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Modification of Quark-Gluon Distributions in Nuclei by Correlated Nucleon Pairs
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We extend the QCD Parton Model analysis using a factorized nuclear structure model incorporating
individual nucleons and pairs of correlated nucleons. Our analysis of high-energy data from lepton deep-
inelastic scattering, Drell-Yan, and W and Z boson production simultaneously extracts the universal
effective distribution of quarks and gluons inside correlated nucleon pairs, and their nucleus-specific
fractions. Such successful extraction of these universal distributions marks a significant advance in our
understanding of nuclear structure properties connecting nucleon- and parton-level quantities.
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Introduction—Subatomic systems, such as nucleons and
atomic nuclei, and dense astrophysical matter, derive their
properties from the many-body interactions between their
constituent quarks and gluons, which are described by the
theory of quantum chromodynamics (QCD). The strongly
coupled nature of QCD links the momentum distribution of
quarks and gluons in these systems to their structure and
emergent properties, such as mass and spin [1]. Therefore,
it is crucial to understand the momentum distribution of
quarks and gluons in nucleons and nuclei.

By analyzing high-energy collisions between leptons,
nucleons, and nuclei, using a well-established QCD factori-
zation formalism [2—4], parton distribution functions (PDFs)
can be extracted for both nucleons and nuclei. These PDFs
describe the fraction of the total system momentum carried
by different flavored quarks and gluons [5-7]. The nuclear
PDFs (nPDFs) are observed to differ from the simple sum
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of their free-proton and free-neutron PDFs, indicating a
measurable role of nuclear dynamics that remains to be
understood [8-13].

Compared to the nucleon PDFs, the nuclear PDFs are
impacted by various nuclear effects due to the spatial
distribution of nucleons in the nucleus (shadowing and
antishadowing), their motion (Fermi motion), and strong
interactions between nucleons affecting their internal par-
ton structure [14,15]. The standard global analyses (such as
nCTEQ [8,12,16-19], EPPS [9,20], nNNPDF [11,21,22],
TUJU [10,23], DSSZ [24], Khanpour ef al. [25,26]) extract
parton densities inside the full nucleus using experimen-
tal data.

Here, we propose to use state-of-the-art knowledge of
nuclear theory to guide the development of nuclear PDFs:

Nuclei are commonly described as a group of indepen-
dent nucleons moving within an effective average mean
field that leads to the population of atomlike nuclear shells
[27]. In this picture, nuclear effects are modeled in the
nPDFs by consistently modifying all nucleons under the
effective influence of the nuclear mean field. It is important
to note that this does not allow for a meaningful inter-
pretation in terms of modified parton densities inside bound
single nucleon states since they incorporate effects from
many nucleon states present in the data.
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Nuclear structure studies show that the formation of
short-lived excitations, caused by strongly interacting
short-range correlated (SRC) nucleon pairs [28-31] are
significant. While the abundance of SRC pairs differs
among nuclei, they are predominantly proton-neutron pairs
[28,32-37] and have the same behavior in all nuclei
[29,30,38-40]. Consequently, SRC pairs have universal
properties across nuclei and typical separation energies of
15%-30% of the nucleon mass, which is significantly
higher than that of mean-field states [39-42]. The large
energies and significant spatial overlaps of SRC pairs
motivated various studies of the relation between SRC
pairs and bound-nucleon structure [29].

This analysis studies nPDFs based on our understanding
of high-resolution nuclear structure with SRCs. It allows
for the first time to split the partonic structure inside nuclei
into mean-field and SRC contributions and to extract
information on nuclear structure from an analysis of the
partonic content of nuclei. We try to take a model-agnostic
approach by focusing on the broad-scale features common
to modern high-resolution nuclear structure models, min-
imizing dependence on specific model details.

Short-range nuclear structure—The fundamental quan-
tity of nuclear structure that is relevant for our study is the
nuclear spectral function S, (k, E) that defines the proba-
bility of finding a nucleon with momentum k and separa-
tion energy E in a nucleus with mass number A. We use a
normalization convention of [ S,(k, E)k*dkdE = 1.

