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This review examines data from hadron-nucleus collisions, primarily focusing on hard processes
like Drell-Yan, heavy flavor and quarkonium production. It highlights observed modifications of
particle yields as functions of momentum and rapidity, aiming to clarify the underlying QCD effects
in cold nuclear matter (CNM). The paper outlines strategies for future experiments, including
the Electron-Ion Collider (EIC), to distinguish between these effects. Key questions address the
universality of suppression mechanisms and the role of non-perturbative physics, providing a road

map for upcoming nuclear data.

I. INTRODUCTION

Perturbative Quantum Chromodynamics (pQCD) has
proven remarkably successful in describing high energy
processes, particularly in proton-proton collisions, where
its predictions closely match the experimental results.
However, extending pQCD to hadron-nucleus collisions
presents significant challenges due to the additional com-
plexity arising from the effects related to the nuclear envi-
ronment. The corresponding cold nuclear matter (CNM)
effects alter the parton dynamics in the initial and the
final state and modify the particle production yields. De-
spite decades of research, no coherent and universally
accepted framework has yet emerged to consistently de-
scribe the data in such systems.

The root cause of this unsatisfactory situation lies in
the multitude of nuclear effects that can influence the
nuclear cross sections. The well known EMC effect [1]
provided evidence that the nuclear parton distributions
functions (nPDFs) in bound nucleons differ from those
in free nucleons, modifying the effective parton densities
probed in the collision [2-9]. Most of the hadron-nucleus
experiments primarily probe the leading-twist shadowing
region of the target nucleus at low momentum fraction
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x, leading to a reduction of the particle yields relative to
an incoherent sum over all the nucleons.

Another effect, relevant at high center-of-mass ener-
gies, is due to the gluon saturation. Saturation prevents
an unlimited increase of the gluon density at low x values,
which would otherwise violate perturbative unitarity. It
has an important impact on particle production, result-
ing in additional suppression at very forward rapidities.
This suppression is then similar to the suppression re-
sulting from the purely non-perturbative leading-twist
shadowing. Although saturation and shadowing origi-
nate from two different QCD mechanisms, differentiating
between them remains a difficult task.

In addition, the incoming or outgoing parton may
lose some of its energy by a medium-induced gluon ra-
diation when traversing the nucleus, known as Landau-
Pomeranchuk-Migdal (LPM) energy loss [10, 11]. Simi-
larly, the incoming and outgoing partons could undergo
energy loss, which is summed coherently and is known
as Fully Coherent Energy Loss (FCEL) [12, 13]. A re-
lated, but distinct, phenomenon arises from multiple soft
scatterings of the parton traversing the nuclear medium.
Each consecutive scattering contributes to a slight mod-
ification of the transverse momentum of the parton as
well as the broadening of the particle production yields
as a function of transverse momentum [14-19]. Since the
broadening scales with the number of scatterings, it typ-
ically grows linearly with the nuclear size.
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Furthermore, heavy mesons produced in the final state
are subject to inelastic interactions with the nuclear
medium. When their formation length is shorter than
the size of the nucleus, the newly formed mesons may be
dissociated via scattering with partons in a high-density
environment [20, 21]. In addition, both the initially pro-
duced quarks pair and the nascent heavy meson can in-
teract with the surrounding nucleons. The correspond-
ing absorption cross section can vary significantly de-
pending on the parameters of the interaction. Moreover,
the quarkonium state may undergo further interactions
with comoving hadrons or partons, referred to comovers
[22, 23]. These interactions, which result in the break-
up of the bound state, are affected by the local medium
density. The effects of collisional dissociation, nuclear
absorption, and comover interactions are strongly depen-
dent on the length traversed through the nuclear medium
and all lead to an attenuation in the observed heavy me-
son yield. In a typical high-energy hadron-nucleus ex-
periment, several CNM effects may be present simulta-
neously. Their relative importance, however, depends
strongly on the process considered, the kinematic regime,
and the specific observables under scrutiny. The difficul-
ties in quantitatively establishing the relative contribu-
tions of these effects add to the challenge of forming a
coherent theoretical framework.

This work aims to address these questions by review-
ing the current state of experimental data and theoretical
understanding, with an emphasis on particle production.
We summarize the present state of knowledge, address
known limitations, and examine discrepancies between
theoretical predictions and experimental data. Our aim
is to outline strategies for improving the theoretical de-
scription of CNM phenomena in the coming decade. Im-
portantly, we do not seek to challenge the validity of any
specific theoretical model. Rather, through an experi-
mental lens, we aim to establish a set of key observables
that can help distinguish between cold nuclear matter
effects on various processes.

The upcoming Electron-Ton Collider (EIC) [24] and fu-
ture fixed-target experiments [25, 26] will offer unprece-
dented opportunities to probe CNM with greater preci-
sion and across a broader kinematic range. Leveraging
these new experimental capabilities, we sek to narrow
the gap between theoretical predictions and experimen-
tal observations, paving the way for a unified description
of cold nuclear matter effects.

We will identify three key questions that future data
should address:

1. What are the relative contributions of pertur-
bative (gluon saturation) and nonperturbative
(nPDF) QCD dynamics to the modification of
nuclear structure functions and particle pro-
duction spectra at small =7

2. How do parton energy loss mechanisms affect
particle production in A+ A and e+ A collisions?

3. What other effects modify particle production

and how do we distinguish among final-state
interactions?

By addressing these questions, we aim to provide a
road map for future research and contribute to a deeper
understanding of cold nuclear matter and its implications
for the interpretation of data from e+ A, p+ A, and A+ A
collisions.

This paper is organized in eight sections. After a short
Introduction in Sec. I, the most relevant fixed-target and
collider data are reviewed in Sec. II. Section III dis-
cusses the present status of the nPDFs and gluon sat-
uration at small x. The radiative energy loss effects
are reviewed in Sec. IV. Final-state interactions includ-
ing collisional dissociation, absorption, and comovers are
discussed in Sec. V. Additional effects due to impact-
parameter dependence and intrinsic charm are presented
in Sec VI. Section VII explores the experimental oppor-
tunities opened by the newest physics facilities and par-
ticularly by the upcoming Electron-Ion Collider. A short
conclusion is drawn in Sec. VIII.

II. DRELL-YAN AND HEAVY FLAVOR DATA
ON NUCLEAR TARGETS

Hadron-nucleus collisions serve as a powerful tool to
probe the properties of cold nuclear matter, offering
unique insights into the dynamics of partonic interactions
in the nuclear medium. Assuming the validity of collinear
factorization, they provide a useful context for extracting
and studying nPDFs. Processes such as Drell-Yan (DY)
and hadron production are particularly valuable probes
of these effects. Fixed-target experiments, which benefit
from a large experimental rapidity, y, coverage due to the
beam boost, primarily explore nuclear effects at higher
values of the parton momentum fraction =, > 1073,
In contrast, data from the Large Hadron Collider (LHC)
extend these studies into the low-x regime, even though
they cannnot cover the full rapidity range available reach-
ing x values as small as ~ 107, where gluon saturation
is expected to become significant. The nuclear modifi-
cation factor, Rp 4, quantifies the impact of the nuclear
medium on particle production by comparing cross sec-
tions in hadron-nucleus, h + A, to hadron-proton, A + p,
collisions. Studied as a function of rapidity or Feynman
z (zp) and transverse momentum, pr, R4 provides in-
sight into the evolution of nuclear effects across kinematic
regimes.

Despite extensive measurements at fixed-target facil-
ities and colliders, the mechanisms driving the nuclear
effects remain ill-determined. It does not appear possi-
ble to precisely determine the contributions from all pro-
posed cold nuclear matter effects based on only one type
of measurements. Gaining a more quantitative insight
into these effects requires a combined analysis of vari-
ous processes. The current status of the main processes
used to investigate cold nuclear matter effects—mnamely
Drell-Yan, quarkonium and heavy-flavor production in



hadronic collisions, as well as particle production in ul-
traperipheral collisions—is summarized below.

A. Drell-Yan Data

At leading order (LO), the electromagnetic Drell-Yan
(DY) process describes the production of a virtual pho-
ton, v*, via quark-antiquark annihilation and its de-
cay into a lepton-antilepton pair, v* — ¢T¢~. Along
with deep-inelastic scattering (DIS), this process pro-
vides complementary information about the partonic
structure of both the beam particle and the target
proton or nucleus. The DY cross section is well un-
derstood and can be calculated using fixed-order per-
turbative methods [27-29] or employing advanced ap-
proaches such as Collins-Soper-Sterman (CSS) resumma-
tion and transverse-momentum-dependent (TMD) fac-
torization [30], which accurately describes the low pr
portion of the dilepton spectrum. The nuclear depen-
dence of the DY process is quantified by the ratio REX,
which compares the yields in h + A collisions to those in
h 4+ p or, occasionally, in h + d collisions.

