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Nuclear modifications to collinear parton distribution functions are conventionally quantified by the
ratios A (x, Q%) = P (x, Q%) /7" (x, Q2). For a given nucleus A, these ratios generally depend on
the parton momentum fraction x, the probing scale Q?, and the parton species i. Determining these
dependencies relies on a global analysis of diverse experimental data. However, in realistic observables,
these dependencies are intricately intertwined, making their extraction challenging. In this paper, we
propose a novel approach to effectively image the nuclear modification factors r(x, 0?) at the observable
level in proton-nucleus collisions at the Large Hadron Collider. Specifically, through a combined study of
Z-boson production, Z + jet production, and Z + c-jet production, we separately enhance signals arising
from light-quark, gluon, and heavy-flavor (charm) distributions in nuclei. This enables us to effectively
image the r(x, Q%) for specific parton species. The feasibility of this method is validated through
perturbative calculations at next-to-leading order in the strong coupling constant, employing three sets
of nuclear PDF parametrizations: EPPS21, nCTEQI15, and TUJU19. Future measurements of these
observables are expected to provide better-motivated parametrization forms of nuclear PDFs and yield new
insights into the detailed partonic structures of nuclei.
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I. INTRODUCTION

Understanding the partonic structures within a nucleon
and their modifications in a nucleus is fundamental to the
study of quantum chromodynamics (QCD) [1-4] and rep-
resents a key objective of upcoming experiments at the
Electron-Ion Collider (EIC) [5—7]. In the phenomenology of
high-energy nuclear collisions, a critical aspect is the nuclear
modifications to collinear parton distribution functions
(PDFs) [4], which provide an essential baseline for disen-
tangling final-state nuclear matter effects probed by hard
particles [8—16]. These modifications are typically quantified
by the ratios of nuclear PDFs to free-nucleon PDFs,

expressed as rA(x, Q2) = fAPO(x, 02)/ O (x, 2).
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These ratios are primarily extracted from global analyses
of both the denominators and numerators and generally
depend on the parton momentum fraction x, the probing
scale Q2, and the parton species i [17-28].

The connection between PDFs, their nuclear modifica-
tions, and observables is established through collinear
factorization in perturbative QCD [1,29]. However, the
dependencies on x, 0?, and i are intricately convoluted in
calculations, making it challenging to infer the explicit
form of r(x, Q%) directly from experimental data [4,17].
Insights from nuclear binding dynamics, such as off-shell
corrections and short-range correlations, could signifi-
cantly improve the extraction of nuclear PDFs and the
i (x, Q?) factors [30-36]. Additionally, specific observ-
ables, such as nuclear modifications to structure functions
in deep-inelastic scattering (DIS), can serve as effective
images of r*(x, Q%) for quark distributions [37-40]. The
measurements of such observables often inspire paramet-
rizations of modifications, typically categorized into shad-
owing, antishadowing, European Muon Collaboration
(EMC) effect, and Fermi-motion regions across different
x ranges [41], which greatly assist global analyses.

Published by the American Physical Society
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TABLEI. Partonic subprocesses at LO for Z-boson production,
Z + jet production, and Z + charm-jet production, respectively.

Process Partonic subprocess at LO

Z-boson q+q—->Z-—10"T

Z + jet q+q—>Z+yg
9(a)+9—Z+4q(q)

Z + c-jet c(e)+g—Z+ (o)

The vast amount of data from the Large Hadron Collider
(LHC) has revolutionized global analyses over the past
decade [4,17], leading to more stringent constraints on
nuclear PDFs, notably for gluon distributions [42-46], and
advancing neural-network-based analyses that reduce reli-
ance on specific parametrizations [28]. However, traditional
measurements in proton-proton (pp) and proton-nucleus
(pA) collisions exhibit a less direct mapping to PDFs, and the
imaging of r2*(x, Q%) achieved in DIS has not been replicated
for most LHC processes [47-51]. This makes systematic
comparisons of nuclear modifications across different proc-
esses challenging. Furthermore, significant discrepancies
among widely used nuclear PDF parametrizations in certain
regions remain unresolved [4,17].

In a previous study [52], a method to reorganize the
differential cross section for dijet production, initially pro-
posed by Ellis and Soper [53], was extended to pA collisions.
This approach enables a well-controlled kinematic scan over
x and Q7 for nuclear PDFs, providing an overall image of the
r(x, Q%) factors [52]. However, this image combines
contributions from different parton species simultaneously.
Given that the relative contributions of various parton species
vary across processes, extending this method to other pA
collision processes is of significant interest. Specifically,
once kinematic scans are established for these processes, it

becomes possible to enhance signals for specific parton
flavors by combining results from different processes.

