear PDFs
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Theoretical foundations
MK, H. Paukkunen, Ann. Rev. Nucl. Part. Sci. 74 (2024) 49 [2311.00450]

Deep-inelastic scattering (NC, CC, dimuon production):

(a) (b) (c)

γ , Z (q)

l’ (k’) µ µ

l (k) ν ν

W (q)
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X
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X

Hadronic collisions: Leading twist, higher-twist [J.w. Qiu, 0305161]

• Transv. size, jet mass, rescattering: O
(
r2
T ∼ 1

p2
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,
m2

J

p2
T
, αs(Q2)Λ2

Q2

)

• Enhanced in nuclear collisions by A1/3 due to many soft partons
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(Perturbative) Quantum Chromodynamics
MK, H. Paukkunen, Ann. Rev. Nucl. Part. Sci. 74 (2024) 49 [2311.00450]

Nuclear structure function(s) in deep-inelastic scattering (DIS):

FA
2 (x ,Q2) =

∑

i

f
(A,Z)
i (x ,Q2)⊗ C2,i (x ,Q

2)

QCD factorization theorem, Wilson coefficients C2,i at (N)NLO

Nuclear parton density functions (nPDFs):

f
(A,Z)
i (x ,Q2) =

Z

A
f
p/A
i (x ,Q2) +

A− Z

A
f
n/A
i (x ,Q2)

DGLAP evolution equations:

∂fi (x ,Q
2)

∂ logQ2
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∫ 1

x
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z
Pij
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z
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)
fj(z ,Q
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Number and momentum sum rules, but also isospin symmetry:
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0
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{u,d} − f

p/A

{ū,d̄}(x)] = {2, 1} ; f
n/A
d ,u (x ,Q2) = f
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u,d (x ,Q2)
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(Perturbative) Quantum Chromodynamics
MK, H. Paukkunen, Ann. Rev. Nucl. Part. Sci. 74 (2024) 49 [2311.00450]
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High-x JLab data: Deuteron, TMCs and HT
A. Accardi et al., Phys. Rev. D 93 (2016) 114017 [1602.03154]; E.P. Segarra et al., Phys. Rev. D 103 (2021) 114015 [2012.11566]
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Experimental kinematic coverage in x and Q2

MK, H. Paukkunen, Ann. Rev. Nucl. Part. Sci. 74 (2024) 49 [2311.00450]
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Global analyses of nuclear PDFs
MK, H. Paukkunen, Ann. Rev. Nucl. Part. Sci. 74 (2024) 49 [2311.00450]

Analysis nCTEQ15HQ EPPS21 nNNPDF3.0 TUJU21 KSASG20

Theoretical input:
Perturbative order NLO NLO NLO NNLO NNLO
Heavy-quark scheme SACOT−χ SACOT−χ FONLL FONLL FONLL
Data points 1484 2077 2188 2410 4353
Independent flavors 5 6 6 4 3
Free parameters 19 24 256 16 18
Error analysis Hessian Hessian Monte Carlo Hessian Hessian

Tolerance ∆χ2 = 35 ∆χ2 = 33 N/A ∆χ2 = 50 ∆χ2 = 20
Proton PDF ∼CTEQ6.1 CT18A ∼NNPDF4.0 ∼HERAPDF2.0 CT18

Deuteron corrections (X)a,b Xc X X X
Fixed-target data:
SLAC/EMC/NMC NC DIS X X X X X
– Cut on Q2 4 GeV2 1.69 GeV2 3.5 GeV2 3.5 GeV2 1.2 GeV2

– Cut on W 2 12.25 GeV2 3.24 GeV2 12.5 GeV2 12.0 GeV2

JLab NC DIS (X)a X X
CHORUS/CDHSW CC DIS (X/-)b X/- X/- X/X X/X
NuTeV/CCFR 2µ CC DIS (X/X)b X/-
pA DY X X X X
Collider data:
Z bosons X X X X
W± bosons X X X X
Light hadrons X Xd

Jets X X
Prompt photons X
Prompt D0 X X Xe

Quarkonia (J/ψ, ψ′, Υ) X
17 / 33



Introduction Nuclei and SRCs DIS and nuclear PDFs Nuclear PDFs from SRCs Conclusion and Outlook

Nuclear PDFs after 10 years of LHC data
MK, H. Paukkunen, Ann. Rev. Nucl. Part. Sci. 74 (2024) 49 [2311.00450]
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Top pair production in pPb with ATLAS (and CMS)
ATLAS Coll., JHEP 11 (2024) 101 [2405.05078]
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Nuclear PDFs from short-range correlations
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Experimental data
A. Denniston, T. Jezo, A. Kusina, MK et al., Phys. Rev. Lett. 133 (2024) 15 [2312.16293]

Inclusive FT (CERN, FNAL, SLAC) and collider (RHIC, LHC) exp.:

• Deep-inelastic scattering:

Kinematics: Q2 =−(pe − pe′)
2, y =1−Ee′/Ee , x =Q2/(sy)

dσ(eA→ e ′X ) = 4πα2

Q4

[
FA

2 (x ,Q2)
(
y2

2 + 1− y
)
− xy2FA

L

]

where FA
2 (x ,Q2) =

∑
i f

A
i (x ,Q2)⊗ C2,i (x ,Q

2).