Most of the DY data come from fixed-target exper-
iments primarily performed at CERN and Fermilab,
spanning the center-of-mass energy range 15 < /s <
38.7 GeV. The earliest experiments [31-33], which used
proton and pion beams at 225 GeV and measured only
total cross sections, showed no evidence of nuclear ef-
fects. This conclusion was based on comparisons of p+ p
and p + A cross sections using the relation o,4 = A%0pp,
where the exponent a was found to be consistent with
unity. More detailed comparisons between heavy and
light targets were performed in the beginning of the 80s
using a pion beam at CERN [34] and a proton beam
at Fermilab [35]. In spite of the relatively large statis-
tics, both experiments reported the absence of nuclear
effects. A clear variation of R} from unity was ob-
served [36] a few years later by the NA10 experiment at
CERN, when comparing the data collected on hydrogen
and tungsten targets.! The measured R}?X as a function
of the target parton momentum fraction, x5, was found
to agree with the recently discovered EMC effect [1]. A
pronounced increase of REZ around pr = 2 GeV (the
“Cronin peak” [37]) was also observed [38]. The NA10 re-
sults were soon qualitatively confirmed by extensive mea-
surements by the E772 experiment at Fermilab [39]. Data
taken with a 800 GeV proton beam, the experiment com-
pared results from a deuterium target with four other nu-
clear targets (C, Ca, Fe and W) in the z region between
0.1 and 0.3.2 The data were found to be consistent with

1 The nuclear modification ratio Rj 4 can be related to o on the
cross section level by Ry = opa/(Aopp) = A>7 L,

2 Note that Feynman z, xp, can be defined as zp = z1 — 2
the difference between the projectile momentum fraction, x; and
the target momentum fraction, x2, with a range —1 < zp < 1.

unity, except at low xo, where the suppression increased
with the mass of the target, A, an effect fairly compat-
ible with the nuclear leading-twist shadowing measured
in DIS. An increase of RPY for pr = 1 GeV with A was
also clearly observed. A much larger xp region, up to
zp = 0.95, was covered by the E866 collaboration [40]
using three targets: Be, Fe and W. The data thus extend
to larger values of x7 and to smaller values of x5, provid-
ing increased sensitivity to nuclear effects in these two
domains. At low o, the experimental Fe/Be and W/Be
ratios are compatible with nuclear leading-twist shadow-
ing as observed in DIS while for z; 2 0.7 the observed
suppression provided the first evidence for an incoming
parton energy loss in the DY process [4, 41, 42].

A large amount of DY data employing a 450 GeV pro-
ton beam was also collected by the NA50 collaboration at
CERN [43]. When corrected for nuclear isospin, the re-
sulting cross sections for a number of nuclei from Be to W
perfectly scale with the number of nucleon-nucleon colli-
sions, in line with previous data on proton and deuteron
targets. More recently, preliminary data [44] from the
E906 experiment at Fermilab (SeaQuest) using a proton
beam at 120 GeV became available. The measured nu-
clear modification factor RPY was found to be smaller
than unity as a function of xr, with a stronger suppres-
sion at large xp ~ 0.8. The modification appears to be
more pronounced for the W/C ratio than for Fe/C.

Measurements of the dilepton continuum have been
extended by several collider experiments. The PHENIX
collaboration at RHIC [45] reported data for p + p and
p + Au collisions at \/syny = 200 GeV focusing on the
dilepton mass region below 10 GeV and pr < M. A slight
enhancement in the pr spectra was observed at forward
rapidity around py = 2 GeV. Due to the low statistics,
these data do not exhibit any clear nuclear effects.

More recently, the CMS collaboration at the LHC [46]
presented extensive dimuon data from /syy = 8.16 TeV
p + Pb collisions, covering the mass range 15 < M <
600 GeV with 15 < pyr < 120 GeV. The measured RPDX
clearly favors calculations incorporating nuclear PDFs.
The presence of nuclear effects is also necessary to ac-
count for the forward (y > 0) to backward (y < 0) rapid-
ity ratios.

The study of the Drell-Yan continuum is comple-
mented by measurements of Z and W+ vector boson
production made by the LHC experiments, see recent re-
sults in p+ Pb collisions by CMS [46-49], ALICE [50, 51]
and LHCD [52, 53] at 5.02 and 8.16 TeV. Within un-
certainties, the ALICE data show only a small differ-
ence between the p+p and p + A cross sections. In
contrast, the LHCb data indicate a slight suppression
of the nuclear cross section in the forward region and
an enhancement in the backward region compared to
data in p + p collisions. Both datasets are compatible

Another definition is zp = p,/p***, where p. is the momentum

of the dilepton along the beam direction, and p'®* = \/s/2.



with the nPDF calculations. This difference may partly
arise from the distinct rapidity coverages: ALICE data
probe —4.46 < y < —2.96 and 2.03 < y < 3.53, while
LHCD data access slightly different rapidity regions with
—4.0 <y < —25and 1.5 < y < 4.0. The different kine-
matic ranges could influence the observed nuclear effects.

The Drell-Yan and Z, W vector bosons data from the
fixed-target and collider experiments discussed above are
summarized in Table I.

B. Quarkonium Data

Quarkonium production involves the formation of a
heavy quark-antiquark bound state through hadroniza-
tion, h + A — [QQ] + X. Several approaches have
been used to describe this process, including the Color
Evaporation Model (CEM) [57-60], the Improved Color
Evaporation Model (ICEM) [61], the Color Singlet Model
(CSM) [62], and Non-Relativistic Quantum Chromody-
namics (NRQCD) [63]. The CEM and CSM have not be
rigorously applied beyond hadroproduction. The ICEM
has been successfully been applied to production and po-
larization of J/v in p+p and e+p collisions [64-69]. Work
is ongoing to apply it to other quarkonium production
processes. Although theoretically sound and phenomeno-
logically successful, the NRQCD approach appears in-
complete, as outlined in the next paragraph.

In the NRQCD framework, the short distance cross
section for quark-antiquark production can be calculated
perturbatively. However, the subsequent evolution of the
quark-antiquark pair into a bound quarkonium state is
governed by nonperturbative dynamics. The associated
long-distance matrix elements (LDMESs) must therefore
be determined from fits to data. A further complication
arises in the low pr region, pr < Mg, where pQCD is
reliable and nonperturbative effects may dominate. For-
tunately, most of the nonperturbative effects cancel in
cross section ratios measured under identical kinemati-
cal conditions, allowing for more direct comparison with
theory.

The earliest exploratory experiments [32, 70, 71], pri-
marily focused on deviations from unity of the exponent
a extracted from data. Measurements at CERN [72, 73]
and Fermilab [74, 75] demonstrated that a constant «
could not adequately describe the observed zp and pr
spectra. Detailed proton-induced measurements on sev-
eral nuclear targets conducted by the Fermilab E772 [76]
and E866 [77] collaborations confirmed the strong varia-
tion of a in both J/) and v’ production.

Furthermore, the suppression of the first three botto-
nium mesons [78] was also investigated. By comparing
T(1S) and T(25S+3S) production on several nuclear tar-
gets with data on deuterium, the E772 experiment found
that o changes significantly with zr and pp. Within the
statistical uncertainties, the values of o obtained for the
1S and summed (2S+3S) states were identical. The A
dependence of RgA was found to be nearly half as strong

as that measured for charmonium, suggesting a weaker
nuclear dependence for the heavier bottomonium mesons.

A few years later, the E866 collaboration [80] repeated
the E772 studies by significantly extending the kinematic
coverage of the data. A substantial variation of .J/1
suppression as a functions of both xr and pr was ob-
served. Moreover, the data showed a distinct suppres-
sion patterns for J/¢ and ', for all positive values of
. This suppression becomes more pronounced at large
zr 2, 0.3. Complementary high-statistics measurements
by the NA50 collaboration at CERN confirmed [43] that
the loosely bound %’ is more strongly suppressed than
the J/v. Further investigation using a higher-intensity
proton beam showed [82] that the ratio of ¢’ to J/v pro-
duction significantly decreases with increasing A, also in-
dicating stronger 1)’suppression.

The HERA-B collaboration also measured R;ﬂ; for
three nuclear targets [83], finding results consistent with
those of E866 [80]. Moreover, their results confirmed the
modification of the measured pr spectra with A, provid-
ing support for explanations involving multiple parton in-
teractions. By extending the measurements into the neg-
ative zp region, HERA-B also observed [84] an increase
of o with decreasing xp, with o > 1 for xp < —0.15.
In fixed-target interactions, such negative values of zp
correspond to the antishadowing region in the target xo
range.

The NA50 collaboration at CERN investigated J/¢
suppression using seven nuclear targets with proton beam
energies of 158 and 400 GeV. Their analysis [85] pre-
sented as a function of the thickness of the nuclear tar-
get traversed by the J/v, L, revealed a significant \/syn
dependence that became more pronounced for larger L.
This energy dependence remained when the data were
presented as a function of .

More recently, heavy flavor production measurements
in fixed-target mode with the LHC proton beam at 2.5,
4.0 and 6.5 GeV were reported. Using a dedicated inter-
nal gas target (SMOG), the LHCD collaboration was able
to extend [86, 87] the fixed-target center-of-mass domain
covered to /syny = 110.4 GeV. These first and promis-
ing measurements are in good agreement with previous
data at lower energies.

Subsequent measurements at the LHC have confirmed
the suppression patterns observed in fixed-target experi-
ments at lower beam energies. In p+ A collisions, the nu-
clear modification factor R,4 for J/v exhibits stronger
suppression at forward rapidity compared to backward
rapidity, indicating a rapidity-dependent nuclear effect.
This behavior is consistent across measurements by
ALICE [94-99], LHCb [100-105], and CMS [106-109].
Furthermore, the suppression of different quarkonium
states varies with the strength of their binding energies.
The hierarchy of suppression observed follows the trend

sz(gs) < RZQZ) < R;fjgls), where the 1(2S) states are
more suppressed and the T(1S) states being least sup-
pressed [110-112]. States with lower binding energies,



Exp. Beam +/syn (GeV) Process Target (A) Dependence Ref.
E906 D 5 DY Fe, W T 11
COMPASS n~ 18.9 DY NHs, AL W TF, PT 54

NA3 ©— 16.7,10.4, 229 DY Pt zr, pr |34, 55

NAIO 1 16.2, 23.1 DY W zr, pr |36, 38
E615 ™ 21.7 DY W T 56
E288 P 27.4 DY Be, Cu, Pt M, pr 35
E772 P 38.7 DY D, Ca,Fe, W <z, pr 39
E866 P 38.7 DY Be, Fe, W TF, pPT 40
PHENIX P 200 DY Au pr 45
CMS D 8016 DY Pb Y, pT 16

P 5020 W, Z Pb y [47, 48]

P 8016 W, Z Pb (46, 49]

ALICE  p 5020 W, Z Pb y (50, 51]
P 8016 Z Pb y [51]
LOCb  p 5000 Z Pb y [52]
D 8016 V/ Pb Y, PT [53]

TABLE I. List of data sets for Drell-Yan and Z, W¥ vector bosons production on nuclear targets.