In this paper, we extend the method from Ref. [52] to
Z-boson, Z + jet, and Z + charm-jet production in proton-
lead (pPb) collisions at the LHC, enabling kinematic scans
of nuclear PDFs for each process. The partonic subpro-
cesses at leading order (LO) are listed in Table 1. By further
combining the differential cross sections of these processes,
we design observables specifically sensitive to light quark,
gluon, and heavy-flavor (charm) distributions in nuclei.
Using next-to-leading order (NLO) perturbative QCD
calculations with three nuclear PDF parametrizations—
EPPS21 [27], nCTEQI15 [23], and TUJU19 [25]—we
demonstrate that the nuclear modifications to the proposed
(combined) cross sections can effectively image the
ri(x, Q%) for specific parton species.

The paper is organized as follows: In Sec. II, we extend the
method from Ref. [52] to reorganize the differential cross
sections for Z-boson, Z + jet, and Z + charm-jet production
in pPb collisions. We then present an imaging of *(x, 0?)
for light quarks using Z-boson production. In Sec. III,
we design two combinations of multiprocess cross sections
and show that their nuclear modifications can image
ri(x, Q?) for gluon and heavy-flavor (charm) distributions,
respectively. A summary and discussion are provided
in Sec. IV.

II. REORGANIZING DIFFERENTIAL CROSS
SECTIONS IN PROTON-NUCLEUS COLLISIONS

Traditional measurements in pp and pA collisions are
typically conducted in the form of differential cross
sections, often double-differential, binned with variables
such as the transverse momentum, rapidity, and invariant
mass of the final-state particles [54,55]. For instance,
illustrated in Fig. 1 are three representative measurements
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FIG. 1. Typical measurements of differential cross sections for Z-boson production (left panel), Z + jet production (middle panel), and

Z + c-jet production (right panel) in pp collisions at /s = 8 TeV at the LHC. Measurements are binned according to the rapidity y*
and transverse momentum p#. for Z-boson production [56], the rapidity y¥* and transverse momentum pJTet for Z + jet production [57],

and the transverse momentum pJTet for Z 4 c-jet production [58]. Experimental data are represented by black discs, while NLO
predictions computed with MCFM [59-62] are depicted by red lines.
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for Z-boson production [56], Z + jet production [57], and
Z + charm-jet production [58] in pp collisions at the LHC,
respectively. In general, such observables may not be ideal
for probing the PDFs defined in terms of the parton
momentum fraction x and the probing scale Q. For
example, in the case of Z + jet production, measuring
the cross section binned with the jet transverse momentum

py and the jet rapidity y*** (as shown in the middle panel of
Fig. 1) only constrains the kinematics of the jet, while
leaving the kinematics of the Z boson unconstrained.
Consequently, even at LO, neither the momentum fraction
carried by the initial-state parton nor the physical scale of
the process can be precisely deduced from these two
measured variables alone.

A well-controlled kinematic scan of the PDFs can be
achieved by reorganizing the measured variables to estab-
lish a correspondence with x and Q> at LO [52]. To
constrain the momentum fraction carried by the initial-state
nuclear parton in pA collisions (with the nucleus moving
backward), a variable X can be introduced [52,53],
generally expressed as

XB:Z%:Z'jTEl'e—w. (1)

Here, the summation of the backward components of the
light-cone momenta, p; = Ep;e™, is performed over all
inclusively produced particles. Specifically, for Z-boson
production with leptonic decay (Z — []7), the summation
includes the di-lepton, while for Z 4 jet or Z + c-jet
production, it encompasses both the particles in the jet
and the di-lepton from Z decay. With this definition, Xp
precisely equals the momentum fraction xp, of the parton
from the lead nucleus in pPb collisions at LO accuracy.
However, this equivalence may not hold at NLO and
beyond.