Direct many-body calculations of S, (k, E) are computa-
tionally unfeasible for A > 3 nuclei. Therefore, we employ
an established approximation where the spectral function is
divided into two parts [30],

Sa(k.E) = S (k. E) + S3* (k. E), (1)

with SN (k, E) representing the single nucleons in a mean
field (MF), and S5R€(k, E) representing the spectral func-
tion of nucleons in SRC pairs.

The separation presented in Eq. (1) is rooted in the vastly
different energy scales associated with the single-nucleon
mean-field potential and the interaction energy inside
SRC pairs. While mean-field nucleons have momenta and
energy below nuclear Fermi momentum (ky ~ 250 MeV/c)
and Fermi energy Ep ~ 35 MeV, the strong pairwise
interaction energy inside SRC pairs leads to relative
momenta of 300-800 MeV /c and separation energies of
150-400 MeV [39-42].

The high-energy scale associated with interactions in
SRC pairs leads to a further factorization of their spectral
function into a universal (nucleus independent) pair spec-
tral function distribution, scaled by a (nucleus dependent)
pair abundance factor [41],

V4 N
SSRC(k, E) ~ n C4 x SSRC(k, E) + T C4 x SSRC(K,E).
(2)

In the above approximation, we do consider all possible
(pn), (pp), and (nn) nucleon-nucleon pairs by introducing
effective coefficients, Cﬁ(n), that sum the number of (pn),

(pp) and (nn), (np) pairs, respectively.

Here, C{ (N = p, n) are nucleus-dependent constants
that “count” the fraction of nucleons in SRC pairs, and
S3RC(k, E) are universal (nucleus-independent) pair distri-
butions that are dominated by the strong nucleon-nucleon
interaction at short distance. Z and N are the total number
of protons and neutrons in the nucleus (Z + N = A). The
universal pair spectral functions follow normalization
conventions of [ S3RC(k, E)k*dkdE=1 (N = p, n) and
therefore [ S\ (k, E)k*dkdE = 1 — (ZC4 + NC3)/A.

Combining Egs. (1) and (2) we obtain

Z
Sa(k. E) ~ S (k. E) + 7 Cp x S5 (k. E)
N
+ 5 Ch X SSRC(K.E), (3)

where we emphasize that the mean-field term SY¥F(k, E)
captures low-energy, single nucleon dynamics and the SRC
terms C4 x S3R€(k, E) captures universal high-energy
nucleon-pair dynamics.

We note that the approximation presented in Eq. (3)
enjoys significant support [36,39,41,43-46] by recent
analyses of ab initio many-body nuclear structure calcu-
lations and high-energy electro-induced nucleon knockout
measurements. Furthermore, Eq. (1) can in principle be
extended to also include three-nucleon correlation effects
that are neglected in the context of this Letter.

SRC motivated nuclear-PDFs—nPDFs are defined
within perturbative QCD using the framework of collinear
factorization [3,47]. This framework allows the computa-
tion of cross sections, do,5_x, for scattering of particles A,
B into final state X as convolutions of perturbatively
calculable parton-level short-distance cross sections,
déjj_x, and nonperturbative PDFs, f; ), where i and j
sum over the partonic content of hadrons A and B,
respectively.

Introducing these nuclear quark and gluon distributions
to the nuclear structure model of Egs. (1) and (2) leads to an
nPDF parametrization that is composed of a linear combi-
nation of free-nucleon PDFs (representing the quasifree
nucleons), and SRC PDFs that describe the universal quark
and gluon distributions inside an SRC pair,

Z (1= Ch) x f(x. Q) + C4 x f* (x, Q)

N
A

fHe.0) =
[(1=C % f1(x,0) + Cl x [ (x, Q)]

(4)

Here, f%(x, Q) is the nPDF of parton type i (gluon or quark
flavors) in a nucleus with mass number A, carrying

A
+
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momentum fraction x at energy scale Q. f¥(x,Q) and
f3REN(x, Q) are the PDFs of the free nucleon and of the
modified nucleon in an SRC pair, respectively. Here, we
implicitly assume that RN (x, Q) can be defined via a
collinear factorization framework, and that the proton and
neutron distributions are related by isospin. Therefore, we
apply the tools from perturbative QCD used for free-
nucleon PDFs to arrive at the physical predictions (e.g.,
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi evolution).