Exp. Beam /snny (GeV) Process Target (A) Dependence Ref.
Ed4d 71 20.5 T/ C, Cu, W er, pr 32
p 20.5 J C, Cu, W TF, PT
WA39 7 86 T/ H W zr, pr [72)
at 8.6 Jhp H, W TF, pr
NA3  p 19.4 T/ M, Pt zr pr 73]
T 19.4 J b H, Pt TR, pPT
o 16.7 J H, Pt TF, PT
T 19.4 J/'l/} H, Pt TF, DT
T 22.9 J/’l/) H7 Pt TF, PT
E537 T 15.3 Wy Be, Cu, W TF, pT [74]
P 15.3 J Be, Cu, W TF, pT
E672 T 31.5 J b C, Al, Cu, Pb TF, PT 75
ET72 p 387  Ji, 4 D, Ca, Fe, W pr 76
P 38.7 T D, Ca, Fe, W pT 78
E789 p 38.7 J ) Be, Cu TF 79
p 38.7 J Be, Cu, W TF, PT 7
E866 P 38.7 Jhp, Be, Fe, W TF, PT 80
NA38 D 29.1 Jhb, C, Al, Cu, W TF, PT 81
NA50 D 29.1 Jhb, 0" Be, Al, Cu, Ag, W TF, PT 43
P 27.4 J/b, ' Be, Al, Cu, Ag, W Tr 82
HERA-B p 41.6 Jhp, C, Ti, W TR, pT 83
D 41.6 Jhp C, Ti, W TF, PT 84
NAG60 p 17.2 Jhp  Be, Al, Cu, W, Pb, U TF 85
P 27.4 JR  Be, Al, Cu, W, Pb, U TR
SMOG p 68.5 J/Y Ne Y, PT [86]
D 86.6 J/ He, Ar Y, PT [87]
p 110.4 J/Y He, Ar Y, pT [87]

TABLE II. Quarkonia production data available in fixed-target experiments with nuclear targets.

like the (2S), are thus more easily dissociated. This hi-
erarchy is more pronounced at backward rapidity than at
forward rapidity. In addition, the suppression of T states
follows the hierarchy R;ﬂgls) < Rgfs) < R;(‘BS) [109].
The relative suppression among the T excited states is

also more pronounced at backward than at forward ra-

pidity. In summary, the suppression patterns of quarko-
nium states in p + A collisions at the LHC are rapidity-
dependent and reflect the interplay between CNM effects,
quarkonium masses and binding energies.

These quarkonium data are summarized in Tables II
and ITI.



Exp. Beam ./syn (GeV) Process Target (A) Dependence Ref.
POENIX  d 200 T/ Au v, pr 3]
d b, Au Y, pT (89]

p, *He Jpp Al Au Yy, pr [90]

D Y Al, Au Y, pT 91

STAR _ d 200 T/ Au pr 92
d T Au TR 93

ALICE  p 5020 T Pb Y, pr 94
p Y’ Pb Yy, pr [95]

p T Pb Y, pT [96]

P 8160 Jh Pb v, pr (07]

p Y’ Pb Y, pT (98]

p T Pb Y, Pr [99]

LHCb  p 5020 T/ Pb Y, T [100]
P Y Pb Y, pr [101]

p T Pb Y, pT [102]

D 8160 Jh Pb Y, pT [103]

p Y’ Pb Y, PT [104]

p T Pb Y, PT [105]

CMS P 5020 Jp Pb Y, PT [106]
p Y’ Pb Y, PT (107]

P T Pb y, pr [108, 109]

TABLE III. Quarkonia production data available from collider experiments with hadrons on nuclei.

C. Open heavy-flavor data

Open heavy-flavor production in h + A collisions offers
complementary insights into nuclear matter effects rela-
tive to quarkonium production. At LO, heavy quarks are
predominantly produced through 2 — 2 scatterings. Fol-
lowing production, they undergo hadronization via frag-
mentation into various charged and neutral states, in-
cluding D°, D*, and D~ mesons for charm quarks, and
B Bt B~ mesons for bottom quarks. The correspond-
ing nuclear modification factors have been investigated
both at fixed-target and collider facilities.

The first experiments were with pion beams. WA82
at CERN [113] and E769 at Fermilab [114] investigated
the A dependence of D*, DY and D° mesons. The re-
sulting cross sections were assumed to follow the usual
A% dependence. In both experiments, the extracted val-
ues of a was found to be compatible with unity. More-
over, no statistically significant dependence on pr or xp
was observed. A subsequent analysis of D* mesons by
E769 [115] corroborated these findings. An absence of
nuclear effects was also reported [116] by the WA92 ex-
periment at CERN for DY, Dt and D} mesons and
their charge conjugates. Similarly, a lack of nuclear de-
pendence in the central rapidity region (near xp = 0)
was reported by the E789 collaboration [117], using an
800 GeV proton beam. More recently, these results were
confirmed and their precision improved by the HERA-B
collaboration for D°, D*, Df, and D** mesons in p+ A
collisions at 920 GeV [118].

Somewhat different results were obtained [119] by the
SELEX collaboration, using p, 7, 7~ and ¥~ beams.
The production of D°, D+, D}, and D** mesons and

s

their antiparticles was found to be independent of the
beam used and, within the statistical uncertainties, in-
dependent of zp in the interval 0.1 < zp < 1.0. How-
ever, the average value of « in their measurements is
a = 0.854+0.03, which is significantly smaller than unity.
The discrepancy between the SELEX results and the
other measurements has not yet been fully clarified.

While no significant A dependence was observed for D
mesons, a marked asymmetry was observed between D+
and D~ meson distributions as a function of zz and pr.
With a 7~ beam, the D~, which shares a valence d quark
with the beam, is designated as leading charm while the
D, which does not, is considered non leading. The E791
collaboration [120] compared their D meson asymmetries
with those from E769 [114] and WA82 [113] and found
that, even though the energies were different, the asym-
metries were similar. More recently, SMOG@LHCb has
demonstrated a similar asymmetry in p+ Ne interactions
[121]. These data cannot be easily explained within con-
vention production in pQCD.

Open charm data were also collected by the LHCD col-
laboration in fixed-target mode [86], using the LHC pro-
ton beam at 2.5 TeV and a gaseous neon target. A com-
parison between .J/1 and D° production shows a cross
section ratio that more than doubles for 1 < pr < 4
GeV, while it remains nearly constant as a function of
the rapidity.

Additional measurements have been made at the LHC
by the ALICE [122, 123] and LHCb collaborations
[124, 125] at \/syy = 5.02 TeV, with additional D°
and B meson data from LHCb at /syny = 8.16 TeV
[126, 127]. The LHCDb measurements reveal distinct
rapidity-dependent effects. In p + Pb collisions, Rz?A ex-



hibits a weak pr dependence at backward rapidity, while
strong suppression is observed at forward rapidity with
low pp. Similarly, B™ meson production at \/syn = 8.16
TeV shows a more pronounced suppression at forward ra-
pidity compared to backward rapidity. Low pp suppres-
sion is observed in the forward region while there is no
significant suppression at backward rapidity.

In addition, LHCb collaboration has reported the
first observation of strangeness enhancement in charm

hadronization in p + Pb collisions at /syy =
8.16 TeV [128]. This effect was studied through the

ratio of DY to DT mesons as a function of charged-
particle multiplicity, measured in both the backward
(=5.0 < y < —2.5) and forward (1.5 < y < 4.0) rapid-
ity regions. A significant enhancement of D} over DT
production is observed in high-multiplicity events, partic-
ularly at low transverse momentum and in the backward
rapidity region.

Recently, the ratio of charm baryon A} to charm me-
son D° production in proton-lead collisions at /s =
5.02 TeV was published by the CMS collaboration as a
function of pr in the rapidity range —1.46 < y < 0.54. A
nuclear dependence of charm baryons relative to charm
mesons is observed [129, 130]. A rapidity-dependent
analysis could further elucidate the underlying interac-
tion dynamics.

D. Ultraperipheral collisions in ultrarelativistic
heavy-ion collisions

Ultraperipheral heavy-ion collisions (UPCs) provide a
unique experimental tool to generate large cross sections
of high-energy photon-nucleus collisions and characterize
the nature of nuclear matter at low x [133]. As shown
in Fig. 1, UPCs are characterized by an impact param-
eter that exceeds the sum of the two colliding nuclear
radii. These interactions are dominated by scatterings of
quasi-real photons from the strong electromagnetic fields
accompanying ultrarelativistic heavy nuclei.?> The study
of heavy-quark production in UPCs, in particular, relies
on perturbative calculations to model the partonic scat-
tering.