To further access the probing scale Q for the scanning of
PDFs, additional variables can be introduced in conjunction
with X to define the differential cross section [52]. For
Z-boson production, the invariant mass of the Z boson (or
the di-lepton), denoted as My, can be used to define a
double differential cross section,

dO'/dXBde. (2)

For Z + (c)jet production, which involves more complex
dynamic channels, one can employ both the invariant mass
of the Z-jet system, My;, and the averaged transverse
momentum, pr .., to define a triple differential cross
section,

da/dXBdMVJde,avg' (3)

For such cross sections, the nuclear modification factor
R4 as a function of Xp is expressed as a ratio,

. 1 dGPA/dXBdMVJde.an
A dO'pp/dXBdMV]de,avg ,

RZU%(Xp)

4)

where the nuclear mass number A serves as a normalization
factor, and the variables My; and pr,,, are fixed within
specific bins to control the physical scales. This R ,, factor
is closely related to the nuclear modifications on PDFs,
quantified by r*(x, Q?), but remains largely insensitive to
the underlying proton PDFs [52].

To evaluate the feasibility of the method proposed in this
work, we perform perturbative calculations at NLO using
the A Monte Carlo for FeMtobarn processes at Hadron
Colliders (MCFM) numerical program [59-62]. The solid
curves in Fig. 1 represent the theoretical predictions for the
three processes in pp collisions, demonstrating an overall
good agreement with the experimental data. While the
predicted production yields could be further refined by
calculations beyond NLO, the R PA factors, defined as
ratios, are expected to be less sensitive to higher-order
corrections in general [21,26,63,64].

In our calculations, the CT18 PDFs [65] are used for the
incoming proton, while the r(x, Q%) factors from three
parametrizations—EPPS21 [27], nCTEQ15 [23], and
TUJU19 [25]—are applied on top of the CT18 PDFs for
the colliding nucleus. Figure 2 displays the r2(x,Q?)
factors at Q = M,/2~45 GeV from the three nuclear
PDF sets for light quarks (left panel), gluons (middle
panel), and charm quarks (right panel), respectively.
Notable distinctions can be observed in the factors for
different parton species and parametrizations. It should be
noted that the latest versions of nCTEQI15 [36,66] and
TUJU19 [64] have not been used in this study, which does
not compromise or hinder our goal of testing the sensitivity
of the proposed observables.

As an initial test, we investigate the R, factor for the
reorganized differential cross section of Z-boson produc-
tion in pPb collisions, as defined in Eq. (2). Since the
partonic processes at LO are initiated by a ¢g pair, the R 4
factors are expected to primarily reflect the nuclear mod-
ifications on the light-quark distributions. In the three
panels of Fig. 3, the NLO results for R,, are plotted as
a function of X (blue squares) using three sets of nuclear
PDFs. The variable My is constrained around the Z-mass
peak, specifically within the range 66 < My, < 116 GeV.
To contextualize these modifications, the r*(x, 0?) curves
for light-quark (solid) and gluon (dotted-dashed) distribu-
tions from the corresponding nuclear PDFs are also plotted
in each panel of Fig. 3 as a function of xp;,, with the probing
scale Q set at M,/2.

It is immediately apparent that the R,, values (blue
squares) align closely with the r* for light quarks across
most of the kinematic region. However, at large X values
(> 0.1), the R,, shows an excess, primarily due to an
isospin effect. Specifically, the valence quark ratio d/u in
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FIG. 2. Nuclear correction factors r?(x, Q%) for light-quark (left panel), gluon (middle panel), and charm quark (right panel)
distributions, as provided by the EPPS21, nCTEQ15, and TUJU19 nuclear PDFs at Q = M,/2 = 45 GeV. Light quark distribution is

defined as f,(x) = >, 4[fi(x) + fi(x)].

the nucleus is higher than that in the proton, and the
stronger weak coupling of the d quark leads to enhanced
Z-boson production in nuclear collisions [67]. This isospin
effect can be quantified by setting all 2 factors to unity in
the calculation of R4, expressed schematically as

1 Z x do?? + N x doP"

Risospin (XB) A doP? ’

(5)

where 677" represents the cross section for proton-proton
(neutron) collisions, and Z(N) denotes the number of
protons (neutrons) in the nucleus. By dividing the R,

by Risospin» We Obtain the isospin-corrected nuclear mod-
ifications, shown as red discs in each panel of Fig. 3. These
corrected results exhibit excellent agreement with the r# for
light-quark distributions over a wide range of x. For a more
detailed comparison, the bottom panels of Fig. 3 display the
differences between each result and the corresponding r4
for light quarks. It is evident that, for all three nuclear
PDFs, the red discs lie on or near the horizon, indicating
strong consistency.