• Vector-boson (Drell-Yan, W/Z) production:

dσ(pA→ VX ) =
∑

i ,j f
p
i ⊗ f Aj (x ,Q2)⊗ d σ̂(ij → VX )

• Other pA processes (jets, photons, light/hadrons) → low x

Kinematic cuts (must avoid NP region → d, TMCs and HT):

• nCTEQ15 ; nCTEQ15SIH/HQ : Q > 2.0 GeV, W > 3.5 GeV

• nCTEQ15HIX/SRC, nCTEQ25: Q > 1.3 GeV, W > 1.7 GeV
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Traditional theoretical approach
E.P. Segarra, T. Jezo, MK et al., Phys. Rev. D 103 (2021) 114015 [2012.11566]

Q2-dependence calculable to N3LO QCD [S. Moch et al., PLB 860 (2025) 139194]

x-dependence at Q0 = 1.3 GeV must be fitted to experiments.

Our traditional parameterisation (e.g. nCTEQ15HIX):

xf
p/A
i (x ,Q0) = c0x

c1(1− x)c2ec3x(1 + ec4x)c5

where ck(A) = pk + ak(1− A−bk ), k = {1, ..., 5},
and i ={uv , dv , (ū + d̄), (d̄/ū), s, g}, s = s̄ = κ(ū + d̄)/2, κ=0.5.

Reproduces free proton for A→ 1, open 19 free parameters.

χ2 test function for data set D (3 norm. par. for W/Z production):

χ2
D =

∑N
i ,j

(
Di − Ti

Nnorm

)
(C−1)ij

(
Dj − Tj

Nnorm

)
+
(

1−Nnorm
σnorm

)2

Covariance matrix: Cij = σ2
i δij +

∑S
α σ̄iα σ̄jβ

Hessian (or Markov Chain Monte Carlo) error analysis
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SRC-motivated nuclear PDFs
A. Denniston, T. Jezo, A. Kusina, MK et al., Phys. Rev. Lett. 133 (2024) 15 [2312.16293]

Nuclear spectral function: [C. Ciofi degli Atti, Phys. Rep. 590 (2015) 1]

SA(k ,E ) = SMF
A (small k ,E ) + SSRC

A (large k,E )

SRC proton and neutron contributions: [R. Weiss et al., Phys. Lett. B 791 (2019) 242]

SSRC
A (k,E ) =

Z

A

[
2CA

p/(pp) × Spp
A + CA

p/(pn) × Spn
A

]

+
N

A

[
2CA

n/(nn) × Snn
A + CA

n/(pn) × Spn
A

]

Parton model translation (nCTEQ15SRC):

f Ai (x ,Q0) =
Z

A

[
(1−CA

p )×f pi (x ,Q0) + CA
p ×f p,SRC

i (x ,Q0)
]

+
N

A

[
(1−CA

n )×f ni (x ,Q0) + CA
n ×f n,SRC

i (x ,Q0)
]

where we assume CA
p = 2CA

p/(pp) + CA
p/(pn) and similarly for p ↔ n.

Open 21 parameters (∼ HIX + s) + 30/19 for CA
p,n in base/pn.
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SA(k ,E ) = SMF
A (small k ,E ) + SSRC

A (large k,E )

SRC proton and neutron contributions: [R. Weiss et al., Phys. Lett. B 791 (2019) 242]

SSRC
A (k ,E ) =

Z

A

[
2CA

p/(pp) × Spp
A + CA

p/(pn) × Spn
A

]

+
N

A

[
2CA

n/(nn) × Snn
A + CA

n/(pn) × Spn
A

]

Parton model translation (nCTEQ15SRC):

f Ai (x ,Q0) =
Z

A

[
(1−CA

p )×f pi (x ,Q0) + CA
p ×f p,SRC

i (x ,Q0)
]

+
N

A

[
(1−CA

n )×f ni (x ,Q0) + CA
n ×f n,SRC

i (x ,Q0)
]

where we assume CA
p = 2CA

p/(pp) + CA
p/(pn) and similarly for p ↔ n.