Measurements of coherent J/) photoproduction in
UPCs by STAR [134] at RHIC and ALICE [135-137] and
CMS [138] at the LHC could constrain the gluon nPDF
in nuclei for Q% ~ m?2 as low as z ~ 1075, confirm-
ing strong suppression of low z gluons [139, 140]. More
recently, the first measurement of incoherent J/) pro-
duction in UPCs [141] has provided insights into event-
by-event gluon density fluctuations. CMS results show
significant nuclear suppression, comparable to coherent
photoproduction, for z < 107%. The suppression de-
creases with increasing x.

3 In such collisions, the photon flux from each nucleus is propor-
tional to the square of the nuclear charge, Z2.
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FIG. 1. Sketch of an ultraperipheral heavy-ion collision.

UPC measurements, summarized in Table V, show
that coherent J/v photoproduction cross sections are
suppressed relative to the impulse approximation® for z
values in the range 107 < 2 < 1072. The STAR collabo-
ration, at \/syn = 200 GeV, observed a nuclear suppres-
sion factor of ~ 0.90 &= 0.10 at « ~ 1072, consistent with
leading-twist shadowing predictions [134]. At \/syy =
5.02 TeV, ALICE measurements at forward rapidity indi-
cate 40-60% suppression of coherent J/v production at
x ~ 107° [135-137]. The CMS results at similar = values
are compatible with those from ALICE, within experi-
mental uncertainties [138]. LHCb measurements [142] in
peripheral Pb+Pb collisions at /syny = 5.02 TeV further
confirm the suppression at z < 1074, although there are
some tensions with midrapidity results from other exper-
iments. CMS has also reported the first measurement of
DY production in UPCs. Photonuclear events, selected
via zero-degree calorimeters and events with large rapid-
ity gaps, confirm the importance of such studies. The
results offer a Q2-dependent characterization of nuclear
matter at low x [142, 143].

E. Discussion

We have presented a non-exhaustive overview of the
behavior of nuclear modification factors for several hard
processes. With the exception of some DY data, suppres-
sion or enhancement patterns are clearly visible in all the
energy domain covered. However, the extent of the ob-
served modification depends on the specific process and
observable under consideration.

4 The impulse approximation assumes that the photoproduction
process occurs independently of the surrounding nuclear envi-
ronment, treating the nucleus as a sum of free nucleons.



Exp. Beam ./snny (GeV) Process Target (A) Dependence  Ref.

E769 T, 21.7 DE, D’ D Be,Al,Cu, W zp, pr 114

WAS82 T 25.3 D% D* Si, Cu, W T 113

E791 T 30.6 DT Cu, Pt TR, pT 120

E781 «T,p 31.8 DE D C, Cu TF, PT [119]

T, 33.5 D*, D° C, Cu zr 119

E789 P 38.7 DO DY Be, Au T 117

HERA-B p 41.5 DY, DT, D~ C, Ti, W TF, pPT 118

SMOG P 68.5 DY D° Ne Y, PT 121

P 86.6, 110.4 D° He, Ar Y, PT (87]

ALICE P 5020 DT, D", D*F DI Pb Y, PT [122]
LHCb P 5020 DY DV DF Pb Y, PT [124, 125]

p 8016 D° Pb Y, PT [127]

p Df Pb Y, pr [128]

P BT, B° Pb Y, PT [126]

CMS P 5020 BT, BY, B? Pb Y, PT [131]

P 8160 BTt Pb pT [132]

TABLE IV. Open heavy flavor production data at fixed-target and collider energies.

Experiment System ./syn (GeV) Process Dependence Reference

STAR  AutAu 200 T m [144, 145]
Y y 145

PHENIX Au+Au 200 J/ Y 146
ALICE PbtPb 2760 T/ y 47
5020 J/4, y [135]

I/ Y [136]

I/ y 137

COMS  PbyPb 2760 T/ y 138
5020 J/ Y 138

LHCb Pb+Pb 5020 J/ Y 142

TABLE V. Recent measurements of exclusive J/1 and 1’ photoproduction in UPCs.

Here we highlight the key observations and consider-

with i € (¢,4,9).

The Cronin peak observed in

ations that illustrate the limitations of nPDF formal-
ism—which models the modification of parton distribu-
tions inside nuclei relative to free nucleons—in fully de-
scribing the h + A data in Tables I, II, III, and IV as a
function of rapidity (y) and transverse momentum (pr).
Even in the case of structure functions in DIS, it remains
unclear how much of the observed behavior arises from
leading-twist dynamics as opposed to nuclear-enhanced
higher-twist effects [148-150]. The nPDF formalism will
be discussed in more detail in Section III A. The nonex-
haustive list below identifies some strong indications that
going beyond the nPDF framework is necessary to fully
interpret the data.

(i) In the 2 — 1 kinematics regime (pr < M), relevant
for processes like gg — J/¢ or ¢§ — ~* (Drell-Yan),
the dimuon pr is negligible in terms of 5 and Q2. As
a result, the nuclear modification factor in hadron-
nucleus collisions simplifies to

M
RhA(yva) ~ R?PDF (xQ = 76_y7Q2 ~ M2> ’ (1)

/5

(i)

(iii)

Rpa(pr) around pr < 1-2 GeV [37, 151] is in conflict
with nPDF calculations, which predict that Ry 4 has
a weak pr dependence and thus fail to fully describe
the data, shown in Fig. 2.

The E866 J/v¢ data [80] probe the kinematic range
1072 < 29 < 107}, where gluon nPDF effects (shad-
owing and antishadowing) are significant. EPPS16
[3] predicts a gluon modification factor of 0.7 <
RYPPF(15) < 1.1 in this x5 range while the measured

nuclear suppression, R;le (W/Be) ~ 0.4 at large xp,
exceeds the nPDF expectations (see Fig. 3). Indeed,
nPDF effects alone underestimate the observed sup-
pression. Such suppression is consistent with predic-
tion from Fully Coherent Energy Loss [152].

Preliminary E906 DY data [44] explore the region
0.1 < z9 < 0.3, where antishadowing effects on sea
quarks predict REFPF(z5) > 1 [3, 42]. However, the
data show suppression at large xzp (z2 ~ 0.1), with
RDY(W/C) ~ 0.75, in tension with nPDF predic-
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band) as a function of zp.

tions. Such suppression is, however, consistent with
predictions from initial-state energy loss [41, 42].

(iv) At LHCD energies, R;ﬁ;/} ~ 0.6 at forward rapidity
(2.5 < y < 4) [100, 103], stronger than predicted by
nPDF shadowing. This suppression is consistent with
observations from the ALICE collaboration [94, 97],

which reported a similar trend in .J/v suppression at
forward rapidity in p+Pb collisions at the same beam
energy. In addition, the observed hierarchy in nuclear

modification factors, R;f}fs) < RZ{Q’Z} < R;&gls) [110,
112], suggests the presence of nuclear effects beyond
nPDFs alone.

(v) Within the nPDF formalism, Rp4 should scale with
xo and Q?, i.e.

RyAPT (22, @, v/5) = RpOT (22, Q). (2)

However, as shown in Fig. 4, the nuclear dependence
of J/v¢ production, parameterized as opa = opp A,
violates this scaling. The magnitude of the observed
suppression clearly depends on the beam energy. A
similar trend is observed for Drell-Yan production in
fixed-target experiments, indicating the need for nu-
clear effects beyond those of nPDF's.

All these observations, across a range of xp, x5 and pr
domains, suggest the need to go beyond the conventional
nPDF framework and demonstrate an energy dependence
of nuclear effects. We attempt to identify the physics
mechanisms that could provide a complete and universal
description of these data. The following sections intro-
duce the cold nuclear matter effects that may underlie
the observed experimental trends and aim to address the
three key questions outlined in Section I. We also propose
a set of observables designed to disentangle contributions
to the observed behavior from individual nuclear effects,
thereby facilitating a more precise characterization of the
nuclear modifications.

III. DISENTANGLING NPDFS FROM
SATURATION

Since the McLerran—Venugopalan effective theory of
small-z QCD was introduced in the early 1990s [156-
158], the nuclear physics community has long debated
whether the observed suppression of the nuclear struc-
ture function Fy at small-z reflects “gluon saturation” or
merely conventional “shadowing.” Originally this ques-
tion arose from comparing F5 in heavy nuclei to that in
free nucleons. With the forthcoming EIC, it is timely to
recast it more precisely: to what extent is the observed
nuclear suppression of Fy driven by perturbative small-z
dynamics, and to what extent does it signal genuinely
nonperturbative physics? High precision measurements
at the EIC should allow us to disentangle and quantita-
tively assess these two contributions.

If this suppression is genuinely nonperturbative, one
must then rely on phenomenological model and possibly
lattice methods, which currently face severe limitations.
Omne such model is the Glauber-Gribov model [159-163]
of (virtual) photon-nucleus total cross sections (structure
functions) where the exchanged degrees of freedom are
non-perturbative color singlet states called “pomerons”
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[164, 165] (or soft pomerons, to be distinguished from
hard or BFKL pomerons [166]) which carry the quantum
numbers of vacuum. In this approach, suppression of the
nuclear cross section is due to the destructive interference
between the phases of multiple pomeron exchanges. The
nuclear parton distributions are thus determined at an
initial scale Q3 and then evolved in Q? via the DGLAP
equations [167, 168]; this procedure is known as leading-
twist shadowing. The evolution of the parton distribu-
tion functions is identical for nucleons and nuclei, with all
nuclear effects (shadowing) encoded in the initial distri-
butions. These nuclear PDF's, assumed to be universal,
are then used within the collinear factorization frame-
work to compute particle production cross sections in
nuclear collisions.
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On the other hand, if weakly coupled QCD dynam-
ics underlie the observed suppression, it should be cal-
culable directly in terms of quark and gluon degrees of
freedom. One such mechanism is gluon saturation, for-
mulated as the Color Glass Condensate (CGC) effective
field theory of small z [169-171]. Such a saturated state
of gluons, characterized by a relatively hard scale, the
so-called saturation scale Qs > Aqcp, can be reached
in a large nucleus already at moderately small values
of x (< 4 —5 x 1072) without significant evolution in
x whereas, in the proton, saturation is expected to be
reached at much smaller values of x. In this regime of
high gluon densities, Q? < @2, nonlinear gluon recom-
bination effects play a crucial role in taming the rapid
growth of the gluon distribution at low x, leading to sat-
uration of the distribution, as required by unitarity.