For this analysis, we have set the factorization and
renormalization scales (15 and pg) in the NLO calculations
aspp = pg = po, with ytg = Mz /2. The uncertainty in R 4,
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FIG. 3.

Nuclear modification factors R, as functions of X, calculated at NLO for reorganized cross section of Z-boson production

(blue squares). Results corrected for isospin effects are represented by red discs. Predictions using EPPS21, nCTEQ15, and TUJU19
nuclear PDFs are displayed in left, middle, and right panels, respectively. Underlying 7 (x, Q) factors for light quarks and gluons from
corresponding nuclear PDFs are included in each panel for comparison. Bottom panels illustrate differences between each result and r2*
for light quarks. NLO calculations are conducted at scale p, = M,/2. Uncertainties in the results, evaluated by varying scale between

Ho/2 and 2u, are represented by shaded bands.
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FIG. 4. Reorganized differential cross sections as functions of X, calculated at LO. Left panel: Results for Z + jet production, with
contributions from nuclear quarks and gluons depicted as blue and red areas, respectively (inserted panel displays corresponding
contribution fractions). Middle panel: Results for Z-boson production. Right panel: Rescaled results for Z 4 jet production, where
nuclear quark contribution aligns with Z-boson cross section shown in middle panel. Calculations are performed at
U = Hg = Hg = M /2, using pp collisions with the backward-going proton treated as a nucleus.

evaluated by varying both between /2 and 2, is
depicted as shaded bands in Fig. 3. As anticipated, these
variations are minimal across most of the kinematic region.
In general, the R,, factors obtained at NLO reflect the
underlying nuclear modifications to the PDFs at the hard-
scattering-related resolution scale(s) [52,68], which is
linked to the variable(s) used to define the differential
cross section, such as My in this case.

The study in this section indicates that the R ,, factor for
the reorganized differential cross section of Z-boson
production offers an effective kinematic scan of the under-
lying nuclear modifications on the light quark distributions.
However, it is important to note that this method may not be
directly applicable to other processes. For instance, in the
case of W-boson production [63,69,70], which is also
sensitive to quark distributions, the final-state decay prod-
ucts include a neutrino, leading to potentially incomplete
four-momentum information. A similar challenge arises in
1t production [71,72], which is sensitive to gluon distri-
butions. In such processes, the variable X cannot be
reliably reconstructed in experimental measurements.

III. A MULTIPROCESS IMAGING OF r#

In this Section, we extend the method of reorganizing
the cross section to the study of Z + jet and Z + c-jet
production. By leveraging the kinematic scan of nuclear
PDFs in these processes, it becomes possible to separately
enhance the signals of r* for gluon and charm quark
distributions through a multi-process joint analysis.

For Z + jet production, the reorganized differential cross
section can be defined in terms of Xz, My, and py 4, as
outlined in Eq. (3). At LO, the initial state involves both
quarks and gluons, meaning the R, for such cross sections
incorporates additional contributions from nuclear gluons
compared to Z-boson production. In the left panel of Fig. 4,

we present an example of the LO results for the reorganized
cross section of Z 4 jet production in pA collisions. The
contributions from nuclear quarks and gluons are depicted
as blue and red areas, respectively. The inserted percentage
diagram clearly illustrates that the contributions from
nuclear gluons increase as X decreases, consistent with
expectations.

To isolate the nuclear gluon signal from the cross section,
we assume that, under specific kinematic constraints, the
nuclear modifications in quark-initiated processes approxi-
mate the R4 for Z-boson production at the LO level. This
assumption will be validated later. Given that the differ-
ential cross section for Z-boson production (shown in the
middle panel of Fig. 4) differs from the quark-initiated
contribution to the Z + jet cross section, we introduce a
ratio between the two as follows

do” (X )
[do™ 3¢ (X )]

(6)

KI(XB) =

nuclear quark

By multiplying the whole Z + jet cross section by the
coefficient «;(Xp), we obtain a rescaled Z + jet cross
section, as illustrated in the right panel of Fig. 4. At LO,
the nuclear-quark component of the rescaled cross section
aligns with the Z-boson production cross section. Further,
by defining a difference term as
Cy(Xp) = K1(Xp) X do”"*(Xg) — do*(Xp),  (7)

we anticipate that the influence of the nuclear quark
distribution will be significantly mitigated, allowing the
R, derived from C,(Xp) to highlight an enhanced signal
originating from the nuclear gluon distribution.