A key feature of this framework is that the nuclear
structure dependence is fully encapsulated in the fraction of
nucleons in SRC pairs C4.

As we do not separate the individual effects of proton-
proton, neutron-neutron, and proton-neutron SRCs, Eq. (4)
relates the modified structure of an average nucleon in an
SRC pair, independent of its pair configuration.

We keep a model-independent approach as to the number
of SRC pairs and their isospin structure. In fact, these
nuclear structure parameters will be independently deter-
mined in our nPDF analysis for the first time (cf. Fig. 1),
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FIG. 1. (a) Comparison of nuclear structure parameters cA, 4,
and (N/Z)C% values for the baseSRC fit. The solid lines represent
logarithmic fits to the corresponding quantities. We show
uncertainties only for the C4, but errors for other quantities
are of similar size. (b) Comparison of Cﬁ values for the baseSRC
fit and the SRC abundances extracted from quasielastic (QE)
[48-50] data and quantum Monte Carlo (QMC) [46] nuclear
calculations. The logarithmic fits for baseSRC and pnSRC are
also shown.

and tested for consistency with independent results from
specific nuclear structure studies.

We further note that Eq. (4) represents a natural evolution
of previous studies that (i) observed a linear correlation
between measured SRC abundances and the modified
structure of bound nucleons in the valence region (i.e.,
at high fractional momentum x ~ 0.3-0.7), known as the
EMC effect [51-53], and (ii) showed that this correlation
can result from a universal modification of the valence
region structure function of nucleons in proton-neutron
SRC pairs [50]. These studies were limited to the nucleon
valence region (x ~ 0.3-0.7) and using lepton-nucleus deep
inelastic scattering (DIS) data with specific nuclear struc-
ture input for SRC abundances [50,54]. As detailed below,
here we study the fundamental nPDFs, extend the analysis
to the full x range of 1073 to 0.8, use a comprehensive
dataset on the parton structure of nuclei, and do not impose
external inputs for nuclear structure parameters C. The
latter is especially important as the independent extraction
of C4 allows us to compare with known measured and
calculated nuclear structure values to support, or challenge,
the physical validity and interpretation of Eq. (4).

As the DIS coherence length scales as 1/x, it is more
natural to associate higher-x phenomena with short-range
nuclear physics than very low-x (x ~ 1072 —1073) phe-
nomena. Low-x reactions are sensitive to the number of
nucleons the virtual photon propagates through, given by
the nuclear thickness function [14]

T (b) = /dz1 /dzzp(2>(b1 =b,z1;b,=b,2,), (5)

where p® is the two-nucleon density defining the
probability for finding two nucleons with transverse
and longitudinal positions » and z. For mean-field
models, we can assume p(?) approximately factorizes into
~p(by, z1)p(by, 25). Studies show the SRC pairs signifi-
cantly impact the two-nucleon density leading to a typical
correction of [55,56]

PO (b1, 21502, 2) @ p(by.21)p(ba. 22){1 + C(|z) — 22])}.
(6)

Here, the correlation function C(|z; — z,|) is sensitive to
the number of nucleons in SRC pairs (i.e., Cﬁ). Therefore,
p? modifies the nuclear thickness function, which will
impact the low-x region. This does not mean to imply that
the measured behavior at low-x stems only from the
modification of the structure of nucleons in SRC pairs,
but it can potentially depend on the SRC-induced corre-
lation. This requires further investigation with additional
low-x data.

Analysis and results—The analysis utilized the full set of
available world data on nuclear lepton DIS, Drell-Yan
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processes, and W and Z boson production (see the
Supplemental Material [57] for dataset details). The cor-
responding theory predictions were obtained in collinear
factorization with the parton-level cross-sections calculated
at the next-to-leading order of QCD. The DIS data
primarily constrain the u# and d quark and antiquark
distributions, whereas the W and Z boson production data
from LHC proton-lead collisions also constrain strange
quark and gluon distributions down to lower momentum
fractions of x ~ 1073,

Energy scale dependence is accounted for using the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi evolution equa-
tion, which also helps constrain the gluon distribution
through the Q dependence of DIS data. Parton number and
momentum sum rules are ensured to be separately satisfied
for 7" (x, Q) and ;%" (x, 0), and are therefore also
satisfied for their linear combination in Eq. (4) independ-
ently of the values of C’) and C;. (Note that the sum rules
for the free-nucleon distributions are satisfied by construc-
tion. This is ensured by relying on the free-nucleon PDFs
determined in a dedicated fit [66].)