The saturation scale, which delineates the transition
between the dilute and dense regimes of QCD matter,
depends on the atomic number A, the gluon momentum
fraction = (which coincides with Bjorken z in structure
functions but not necessarily in particle production), and
the impact parameter of the nucleus or proton. Impor-
tantly, as an effective theory of QCD at small z, the CGC
framework applies to a broad class of observables beyond
structure functions [172, 173].

Note that CGC dynamics can lead to both higher twist
and leading twist suppression of nuclear cross sections. In
the kinematic regime where small-z evolution is signifi-
cant but the momentum or virtuality remains well above
the saturation scale (Q? > Q?), the cross section can be
expanded in powers of 1/Q?, with the leading contribu-
tion corresponding to leading-twist dynamics. Although
the system is dilute in this regime, leading-twist shadow-
ing arises due to the presence of a saturation boundary
separating the dense and dilute regimes. The extent of
the suppression is sensitive to the dynamics near the sat-
uration scale, which can be predicted within the CGC ef-
fective theory. Lastly, there has been significant progress
toward calculating next-to-leading order (NLO) correc-
tions for various observables using the CGC formalism
which is crucial for precise predictions [174-207].

A. Nuclear Structure Functions and nPDFs

In 1981, the EMC collaboration measured the nuclear
modification of structure functions in deep inelastic scat-
tering (DIS) [1]. Due to the relation between structure
functions and parton distribution functions at leading or-
der and leading twist,

Fy(2,Q*) =Y eaf(2,Q*) +2f(x,QY)],  (3)

K2

these data revealed, for the first time, that the parton
distribution function (PDF) of a proton bound within
a nucleus (nPDF) differs from that of a free proton:

fip/A (z,Q%) # fP(x,Q?), where ff/A represents the PDF



of a flavor i inside a proton bound in a nucleus. The
nuclear modification factor due to this effect is defined
as R4 = ff/A/ff.E’ Since then, four main x regions have
been identified: at « 2 0.7, Fermi motion dominates with
RA(z) 2 1; in the range 0.3 < z < 0.7, the EMC region is
characterized by R4(x) < 1; between 0.1 < = < 0.3, anti-
shadowing leads to R4 (x) > 1; and finally, for z < 107,
shadowing is observed with R4 (x) < 1. Global analyses
of nPDFs have been performed by the DSSZ [2], EPPS
[3, 4], KSTSG [5], nCTEQ [6, 7], nNNPDF [8], and TUJU
[9] collaborations. The latest analyses also include data
from the LHC. For a recent review, see Ref. [208].

The data used to extract nPDFs come from a number
of processes:

e Deep Inelastic Scattering: Data such as those from
the EMC, SLAC, NMC, and CHORUS experiments
(see Ref. [3] for references to the data), £ + A — £+
X, probe lepton scattering on a nucleus, constraining
quark nPDFs in the range 1072 <z <1 [3, 6].

e Single inclusive hadron production: Measure-
ments primarily of neutral and charged pions, h+A —
7+ X, as well as kaons and eta mesons by PHENIX
and STAR at RHIC (\/syny = 200 GeV) [209-212]
and by ALICE at the LHC (\/syn = 5.02 and
8.16 TeV) [213-215] constrain gluon nPDFs in the
range 1072 <z <1071 [216).

e Electroweak boson production: Production of W
and Z bosons in p + A collisions, p+ A — Z, W +
X, measured at LHC at \/syy = 5.02 and 8.16 TeV
probe quark nPDFs and, to some extent, the gluon
nPDF in the range 1072 < x < 107! in shadowing
and antishadowing regions at scale Q2 ~ 10* GeV?
[46, 49, 50, 52, 217-219].

¢ Dijet production: CMS measurements at \/syy =
5.02 TeV with pr 2 30 GeV provide constraints on
quark and gluon nPDFs in the range 1072 < 2 < 1071,
depending on the dijet pseudorapidity [220, 221].

e Low mass Drell-Yan process: Data from p + A
collisions (E772 [39] , E866 [40]) at /sSnn = 38.7 GeV
in the dilepton mass range 4 < M < 8 GeV constrain
sea quark nPDFs in the shadowing region at = ~ 0.1.
The Drell-Yan data from 7w + A collisions (NA10 [36,
38], NA3 [34, 55], E615 [56]) at /syy = 16.2-23.1
GeV constrain the valence quark nPDFs in the EMC
and antishadowing regions for 0.1 < z < 0.5.

5 A slightly different definition is often adopted, R{ =
(fo/“‘ + Nf."/A) / (ZfP + Nfn), where Z(N) is the number

3

of protons (neutrons) in nucleus A, and fln/A(fZ”) are the bound
(free) neutron PDFs. This definition takes into account the fact
that the proton and neutron distributions in nuclei are always
averaged and cannot be accessed separately.
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Heavy flavor production: LHCDb prompt D° data
at 0 < pr < 10 GeV [124] in p+PDb collisions constrain
the gluon nPDF in the range 107° < o < 1072 [222].
These data have been already used in the recent fits by
the EPPS [4], nNNPDF [8] and nCTEQ [7] groups. In
addition, the nCTEQ group has studied other heavy
flavor processes including B meson and quarkonium
production [7, 223, 224].

The phenomenological extraction of the nuclear modi-
fication factor R"FPF critically depends on the data used
in the global analyses. Earlier nPDF determinations re-
lied primarily on DIS processes [225-227], where the ini-
tial electron interacts purely via quantum electrodynam-
ics (QED) with the nucleus, making them ideal for prob-
ing the quark nPDFs. More recently, data in h + A col-
lisions have been incorporated to extend the range of x
explored and access the gluon nPDFs more directly.

Figure 5 presents a comparison of recent quark and
gluon nPDFs at Q2 = 10 GeV?2. The EPPS21 analysis [4]
incorporates the D production data in their global analy-
sis, providing a strong constraint on R;‘PDF at x <1072,
Their result agrees with the nCTEQ15WZ analysis [228]
but deviates from NNPDF2.0 [229], which does not in-
clude these data. These observations suggest that shad-
owing evaluations remain highly sensitive to h + A data
used. Including the LHC p+ Pb measurements, the vari-
ety and the kinematical reach of the data used in nPDF
analyses have grown significantly. It has therefore be-
come increasingly possible to look for deviations from
collinear factorization. For example, some of the nuclear
effects seen in heavy flavor production in p + Pb colli-
sions could be due to dynamical effects such as satura-
tion [230], partonic energy loss [231], or collective effects.
It is important to consider to what extent these effects
are currently being incorporated in the nPDFs and how
to potentially distinguish their ”non-factorizable” share.
However, if the heavy flavor data are left out of the anal-
ysis, the small-z gluon nPDF would be largely uncon-
strained and, as a result, the uncertainty of the baseline
upon which these novel effects are supposed to be ob-
served becomes prohibitively large. In other words, the
baseline uncertainties overwhelm the effect one is trying
to discover. In principle, this dilemma can be resolved
if the remaining data are sufficiently precise and diverse,
which is currently not the case. Because the factorizable
effects are universal, the presence of effects beyond the
nPDF formalism must eventually manifest as the inabil-
ity to reproduce all the data with a single set of nPDFs
in a statistically satisfactory way. It is thus useful to also
view the global nPDF analyses as a search of physics
beyond collinear factorization and not something that
ignores or downplays them.

B. Saturation effects in the small-x regime

At small = values, the gluon density inside hadrons
grows rapidly, leading to nonlinear effects that are not
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FIG. 5. Nuclear modification ratio for quarks and gluons at Q* = 10 GeV? from EPPS21 [4], nCTEQ15WZ [228], and

nNNPDF2.0 [229] taken from [4].

captured by traditional linear QCD evolution equations
such as DGLAP [167, 168] or BFKL [232-235]. This phe-
nomenon, known as gluon saturation, implies that the
growth of the gluon distribution eventually slows down
and reaches a limiting behavior. To describe this high-
density regime, CGC effective field theory has been de-
veloped. It models a high energy hadron as a coherent
ensemble of soft gluons with large occupation numbers.
By incorporating nonlinear gluon recombination effects,
the CGC provides a more accurate and unified descrip-
tion of high-energy scattering processes. These nonlin-
ear dynamics are characterized by the saturation scale
Q%(z) ~ AY3z=* which grows exponentially as z de-
creases. At sufficiently small = (i.e., at high energies),
the saturation regime becomes weakly coupled due to
the semi-hard scale Qs > Aqcp, making it amenable to
perturbative QCD calculations within the CGC frame-
work.

Figure 6 illustrates the current kinematic phase space
for existing DIS and Drell-Yan data from nuclei heavier
than iron, as a function of x and Q2. The saturation
lines Q?(x) = Q?(x) demarcate the smooth transition
between the linear and nonlinear regimes. The optimal
region for studying these non linear effects is at z < 1072
and Q2 ~ 1 GeV? The kinematic reach of the future
EIC, which will significantly extend access to this region,
is also shown.