The coefficient x;(X), defined at LO as expressed in
Eq. (6) can be further refined by multiplying a correction
factor expressed as
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FIG. 5. Nuclear modification factors R, as functions of Xp, calculated at NLO for reorganized cross section of Z + jet production

(blue squares) and for combined observable C,, (X3p) (red discs). Predictions using EPPS21, nCTEQ15, and TUJU19 nuclear PDFs are
displayed in left, middle, and right panels, respectively. Underlying 74 (x, Q%) factors for light quarks and gluons from corresponding
nuclear PDFs at Q = M, /2 are included in each panel for comparison. Bottom panels illustrate differences between each result and rf*
for gluon. NLO calculations are conducted at scale yy = M /2 for Z-boson and at yg = (My; + pr e )/4 for Z + jet. Uncertainties in
the results, evaluated by varying scale between p,/2 and 2u,, are represented by shaded bands.

d"ﬁ;‘o(XB)/d"fQ (Xp)
d“ifgt(XB)/dGEgjet(XB) ’

Rnio(Xp) =

(8)

which takes into account the differences between the NLO
K-factor effects in the two combined processes to some
extent.

In the three panels of Fig. 5, the NLO results for the R 4
of individual Z + jet production, as defined in Eq. (4), are
plotted as a function of X (blue squares) using three sets of
nuclear PDFs. By comparing these R,4 values with the
ri(xpy) curves for light-quark (solid) and gluon (dotted-
dashed) distributions in each panel, it is evident that the R 4
squares generally lie between the quark and gluon curves.
This reflects the fact that both nuclear parton species
contribute significantly. Additionally, we present the cor-
responding NLO results for the R4 of C;(X}), defined in
Eq. (7), as red discs in each panel of Fig. 5. These results
demonstrate that the R,, of C, closely follows the r*
curves for the gluon distribution. For further comparison,
the differences between each result and the corresponding
r for gluons are also plotted in the bottom panels of Fig. 5.

The above results are calculated for Z + jet production
using the kinematic cuts 66 < My; < 150 GeV and
40 < prave < 60 GeV. These cuts ensure that the effective
probing scales in this process are comparable to those in
Z-boson production within the range 66 < My, < 116 GeV.
As a test, we compute the average value of the quantity
(My; + pravg)/2 for Z + jet production and find it to be

close to the Z-boson mass M ;. Additionally, in an LO test we
observe that the R 4 of C, aligns well with the r#* for the
gluon distribution, indicating that the nuclear-quark-initiated
processes in Z + jet production experience modifications
similar to those in Z-boson production.

In the calculations, the renormalization and factoriza-
tion scales are set to uy = (My; + pr.ave)/4 for Z + jet
production, while for Z-boson production, they are set to
uo = M, /2, consistent with the previous section. For Z +
jet production, the variations in R,4 with y scaled by a
factor of 2, represented as shaded bands around the
squares in Fig. 5, are as small as those in Z-boson
production. To illustrate the scale dependence for the R4
of the combined observable C,, we assume that the
choices of u, in the two processes are independent.
Given that the ratio between u% in the two processes
can vary by a factor of 16, the scale dependence of the
combined observable generally appears stronger than that
of a single observable, as shown in Fig. 5. The R, of C;
effectively images the r# for the gluon distribution up to a
moderate value of xpy, (~0.1). For larger values of xpy, the
uncertainties become significant, related to the rapidly
diminishing contribution from gluons.

It should be mentioned that, as an input in the definition
of Cy(Xp), the coefficient k;(Xp) itself depends on the
theoretical setting in its determination. A possible impact of
the free-proton PDF (e.g., scheme and parametrization)
mainly arises from the relative compositions of various
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FIG. 6. Nuclear modification factors R, as functions of X, calculated at NLO for reorganized cross section of Z + c-jet production
(blue triangles) and for combined observable C . (Xp) (red discs). Predictions using EPPS21, nCTEQ15, and TUJU19 nuclear PDFs
are displayed in left, middle, and right panels, respectively. Underlying r2(x, Q%) factors for light quarks, gluons, and charm quarks
from corresponding nuclear PDFs at Q = M, /2 are included in each panel for comparison. Bottom panels illustrate differences between
each result and 7% for charm quark. NLO calculations are conducted at scale g = M /2 for Z-boson and at py = (M, + PT.ave) /4 for
Z + (c)jet. Uncertainties in the results, evaluated by varying scale between /2 and 2y, are represented by shaded bands.