Open 21 parameters (∼ HIX + s) + 30/19 for CA
p,n in base/pn.
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Fitted nuclei and selected comparisons
A. Denniston, T. Jezo, A. Kusina, MK et al., Phys. Rev. Lett. 133 (2024) 15 [2312.16293]

10

χ2/Ndata DIS DY W/Z JLab χ2
tot

χ2
tot

NDOF

reference 0.85 0.97 0.88 0.72 1408 0.85

baseSRC 0.84 0.75 1.11 0.41 1300 0.80

pnSRC 0.85 0.84 1.14 0.49 1350 0.82

Ndata 1136 92 120 336 1684

TABLE I. We tabulate the partial χ2/Ndata values for the data subsets. For reference, the number of data points (Ndata) for
each process is listed in the bottom row. The reference fit has 19 shape and 3 W/Z normalization parameters. The baseSRC

and pnSRC fits have 21 shape, 3 W/Z normalization, and 30 and 19 SRC parameters, respectively. In total there are 1684 data
points after cuts.

Nuclear A 2 3 4 6 9 12 14 27 40 56 64 84 108 119 131 184 197 208

# data 275 125 66 15 49 196 101 73 92 134 61 84 7 152 4 37 50 163

TABLE II. We tabulate the fitted number of data points for each nuclei. When the data is in the form of a nuclear ratio (e.g.,
F C

2 /F D
2 ), we tally only the heavier nuclei (from the numerator). In total there are 1684 data points after cuts.

(a) (b)

(c) (d)

FIG. 1. Selected comparison of the data to the theory predictions for (a) DIS on carbon from the NMC experiment [52],
(b) DIS on iron from the CLAS experiment [3], (c) Drell-Yan lepton pair production on tungsten from E772 experiment [53],
and (d) W − production in proton-lead collisions from the CMS experiment [54].
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Quality of our fits
A. Denniston, T. Jezo, A. Kusina, MK et al., Phys. Rev. Lett. 133 (2024) 15 [2312.16293]

Results – very good data description

I To judge the obtain results in context of nPDFs we compare them with nPDFs
obtained from fit using standard approach (Reference).
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I Better overall quality of the SRC fits.
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I Worse description of the W/Z data from LHC - lowest available x values.
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• Slightly worse for W /Z bosons, which probe lower x

13

(a)

(b)

FIG. 5. The χ2/Ndata for the individual experiments. The numbers above the bars indicate the number of data points, and
the experiment ID’s are tabulated in Ref. [17]. In Fig. (a) we compare the pnSRC and baseSRC fits, and in Fig. (b) we compare
the reference and pnSRC fits.
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A-dependence of CA
p and CA

n
A. Denniston, T. Jezo, A. Kusina, MK et al., Phys. Rev. Lett. 133 (2024) 15 [2312.16293]

Results: A-dependence of the (Cp
A, Cn

A) parameters

The number of protons and neutrons in SRC pairs is approximately equal, e.g.

I 197
79 Au (Cp

A=0.256, Cn
A=0.178): 79⇥Cp

A'20.2 protons and 118⇥Cn
A'21.0 neutrons.

I 208
82 Pb (Cp

A=0.295, Cn
A=0.202): 82⇥Cp

A'24.2 protons and 126⇥Cn
A'25.5 neutrons.

28 / 33

Almost equal number of protons and neutrons in SRC pairs:

- 197
79 Au (CA

p = 0.256, CA
n = 0.178): 79CA

p ' 20.2, 118CA
n ' 21.0

- 208
82 Pb (CA

p = 0.295, CA
n = 0.202): 82CA

p ' 24.2, 126CA
n ' 25.5
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A-dependence of CA
p and CA

n
A. Denniston, T. Jezo, A. Kusina, MK et al., Phys. Rev. Lett. 133 (2024) 15 [2312.16293]

Results: A-dependence of the (Cp
A, Cn

A) parameters

I Correcting for the access of neutrons we obtained a very comparable numbers of
protons and neutrons bounded in the SRC pairs.

I This is consistent with the hypothesis that the SRC pairs are dominantly
proton-neutron combinations.

I We can use this observation to restrict number of fit parameters by linking
Cn

A = (Z/N)Cp
A.

28 / 33

Even better agreement after correcting for neutron excess →
Allows to reduce the number of free parameters: CA

n = (Z/N)CA
p .

Agrees with exclusive quasi-elastic scattering (pn/NN ' 90± 10%).
27 / 33
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Comparison of the two fits
A. Denniston, T. Jezo, A. Kusina, MK et al., Phys. Rev. Lett. 133 (2024) 15 [2312.16293]

Results - pnSRC fit with Cn
A = (Z/N)Cp

A

I The obtained Cp
A values are nearly the same as for the baseSRC fit.

I Fit quality is very comparable �2/NDOF = 0.82 (vs �2/NDOF = 0.8).