T T

10° | Measurements with A = 56 (Fe):

F e eAuADIS (E-139, E-665, EMC, NMC)

= vA DIS (CCFR, CDHSW, CHORUS, NuTeV)
o DY (E772, E866)

102

Q2 (GeV?d)

100

0.1

FIG. 6. Kinematic phase space of DIS and Drell-Yan data for
nuclei heavier than iron as a function of z and @2, including
projections of the saturation scale for gold nuclei and protons.
The kinematic limits of the future EIC are also indicated.
From Ref. [236].

C. Target universality from DIS to p+ A

In the collinear factorization formalism, valid in the
limit Q% — oo, quark and gluon distribution functions,
defined as two-point correlators of quark and gluon fields,
are the degrees of freedom that appear in physical cross
sections. In this approach, the perturbative evolution of



PDFs with respect to Q2 is linear and independent of the
nature of the target. However, the initial condition of this
evolution is nonperturbative and, as such, encodes infor-
mation about the structure of the target: in particular,
shadowing effects for nuclear targets.

On the other hand, in the kinematic regime where the
center-of-mass energy is very large and @Q? is fixed but
not too large, typically of the order of the saturation
scale, collinear factorization is expected to break down.
In this domain, the notion of weakly-interacting par-
tons underlying parton distribution functions becomes
inadequate. Instead, one must account for the non-
linear dynamics induced by large gluon densities and
resum the large logarithms of the center-of-mass en-
ergy /s—specifically, In(s/Q?) in DIS and In(y/s/pr) in
hadronic collisions—which are commonly written as log-
arithms of 1/z. The CGC formalism, where the coupling
remains weak, but high-density effects are resummed to
all orders, satisfies this requirement.

In the CGC formalism, the universal degrees of free-
dom are Wilson lines, path-ordered exponentials of the
gluon field, which resum the effects of coherent multiple
scattering off a dense target. Physical cross sections are
expressed in terms of correlators of these Wilson lines.
The most prominent are the dipole (S) and quadrupole
(Q) correlators, defined as follows:

S@r,yr) = — (Te [V(ar)Vi(yr)]) |

C

Q(CUT7Z/T, ZT,TT)
1

Ne

~

Te [V (2r)V (yr)V (zr)Vi(rr)]) (4)

where x7, yr, zr and rp are transverse coordinates. In
multiparticle production in DIS and in proton-nucleus
collisions, all other correlators are suppressed by pow-
ers of N2 [237]. These correlation functions satisfy the
JIMWLK evolution equations [238, 239] which encode
the evolution of the correlators as function of x once an
initial condition at x is specified. The large-Q? and
small-z regimes of QCD are unified in the double limit
Q? — oo and = — 0, where large virtuality and parton
density effects interplay.

To leading order in the large N. approximation, the
dipole and quadrupole correlators are the only objects
that appear in physical cross sections within the CGC
formalism. As such, they are universal quantities that
can be probed by different processes, such as DIS and
forward particle production in p+ A collisions [240, 241].
The universality of the cross sections is because the dipole
and quadrupole correlators contain the small-x dynam-
ics of the target independent of the projectile. It is then
possible to extract the characteristics of the correlators
from DIS and apply them to other processes, conferring
the CGC formalism with predictive power. This is anal-
ogous to the collinear factorization framework, which is
valid at high Q2 but is expected to break down at very
small z. Moreover, the universality of the Wilson line cor-
relators mirrors that of the gluon distribution function,
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governed by DGLAP evolution in the collinear factoriza-
tion approach.

There have been sustained efforts to investigate higher-
twist corrections to collinear factorization, particularly
those enhanced by the size of the nuclear system, scaling
as A3 [150, 242-245].5 More recently, analogous studies
have been initiated in the high-energy (small- x) regime,
focusing on sub-eikonal, energy-suppressed contributions
which are important for both unpolarized [247-258] and
polarized observables [259-269], as well as for bridging
the gap between the collinear and high-energy (small- z)
frameworks [270-277].

This motivates the search for observables that can be
commonly accessed in both DIS and proton—nucleus colli-
sions, enabling a consistent characterization of the small-
x structure of nuclei across different probes.

D. Observables

In this section, we explore several key observables
that may distinguish between nuclear parton distribution
function and gluon saturation effects. So far, the extrac-
tion of nPDFs at small x has not taken other physical
effects into account. Determining the relative contribu-
tion of each effect is crucial, as there is limited small-z
data available, z ~ 1075 in h + A collisions, as discussed
in Sec. IITA.

1. Structure functions, in particular Fr,

The main feature of predictions of CGC-based observ-
ables is their characteristic x dependence. While the the-
oretical uncertainties associated with the perturbative
expansion are, in principle, controllable, additional un-
certainties arise from the nonperturbative inputs required
to initialize small-z evolution. These inputs must be
modeled. The initial condition is typically parametrized
and fitted to experimental data at an intermediate x
value, zg ~ 1072 [278-281]. Once this initial condition is
fixed, the CGC framework provides first principles pre-
dictions of the x dependence of the structure functions
F2 and FL-

The EIC will have a large kinematic window in z,
about three orders of magnitude where z is small, which
should allow distinction between shadowing generated by
the perturbative small-z evolution of the target via CGC
evolution equations and that of DGLAP evolution of
the z-dependent parameterization of shadowing models
which can generate no additional shadowing since the z
dependence of the two are quite different. Unfortunately,

6 It is important to recognize the role of target mass correc-
tions in the context of higher-twist effects, important at high
z. These corrections can also be systematically included within
the collinear factorization framework [246].



the F5 structure function necessarily receives sizable con-
tributions from nonperturbatively large dipoles [282] at
small z, even at intermediate Q?, making it difficult to
distinguish perturbative contributions from nuclear shad-
owing. While the longitudinal structure function Fp, is
under much better theoretical control, it is, however,
much more difficult to measure experimentally since it
requires measurements at different energies.

The CGC framework and that of leading-twist shadow-
ing follow distinct trajectories in the (z, @?) plane. While
both allow freedom in the parametrization of the initial
condition, at scale Q¢ for DGLAP evolution and at an
initial momentum fraction zg for the CGC, the under-
lying QCD dynamics are fundamentally different. Con-
sequently, their predictions diverge as one evolves away
from the initial condition, offering a potential means
of disentangling the sources of nuclear shadowing [283].
This difference is illustrated in Fig. 7, where the contrast
between CGC and DGLAP dynamics becomes particu-
larly evident for the longitudinal structure function FTp,.

Moreover, a key aspect of QCD factorization and high-
energy factorization, upon which leading-twist shadow-
ing and gluon saturation, respectively, are based, is the
universality of the gluon distributions probed in differ-
ent processes. This universality imposes additional con-
straints on both frameworks, providing a critical test of
their internal consistency and predictive power.

2. Single and two-particle production in e + A and p+ A

Alongside the fully inclusive processes discussed in the
previous section, saturation and shadowing also leave
their imprints on more differential observables, such as
single and double-inclusive particle production in DIS or
forward proton-nucleus collisions.

a. Two-particle azimuthal correlations. A promis-
ing channel for observing saturation is the disappearance
of the away-side peak in two-particle azimuthal correla-
tions, in e+ A or p+ A collisions at forward rapidity [284—
286]. In the strict back-to-back limit, CGC calculations,
expanded at leading power in the ratio between the trans-
verse momentum imbalance and the relative dijet mo-
mentum, smoothly match to TMD factorization [287].
In particular, back-to-back dihadron production at LO
probes the Weizsacker-Williams gluon distribution while
direct photon-jet correlations in forward p + A collisions
are sensitive to the dipole gluon TMD [287]. Beyond
LO in the CGC, two-particle correlations also probe the
sea quark TMD distribution [288]. This correspondence
between CGC predictions and TMD factorization pro-
vides a powerful framework for addressing the question
posed at the beginning of Sec. III, whether the suppres-
sion of the away-side peak is purely nonperturbative in
origin (as encoded in the nonpertubative part at small
transverse momenta of the TMDs or in the nPDF initial
condition of Collins-Soper-Sterman evolution [289-292])
or whether gluon saturation itself demonstrates the per-
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FIG. 7. The percent difference between the CGC structure
functions and the matched F> (a) and Fr (b) from DGLAP
evolution for a proton as a function of x and Q?. The
black dots indicate the region where the two frameworks are
matched by construction. From Ref. [283].

turbative mechanism at work.

There is, however, a complication to the previous gen-
eral picture: when the two produced particles are back-
to-back in the transverse plane, higher order QCD cor-
rections, enhanced by large logarithms in the ratio of
the relative transverse momentum to the transverse mo-
mentum imbalance, further decorrelate the away side
peak by a vacuum-like Sudakov suppression factor (or
Collins-Soper-Sterman evolution [289-292] in the TMD
language).

While this complication makes interpretation of the
cause of suppression more ambiguous, it is systemati-
cally included both in CGC calculations and in standard
TMD factorization with increasing accuracy, enabling
the search for saturation effects “on top of” the modi-
fications caused by soft gluon radiation, present even in
the absence of multiple soft scattering or nonlinear ef-
fects. The interplay between Sudakov resummation and
gluon saturation/small-z evolution has been considered
in Refs. [204, 293-295].
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Thus, in discussions of two-particle azimuthal corre-
lations, it is useful to distinguish between broadening
and suppression: saturation is expected to lead to both
broadening (due to multiple scattering) and suppres-
sion (due to small-z radiation and nonlinear evolution)
whereas radiative corrections associated with large-angle
soft gluon emissions (the Sudakov effect) primarily result
in broadening. The CGC approach provides a physical
mechanism, gluon saturation, to generate the dependence
of the nuclear suppression on the py of the associated
hadron. In the nPDF paradigm, in turn, the pr depen-
dence enters through the average x value probed, the
smaller the pr, the smaller the x, as well as through the
value of the factorization scale, typically proportional the
the hadron pr. In addition, DGLAP evolution tends to
reduce the nuclear effects at higher factorization scales.