flavors in proton. To test the effects from proton PDF
parametrization, we calculate the contribution fraction
for certain nuclear parton flavors (quark/gluon) with three
parametrizations of free-proton PDFs (CT18 [65], Martin—
Motylinski-Harland-Lang-Thorne (MMHT) [73], and
Neural Network Parton Distribution Functions (NNPDF)
[74], see the Appendix), and observe negligible distinctions
among these results in most of the studied kinematic
regions in this work. Besides, the PDF/factorization scheme
may also have an impact. For example, at NLO and beyond,
the division between quark- and gluon-initiated channels is
factorization-scheme dependent. Generally, the differences
between the predictions with different schemes may
become reduced when higher-order contributions are
included. A quantitative study of the impact of the PDF
scheme/factorization is beyond the scope of this work.
Note that it is impossible to directly measure r4(x, Q%) or
completely purify the signal from a certain flavor.
Therefore, the observable C,(Xj) is designed to establish
an approximate and effective mapping to the underlying
rf*(x, Qz) factors for gluons. In this work, the effectiveness
of such observables is examined by NLO calculations
with scale variations, and a nice reflection to the
object r#(x, Q%) is observed under the current scheme
[59-62,65].

Following a similar methodology, we now investigate the
production of Z + c-jet in pA collisions, a process that is
sensitive to the nuclear modifications of both gluon and
charm quark distributions.

The R, for the reorganized Z + c-jet cross section, as
defined in Eq. (4), is calculated at NLO using three sets of
nuclear PDFs. These results are depicted as blue triangles in
Fig. 6, alongside the corresponding 2 (xpy,) curves for light-
quark (solid), gluon (dotted-dashed), and charm (dotted)
distributions at Q = M, /2, included for comparative analy-
sis. To maintain consistency in probing scales with the
aforementioned processes, we employ kinematic cuts of
66 < My; < 150 GeV and 20 < py,,, <60 GeV in the
calculations of the reorganized Z + c-jet cross section. As
illustrated in Fig. 6, the R 5 triangles closely align with the re
curves for both gluon and charm quark distributions, which
are predicted to be similar across the three parametrizations.
Additionally, the differences between each result and the
corresponding 2 for charm quarks are presented in the
bottom panels of Fig. 6 for further comparison.

Building on the study of the observable C(Xp), which is
designed to probe the gluon distribution in nuclei, we can
further develop a new combined multiprocess observable
specifically sensitive to the charm quark distribution. By
iterating the procedures used to construct Cy(Xp), we
define a coefficient

Cg (XB)
[do” T,

Kz(XB) =

©)

nuclear gluon

and a combined observable

Conarm(Xp) = k2 (Xp) X do”T (X p) — C,(Xp), (10)
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FIG.7. Comparisons between predicted observable R4 and rf\ for three nuclear PDFs: EPPS21, nCTEQ15, and TUJU19. Left panel:
R, of reorganized cross section of Z-boson production (isospin corrected) compared with i for light quark. Middle panel: R pa Of
combined observable C,(X ) compared with r# for gluon. Right panel: R 4 of combined observable Cepym (X ) compared with r#* for

charm quark.

where the sensitivity to the gluon distribution is expected to
be significantly reduced. It is important to note that the
coefficients x; and k, serve as predetermined parameters in
the definitions of the observables C; and Cepym. These
coefficients are evaluated at a fixed scale ug = M,/2 and
remain invariant under changes in the renormalization
and factorization scales in the NLO calculations for C,
or Ccharm-

Using the definition of Cam(Xp), We calculate its
nuclear modification factor R,4(Xp) at NLO for three
nuclear PDFs and present the results as red discs in
Fig. 6. As anticipated, since the gluon and charm distri-
butions exhibit similar modifications in the three nuclear
PDFs, the R4 factors for the combined Cpy, show only
minor deviations from those for the individual Z + c-jet
cross section (blue triangles). Moreover, they slightly better
reproduce the r(xp,) curves for the charm quark distri-
bution. This demonstrates that the R ,4(Xp) of Cepgrm can
effectively serve as an image of the r? for the charm quark
distribution.