The free-nucleon PDFs 7" (x,Q) are fixed to the
distributions determined in Ref. [8] via global analysis
of nucleon structure observables. The SRC nucleon PDFs

FIREP) (x 0) use the same functional form as 7" (x, Q)
with 21 shape parameters that are fit herein. We perform
two independent analyses where (i) C’; and C% are allowed
to vary freely, and (ii) where we assume proton-neutron
SRC dominance, i.e., Cy = (N/Z) x Cit = C*. We refer to
these fits as the baseSRC and pnSRC fits, respectively. For
comparison, we also repeated the TRADITIONAL (mean-
field-like) analysis of Ref. [12] using the same dataset used
herein, which we refer to as the “TRADITIONAL” fit.

The resulting fit quality in terms of y? for each SRC fit
and for the TRADITIONAL fit are listed in Table I for each
data type separately, and for all data combined. As can be
seen, the SRC fit using Eq. (4) results in overall y2,/N4,
values appreciably better than for the TRADITIONAL fit. This
takes into account the additional SRC (C% ) parameters. At
the level of the total y> we obtain a reduction of 108 and 58
points for the baseSRC and the pnSRC fits, respectively. We
find that the nPDFs for the TRADITIONAL and SRC fits are
in general agreement within uncertainties. All data are well
reproduced for the full range of the data, corresponding to
an x range of about 103 to 0.75.

Figure 1 shows the extracted C3 and Cit coefficients as
determined by the global baseSRC. The coefficients show
logarithmic growth with the nuclear mass number A,
starting from ~5% for helium-3 and reaching ~20% for
lead. As shown in Fig. 1(b), the baseSRC and pnSRC fits give
similar results with the baseSRC fit preferring a similar
number of SRC protons and neutrons, even for heavy
neutron-rich nuclei. This dynamics is consistent with the
observation of pn dominance, previously determined from

TABLE 1. The partial y?/N,, values for the data subsets; the
number of data points (Ng4,,) for each process are listed in the
bottom row. The TRADITIONAL fit has 19 shape and 3W and Z
boson (W/Z) normalization parameters. The baseSRC and pnSRC
fits have 21 shape, 3W/Z normalization, and 30 and 19 SRC
parameters (Ch"), respectively. In total, there are 1684 data
points after cuts. Note the last column (y2,/Ng, ) fully takes
into account the number of fit parameters.

xz/Ndata DIS DY W/Z JLab )(tzot )(tzot/Nd.o.f.
TRADITIONAL 0.85 097 0.88 0.72 1408 0.85
baseSRC 0.84 0.75 1.11 041 1300 0.80
pnSRC 085 0.84 1.14 049 1350 0.82

N data 1136 92 120 336 1684

nuclear structure studies [28,32]. Therefore, the baseSRC and
pnSRC consistency is a first indication of consistency between
quark-gluon level analysis and nuclear structure studies.

Focusing on the lower panel, Fig. 1 also shows the
extracted C;‘) coefficients are consistent with previous,
independent extractions from both nuclear structure calcu-
lations [46] and quasielastic electron scattering measure-
ments [48-50]. As the nuclear structure calculations
assume pointlike nucleons, and the measurements are done
at energies that only probe nucleons (and not their sub-
structure), they are both insensitive to the nucleon nPDFs.

Therefore, we report here the first direct extraction of
nuclear structure information from parton-level observables
in an nPDF data analysis that is fully consistent with
independent nuclear structure extractions.

Finally, looking at the nucleon structure itself, Fig. 2
shows the ratios of rescaled structure functions F% /A,
compared to the F, isoscalar (i.e., (F§ + F4)/2) for the
TRADITIONAL fit. We also compute the F, structure
function ratio for nucleons in SRC pairs relative to F,
isoscalar; results shown are obtained from the baseSRC fit
(blue curve). Direct measurements of the ratio F3 /A to F,
isoscalar exist for the low A deuteron and triton measure-
ments [67,68] that are not included in the present analysis;
extending the current analysis to lighter nuclei, including
the mirror nuclei *H and *He, are planned for future study.