Numerical predictions based on the TMD framework
supplemented by CGC models if the small-z TMD gluon
distribution have been moderetely successful at describ-
ing the two-particle correlation data in p + A colli-
isons [296-300], albeit with large theoretical uncertain-
ties due to the naive LO approximation used. At LO,
the CGC formalism predicts broadening of the away-side
dihadron correlation. However, parton shower effects and
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the intrinsic k7 of the fragmentation control the width
of the correlation [301] and these effects are expected to
reduce the broadening due to gluon saturation. However,
recent studies [302] based on collinear factorization, nu-
clear PDF's and parton shower in the final state are also
able to describe the majority of the dihadron and jet sup-
pression effects in p + A data at RHIC and the LHC. In
such studies, the final state parton shower, accounting
for the Sudakov resummation, is essential to reproduce
the broadening of the away-side peak seen in the data.

There are additional caveats to keep in mind. First,
the effect of partially coherent energy loss in cold matter
may be significant. This effect is not yet included in the
saturation formalism although fully coherent energy loss
is accounted for in higher order oy corrections within the
CGC [303]. Shadowing models can mimic this effect by
shifting the parton energy by hand. This will be further
discussed in Sec. IV E.

Second, double-parton scattering (DPS) can also at
least partially obscure the interpretation of saturation
effects, particularly in p+ A and even more substantially
in d + A collisions in which double-parton scattering is
enhanced [304]. (Note that this DPS enhancement was
not considered in Ref. [302].) One possibility would be
to focus on D°DO correlations, as recently measured by
LHCb [305]. The away-side peak also apparently disap-
pears going from p+p to p+PDb collisions at pr > 2 GeV.
However, this transition can also be explained by nPDF
+ DPS [306], see Fig. 9. It would be interesting to inves-
tigate this observable from the CGC perspective. The
LHCb measurement also differs from other correlation
measurements, such as by STAR [307] by not normaliz-
ing the double yield dN /d*prd?qrdy;dys by the single
inclusive (trigger) yield. This is notable because shadow-
ing or saturation can affect the single and double yields
differently [302]. Direct photon-hadron/jet [308-312] or
DIS lepton-hadron/jet [313, 314] correlations could prove
valuable because they involve only one strongly interact-
ing system in the final state.

Finally, fragmentation of the partons to hadrons typ-
ically results in low pr hadrons produced from higher
pr partons. The final state hadron momentum depends
on the z, the ratio of the longitudinal momentum of the
parton carried by the hadron. At midrapidity at LHC
energies, z < 0.5 [316] while, away from midrapidty the
average z is higher because of the more restricted phase
space for parton radiation at high rapidity. Thus, de-
pending on the kinematics, the underlying partonic pro-
cess may be in a kinematic region outside the saturation
regime or even outside the TMD domain of validity. In

this respect, DD’ correlations should be advantageous
because the (z) ~ 0.7 in D meson production, see e.g.
Fig. 4 of Ref. [317], due to different z dependence of the
charm fragmentation functions. Thus hadronization does
not blur the underlying parton kinematics for D mesons
as much as it does for pions. A promising alternative,
albeit challenging from the experimental point of view
and not immune to DPS, is low pr back-to-back dijet
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FIG. 9. Dependence of D°D° production in p+ p and p+ Pb
collisions on the azimuthal separation ¢ between the D° and
D° measured by LHCb [305]. The calculations are based on
collinear factorization [306]. The blue curve is a PYTHIA
result with multiparton interactions turned off, thus only ac-
counting for single-parton scattering. The red curve is a linear
combination of the PYTHIA single particle prediction and a
flat pedestal due to double-parton scattering. From Ref. [315].

production. See the following discussion as well as the
p + A studies in Refs. [318-320].

b. Single-inclusive hadron production in p+ A The
saturation and nPDF pictures also lead to distinct pre-
dictions of single-inclusive hadron production. Here, the
features of inclusive hadron production in pPb collisions
employing the CGC and nPDF approaches are compared.

Figure 10 compares the nuclear modification factors
in the CGC [321] and collinear factorization approaches
as functions of pr and rapidity. The CGC uncertainty
bands include variations of the factorization scale and the
“auxiliary” scale assuming the p+Pb and p+p cross sec-
tions are correlated. The uncertainty bands in the nPDF
calculations reflect the variation of the nPDF parame-
ters added in quadrature. This variation is a reflection
of the precision of the data used to extract the nPDFs.
The precision of the data is the leading uncertainty above
pr 2 3 GeV. At lower pr the scale uncertainties becomes
presumably very large but are not well defined because
the factorization scale becomes smaller than the nPDF
parametrization scale.

In general, the CGC predictions for single-inclusive
hadrons tend to have somewhat steeper slopes in pr
and y compared to the nPDF predictions. The trend
for charged hadrons in this picture is in somewhat bet-
ter agreement with the LHCb data [322]. However, the
baryon contribution to charged hadron production re-
sults in a poorer description of charged hadron produc-
tion below pr ~ 10 GeV using standard independent
fragmentation functions [316]. The discrepancy with the
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FIG. 10. The nuclear modification factor of forward charged
hadron production in p+Pb collisions as a function of pr (top)
and rapidity (bottom) at \/syn = 5 TeV from the EPPS21
nPDFs at a factorization scale of u = max{m.,pr} compared
to NLO CGC calculations including high energy, Sudakov and
threshold resummation [321]. The blue band shows the nPDF
uncertainty while the red band shows the CGC uncertain-
ties arising from varying the factorization scale, assuming the
p+ Pb and p + p cross sections are fully correlated. The cal-
culations are compared to LHCb charged hadron data [322].
The corresponding 70 data at VSN = 8.16TeV [323] are
shown for comparison as a function of pr. Note the large
nPDF uncertainty at low pr.

is probably most noticable in p/7 data which exhibits a
bump at pr ~ 3 GeV [324] which cannot be described by
modifying the fragmentation functions. Indeed, the pion
pr slope is flatter [323] and better in line with the nPDF
calculations.

Because the CGC and nPDF calculations both depend
on the fragmentation functions, forward pion measure-
ments differential in py and y would be more beneficial
than inclusive charged hadrons alone. Based on Fig. 10,
the nPDF and CGC calculations could be distinguished
by systematic studies of the pr and rapidity slopes at
pr 2 3 GeV. In D meson studies this pr restriction
could be relaxed because the finite charm quark mass
allows the perturbative calculation to be continued to
pr = 0. Existing LHCb measurements in the forward
region [124, 127] could be studied from this perspective.



c. Single inclusive hadron or jet production in e +
A Single inclusive hadron production (SIDIS), where a
hadron with transverse momentum pr and longitudinal
momentum fraction z = (pp - Pn)/(q- Pn) is measured in
the final state, could also distinguish between saturation
and shadowing effects.

Future SIDIS measurements at the EIC are
known [325] to significantly reduce the uncertain-
ties in the PDFs in e + p collisions, particularly for
radiative production of light sea quarks. Analogous
measurements in e+ A collisions should therefore provide
valuable information about sea quark relative to gluon
shadowing in the nPDFs.

At small z, the dominant parton-level channel for
SIDIS is v*g — qG where the kinematics of one of the
final state quarks is integrated over. SIDIS has the ad-
vantage of probing smaller values of x for t-channel glu-
ons compared to dihadron production, discussed in the
previous section, because the gluon x is comparable to
Bjorken x for pr < Q.

In fact, when pr < @, SIDIS also exhibits TMD fac-
torization [292, 326-328] for the sea quarks: the CGC
cross section can be expressed [329] as product of a hard
factor for the v*q — ¢ subprocess at scale QQ and a TMD
sea quark distribution [330-332] resulting from g — ¢g
splitting in the nuclear target with the ¢ or § measured
at final-state transverse momentum pp. SIDIS can thus
probe saturated sea quarks in the target wave function
with pr ~ Qs < @ [329]. An additional interesting
regime of gluon saturation is the very forward limit [333],
where 1—2z < 1, such that (1—2)Q? ~ Q2 with Q > Q.
In this regime, the CGC predicts a strong suppression of
R4 as a function of z as z — 1 [333].

Due to the hierarchy of scales imposed in these situ-
ations, radiative corrections are dominated by Sudakov
logarithms, as in two-particle correlations, as previously
discussed. The all-order exponentiation of these loga-
rithms will also suppress the cross section, competing
with the suppression caused by saturation. As in the
case of two-particle correlations, these corrections make
the physical interpretation of the suppression more diffi-
cult. Theoretical frameworks, including both suppression
mechanisms, either within the TMD factorization formal-
ism [295] or by coupling the CGC to a final-state parton
shower [301, 334], are the only way to conclusively deter-
mine the role of nonlinear effects in future experimental
data.

In the absence of a specific hierarchy of scales imposed
on the final state, the Sudakov effects disappear. How-
ever, the interesting regime for saturation is typically the
semi-hard one where pr ~ Q@ ~ Qs and z ~ 1/2. In
this regime, no approximation is applicable and the all-
twist CGC cross section must be employed. While LO
estimates are simple to obtain because the SIDIS cross-
section involves only dipoles, NLO predictions are chal-
lenging to compute numerically due to the complexity of
the formulas [195, 199, 200]. A direct comparison to the
leading-twist nPDF approach necessitates at least NLO
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precision and more developments are needed to evaluate
CGC cross sections at full NLO.