29 / 33

pnSRC fit very similar to baseSRC fit: χ2 = 0.82/Ndof instead of 0.80.
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Comparison with QE scattering and QMC calculations
A. Denniston, T. Jezo, A. Kusina, MK et al., Phys. Rev. Lett. 133 (2024) 15 [2312.16293]

Results - pnSRC fit with Cn
A = (Z/N)Cp

A

I Results of Quantum Monte Carlo calculations (QMC) [Nature Physics 17, 306-310 (2021)]

I Results of measurements in quasi-elastic region:
I Fomin [Nature 566, 354-358 (2019)]

I Schmookler [Phys. Rev. Lett. 96, 082501 (2006)]

I Egiyan [Phys. Rev. Lett. 108, 092502 (2012)]

30 / 33

Excellent agreement with

- QE data [Fomin, PRL 108 (2012) 092502; Schmookler, Nature 566 (2019) 354; Egiyan, PRL 96 (2006)]

- QMC theory [R. Cruz-Torres et al., Nature Physics 17 (2021) 306]
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Valence quark distributions
A. Denniston, T. Jezo, A. Kusina, MK et al., Phys. Rev. Lett. 133 (2024) 15 [2312.16293]

Sanity check:
Results: PDFs

I nPDFs obtained from SRC fits lie within the error bands of the Reference fit.

I The SRC components of the full nPDFs are in the range 20% to 30% – in
agreement with the {Cp

A, Cn
A} values.

fA
i (x, Q) =

Z

A

h
(1 � Cp

A)fi/p(x, Q) + Cp
AfSRC

i/p (x, Q)
i

+
N

A

h
(1 � Cn

A)fi/n(x, Q) + Cn
AfSRC

i/n (x, Q)
i

31 / 33

Results: PDFs

I nPDFs obtained from SRC fits lie within the error bands of the Reference fit.

I The SRC components of the full nPDFs are in the range 20% to 30% – in
agreement with the {Cp

A, Cn
A} values.

fA
i (x, Q) =

Z
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h
(1 � Cp

A)fi/p(x, Q) + Cp
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+
N

A

h
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A)fi/n(x, Q) + Cn
AfSRC

i/n (x, Q)
i

31 / 33

SRC u, d valence quarks in Pb within previous error bands.
SRC components 20-30% of full nPDFs in agreement with CA

p,n.
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Ratio of bound to free pn-pair structure functions
A. Denniston, T. Jezo, A. Kusina, MK et al., Phys. Rev. Lett. 133 (2024) 15 [2312.16293]

Results: modification of F2 structure function

I Clearly “exaggerated” modifications for pure SRC distribution.

32 / 33

Similar, but SRC more pronounced in EMC-region and universal!
31 / 33
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Conclusion and outlook
Nuclear binding at low energy:
• Off-shell 2-body ↔ 3-body interactions → Shell model
• Quasi-free nucleons in Mean Field motivate bound N PDFs
• But: Strong experimental and theoretical evidence for SRCs
• Striking correlation of QES and DIS in EMC region

nCTEQ15HIX:
• Uses very precise JLab data for He, Be, C, Al, Fe, Cu, Au, Pb
• Needs extension of kinematic cuts → d, TM, HT corrections
• Very good 19-parameter fit of bound N PDFs

nCTEQ15SRC:
• nCTEQ15HIX data + W/Z bosons → 2 more parameters (s)
• Factorisation of energy scales → New SRC ansatz for nPDFs
• Very good fit, in particular to JLab data, and consistent PDFs
• p and n fractions in SRC pairs agree with LE data and theory
• Dominated by pn pairs, again in agreement with LE data
• Partonic structure of SRC pairs universal, large EMC effect
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Outlook
Future directions: [O. Hen et al., Rev. Mod. Phys. 89 (2017) 045002]

• Test isospin breaking (CA
n 6= Z

NC
A
p , fn 6= fp) with QED/PV

• Separate CA
p,n/(pn) and CA

p,n/(pp,nn) with tagging, mirror nuclei
• Separate spin 1 and spin 0 with polarised eA scattering

Neutrino CC scattering: [C. Ciofi degli Atti, Phys. Rep. 590 (2015) 1]

• π0 production > baryon resonances [MiniBooNE, PRD 83 (2011) 052009]

• p production > QE prediction → pp? [Minerνa, PRL 111 (2013) 022502]

Diffraction: [C. Ciofi degli Atti, Phys. Rep. 590 (2015) 1]

• Glauber elastic scattering assumes single N densities
• Gribov inelastic scattering makes nuclei more transparent
• SRCs increase nuclear thickness function → less transparent
• SRCs reduce number of probed nucleons (∼ shadowing)

Collective effects in QGP: [C. Ciofi degli Atti, Phys. Rep. 590 (2015) 1]

• Glauber model of individual wounded nucleons (participants)
• SRCs reduce eccentricities [G. Denicol et al., 1406.7792]
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