To conclude this Section, we consolidate the main
findings of this work by presenting a comparison in
Fig. 7 between the proposed observables and the nuclear
modifications on the underlying PDFs for light quark,
gluon, and charm quark distributions. It is evident that the
predicted R4 (X) at NLO using three nuclear PDFs aligns
well with the corresponding r2(xpy) for the three parton
species: light quark, gluon, and heavy quark (charm). These
results suggest that future measurements of such nuclear
modifications have the potential to provide effective,
observable-level images of the r#* factors.

IV. SUMMARY AND DISCUSSION

Nuclear modifications to parton distribution functions
are primarily inferred through global analyses of a wide

range of data within the framework of collinear fac-
torization. However, determining the explicit depend-
ence of the modification factors r#(x,0%) on the
variables x, 0%, and parton species i remains challeng-
ing. This is partly due to their complex relationships
with observables, the inherent uncertainties in both the
data and predictions, and the parametrization depend-
ence in global extractions [4]. Besides continuous
improvements in both experimental and theoretical
precision, introducing observables with better disen-
tangled contributions from PDF variables may help
mitigate this situation.

In this work, we introduce a series of novel observables
in proton-nucleus collisions at the LHC, designed to
establish an approximate and effective mapping to the
underlying nuclear modification factors r(x, Q?).
Specifically, by combining the reorganized cross sections
of Z-boson production, Z + jet production, and Z + c-jet
production, we separately purify signals from light-quark,
gluon, and heavy-flavor (charm) distributions in nuclei.
This approach allows us to effectively image the 2 (x, 0?)
for specific parton species, serving as an analogy to the
measurement of nuclear modifications on structure func-
tions in DIS. Such imaging observables are expected to
significantly enhance the impact of LHC data by providing
more direct and effective constraints on designing the
parametrization forms of flavor-separated nuclear modifi-
cations, which can facilitate the global fit of nuclear parton
distribution functions (nPDFs). These intuitive images of
ri(x, 0?) can also help study the nonperturbative dynamics
and binding mechanisms in nuclei [30-36].

The feasibility of this method is validated through
perturbative calculations at next-to-leading order using
three parametrizations of nuclear PDFs. While the
current precision of LHC measurements may not yet
suffice to achieve a perfect image of ri(x, 0?), the
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method proposed here opens new possibilities for opti-
mizing future measurements.

It should be emphasized that both PDFs and their
modification factors r?(x, QZ) are not directly measurable,
although this work demonstrates the ability of the imaging
observables to reflect the underlying 74 (x, Q%) factors. In
the context of global PDF extraction [18-28], utilizing the
data with better disentangled contributions from various
values of i and x may help reduce the correlations and
degeneracy of the fitting parameters and streamline uncer-
tainty propagation analysis, resulting in enhanced computa-
tional efficiency and stability in the global extraction.
Compared to traditional observables, the proposed imaging
observables can provide somewhat preprocessed data with
reduced entanglement of the contributions from PDF
variables. Nevertheless, if such imaging observables share
the common data source with the traditional measurements
used in the analysis, we do not expect any statistically
significant improvement in fitting the imaging observables
relative to the analysis with usual measurements.

It is also noteworthy that this imaging technique can be
generalized to study other processes at the LHC, such as the
Drell-Yan process [75,76], dijet production [49], and y +
jet production [77,78]. Its future applications in the EIC
program, e.g., for dijet production [79,80], are also of
significant interest. Importantly, this approach can help
establish a framework for analysis and interpretation of the
commonalities and distinctions in nuclear modification
effects across diverse processes, spanning from pA to
eA collisions. Furthermore, the study of nuclear effects at
higher twist, e.g., the parton multiple scattering [81-83],
may also benefit from such systematic comparisons, in
which the leading-twist effects across various processes are
effectively unified or mapped.
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APPENDIX: A TEST OF IMPACT FROM
PROTON PDF PARAMETRIZATION

To test the impact of the uncertainties in the relative
compositions of various flavors in protons from PDF
parametrization, we calculate the contribution fraction
for certain nuclear parton flavors in Z + jet and Z + c-
jet productions with three parametrizations of free-proton
PDFs (CT18 [65], MMHT [73] and NNPDF [74]). Results
are plotted in Fig. 8, and small distinctions among these
results can be observed.

Z+jet

1 ———— 7
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08l " nuclear gluon ]
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C 041 .
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FIG. 8. Contribution fraction of certain nuclear parton flavors in
Z + jet (left) and Z + c-jet (right) productions with three para-
metrizations of free-proton PDFs: CT18 [65], MMHT [73] and
NNPDF4.0 [74].
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