As can be seen in Fig. 2, the SRC and TRADITIONAL
curves both result in qualitatively similar deviations from
the free-nucleon structure, with the SRC showing signifi-
cantly larger modification than even lead (Pb) in the
TRADITIONAL case. This is expected as the SRC curve
corresponds only to the one component of full distribution
[c.f. Eq. (4)], which is responsible for the whole nuclear
modification. The amount by which the SRC modification
is larger than the TRADITIONAL case, however, varies
significantly with x. At very low x, below 2 —3 x 1072,
we observe only a slightly increased suppression for the
SRC case. At intermediate x of 2 —3 x 1072 to 2 x 107!
we observe a more pronounced difference between the SRC
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FIG. 2. The ratio of the rescaled structure function F45 /A to the
isoscalar combination (F% + F3)/2, computed for the TRADI-
TIONAL PDFs for carbon, iron, and lead. Separately, we show the
isoscalar F, structure function computed with the SRC compo-
nent, fSRC, of the basesRC PDFs divided by the aforementioned
isoscalar combination. Both F% and F, are calculated using the
LO formula [69] at Q = 10 GeV. The baseSRC curve illustrates
the shape of the relative nuclear modification, which is universal
and independent of A. This nuclear modification is weighted by
the SRC coefficients (typically ~10% to 30%) and added to the
proton PDF to yield the full nPDF.

and TRADITIONAL enhancements. Furthermore, at high-x
value, above ~0.6, the difference is most pronounced. Part
of this enhanced high-x effect can be understood to result
from the effects of Fermi motion that are known to grow
with x and are included in our approach inside the
modification function and therefore leads to the appearance
of enhanced modification effects at high x [70].

As noted earlier, when we combine the elements of
Fig. 2 to construct the nPDFs, we find that the valence
nPDFs for the TRADITIONAL and SRC fits are identical,
within uncertainties. This highlights the fact that the nPDFs
are truly constrained by the data, despite the differing
parametrizations.

Conclusions—We have performed the first-ever global
QCD analysis of nuclear PDFs using a framework based on
concepts from SRC nuclear models. It leads to similar, or
better, data description as compared to the TRADITIONAL
parametrization, and enables a meaningful physical inter-
pretation of the fit. The incorporated data include the high-
energy DIS, DY, and electroweak boson production com-
monly used in nPDF fits. The analysis determines both the
standard “average” nuclear PDFs (that can be compared
with TRADITIONAL nPDF fits), as well as a universal
distribution of partons in SRC nucleon pairs and the
fractions of such SRC pairs.

This analysis represents a direct extraction of nuclear
structure information from experimental observables
directly probing quark-gluon nuclei dynamics. The fact
that the obtained fractions of SRC pairs agree with their
previous extractions from the low-energy quasielastic data
establishes a direct link between high-energy partonic

properties and lower-energy nuclear physics. It thus
presents a significant advance in our quest to understand
atomic nuclei in terms of QCD. Furthermore, the extracted
distributions of partons in SRC pairs can be directly tested
using measurements of tagged processes at the Jefferson
Lab accelerator and the future Electron-lon Collider.

This new nPDF set can also potentially impact the
analysis of heavy-ion measurements that require a combi-
nation of nuclear PDFs, together with initial state nuclear
matter effects [71-73]. Whereas TRADITIONAL approaches
thus far assign the same nPDF to all nucleons in the
calculated initial-state distributions, the SRC approach
allows additional flexibility. With the SRC PDFs, we
can (i) follow the TRADITIONAL approach and simply use
averaged distributions, or (ii) we can construct a more
complex initial-state nucleon distribution using a combi-
nation of the free-nucleon PDF and SRC-modified PDF to
each nucleon depending on its correlation state.
Furthermore, it is noteworthy that the SRC parametrization
(in which the dependence of A and x is factorized) produces
an excellent description of the data; the conceptual sim-
plicity of this parametrization is striking.
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