Single-inclusive jet production [335-338], which has
less nonperturbative model dependence in the final state
because no fragmentation functions are required, is re-
lated to SIDIS. At low pr, pr < @, jets can probe the sea
quark distribution, much like single inclusive hadron pro-
duction [339]. Recently, jet distance measures have been
developed to ensure TMD factorization beyond leading
order using jets [339, 340]. However, jet measurements
at low pr remain challenging [341]. (At HERA, jets have
been measured down to 4—5 GeV in the Breit frame.) In
addition, the phase space for low pr jets at high Q% and
small-x shrinks drastically in EIC kinematics. At mod-
erate x, single-inclusive jet production at low pp is also
sensitive to jet energy loss in cold nuclear matter [342],
see the discussion in the following section. Lastly, it is
also possible to study saturation effects in jet SIDIS in
the target fragmentation region of DIS in the Breit frame
[343]. Furthermore, nucleon energy correlators have been
proposed as a new way to study saturation dynamics in
this kinematic regime [344].

3. Diffractive vector meson production in v+ A

Diffractive vector meson production in photon-nucleus,
~v 4+ A, interactions serves as a complementary and par-
ticularly sensitive tool to probe gluon structure at small
x [356], relative to other observables discussed earlier.
Unlike semi-inclusive observables, diffraction demands a
color neutral exchange, which at LO is achieved by at
least two-gluon exchange, making it more sensitive to
saturation and shadowing effects. There are two kinds of
reactions: coherent, where the nucleus remains intact and
interactions access an average gluon distribution; and in-
coherent reactions, characterized by nuclear breakup and
sensitive to event-by-event fluctuations of the gluon den-
sities [356-359]. Diffractive J/¢ production is particu-
larly compelling because the charm mass provides a hard
scale, allowing for perturbative treatment, but also com-
parable to the saturation scale in v+ A collisions.

In the saturation formalism, this process is studied
within the dipole picture, where, at LLO, the photon splits
into a quark-antiquark ¢g pair [360] (and ¢gg at next-
to-leading order [187]) which interacts with the nucleus
through multiple coherent scatterings and then recom-
bines into the vector meson. The saturation physics is
encoded in the gg with the nucleus, characterized by the
dipole amplitude. The energy dependence of the dipole
is governed by the BFKL equation in the linear regime
and the BK/JIMWLK in the nonlinear regime.

The cross section for diffractive vector meson produc-
tion in v+ A interactions has been studied as a function of
the center of mass energy and rapidity of the produced
vector meson in ultraperipheral collisions of heavy-ions
at RHIC and the LHC. In the linear regime, governed by
BFKL evolution, the cross section is predicted to grow
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FIG. 11. A compilation of exclusive J/v¢ production mea-
surements in Pb+Pb UPCs at \/snyny = 5.02GeV [135, 136,
139, 345, 346]. (Top) The curves represent NLO calculations
with EPPS21 nPDFs using different choices for the factor-
ization and renormalization scales p. The light blue band is
the EPPS21 uncertainty at p = 2.39 GeV. The NLO calcu-
lations are from Refs. [347, 348]. (Bottom) The calculations
here, taken from Ref. [349], representing different realizations
of saturation-based calculations, depending on their descrip-
tion of the dipole scattering with the nucleus, are based on
[350-355].

as a power of the energy while saturation effects are ex-
pected to suppress this growth. The suppression is ex-
pected to be strong when the typical transverse size of
the vector meson is larger than or comparable to the in-
verse of the saturation scale [361]. At the energies and
rapidities reached in these colliders, the growth of the
J /1 cross section in «y+p collisions in UPCs is consistent
with a power law because the typical transverse size of
J/1 is smaller than the inverse of the saturation scale in
the proton [362, 363]. On the other hand, strong nuclear
suppression is seen in J/v production in v + Pb colli-
sions at the LHC. The suppression is stronger than pre-
dicted by the current saturation-based approaches, see
Fig. 11. These different saturation-based predictions dif-
fer in their description of the dipole amplitude but are
usually constrained by fits to y+p data. The CGC (MSS)
calculation starts with initial conditions taken from an
impact-parameter dependent MV model with the rapid-
ity and energy evolution following the JIMWLK equation
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[350], while the b-BK model (BCCM) employs an impact-
parameter dependence dipole amplitude that evolves ac-
cording to impact-parameter dependent BK evolution
[351]. The BGK-I (LM) [352], IPsat (LM) [353], GG-
HS (CCK) [354], and IIM BG (GM) [355] calculations
implement different phenomenological models of the im-
pact parameter, rapidity and dipole size dependence of
the dipole amplitude. For more details on the implemen-
tation of the different models see Ref. [349].

Exclusive J/9 production in Pb+Pb collisions probes
the nPDFs predominantly at 107° < z < 1072 and
scales similar to those in low pr open charm produc-
tion [347, 348]. The coefficient functions are known up
to NLO in strong coupling [364] when the J/1) is treated
in nonrelativistically. The extraction of nuclear PDFs,
or testing their dynamical modeling as in e.g. leading-
twist shadowing [148, 365], based on UPC data is compli-
cated by several factors. Convergence of the perturbative
expansion has proven to be quite unstable due to coin-
cidental cancellations between the LO and NLO gluon
contributions. As a result, the calculated cross sections
are rather sensitive to the factorization and renormal-
ization scales, see Fig. 11. Better stability seems to be
achieved by including resummation of BFKL-type terms
[366]. Other complications arise because generalized nu-
clear parton distributions enter the calculations. These
GPDs can be approximated by nuclear PDFs but the
associated theoretical uncertainty is difficult to reliably
assess. It at least induces some degree of model depen-
dence. Other theoretical uncertainties include the role of
nonrelativistic corrections to the treatment of the J/¢
wave function as well as theoretical modeling of the ex-
clusivity condition. All in all, an accurate description
of exclusive J/i at Pb+Pb UPCs is still a distant goal
which hinders the distinction of dynamical effects of sat-
uration. Currently there also appears to be tensions be-
tween the ALICE [135] and preliminary ATLAS [346]
data, see Fig. 11.

Looking forward, studying the energy dependence
across different colliding systems, such as v+ O, as well
as the production of lighter and heavier vector mesons
such as ¢ and Y could help further discriminate different
approaches to the observed nuclear suppression and dis-
tinguish between saturation and nonperturbative shad-
owing. Moreover, the production ratios of excited vector
meson states to the ground states, particularly (2S) to
J /1, offers additional discriminatory power. In Ref. [367]
it was argued that the distinctive node in the 1(2S) wave-
function enhances the sensitivity to nonlinear effects, pro-
viding a promising ameans to discriminate between linear
shadowing and nonlinear saturation dynamics. Lastly,
further measurements of incoherent reactions, where the
nucleus breaks up, and which are sensitive to fluctua-
tions, could also shed some light on small-x dynamics
[368].



IV. RADIATIVE PARTON ENERGY LOSS

Reactions with nuclei are essential for the study of
QCD. Cold nuclear matter effects can be investigated in
e+A [24] and p+ A collisions [369, 370]. The modification
of hadron production cross sections at low and interme-
diate pr, known as the Cronin effect [37], was established
as early as the mid 1970s. In the 1990s, fixed-target mea-
surements of Drell-Yan and charmonia at Fermilab (see
Sec. II) found sizeable cross section suppression at large
xp. While initially attributed only to nPDF effects, it
was noted early on that the attenuation of the produc-
tion rate of such states is also compatible with CNM
energy loss [371].

In the late 1990s and early 2000s important de-
velopments in many-body perturbative QCD produced
theoretical frameworks to evaluate non-Abelian parton
energy loss due to soft gluon emission [10, 19, 372-
377]. Subsequently, energy loss has been extensively
employed as a mechanism for the modification of cross
sections and other, related, observables in nuclear mat-
ter. This approach has been applied to both Drell-Yan
[41, 42, 378, 379] and J /v [13, 371, 380, 381] suppression
at large xp in minimum bias p + A collisions as well as
jet modification [382] in central p + A collisions at very
high energies.

In the remainder of this section, we describe the vari-
ous energy loss regimes and observables that are sensitive
to them. We further touch upon recent progress on un-
derstanding in-medium radiation beyond the soft gluon
emission limit and its connection to other perturbative
approaches such as saturation.

A. Energy loss regimes

The dynamics of high-energy processes in dense QCD
are governed by multiple scatterings of energetic partons
as they traverse QCD matter. In addition to transfer-
ring pr via successive gluon exchanges with the target,
these interactions can also induce soft gluon radiation,
leading to parton energy loss. During the quantum-
mechanical formation time of the radiated gluon, such
multiple scatterings can act coherently as a single effec-
tive scattering center. This coherence gives rise to de-
structive interference effects, resulting in suppression of
the radiative spectrum, a phenomenon known as the Lan-
dau-Pomeranchuk-Migdal (LPM) effect [10, 11].

These processes are widely studied as a dominant
mechanism behind high-py hadron and jet suppression
in heavy-ion collisions. However, they may also play a
significant role in forward particle production of quarko-
nium [13, 380, 381], light hadrons [383, 384], and heavy
flavor mesons [231] in p + A collisions.

The difference between gluon radiation in protons and
nuclei, the medium-induced gluon radiation spectrum,
exhibits different scaling properties depending on the
typical gluon formation time t; ~ w/k%, where w and
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kr are the energy and the transverse momentum of the
radiated gluon, respectively. This gluon formation time
needs to be compared to the two other length scales ap-
pearing in the process, the parton mean free path in the
medium, A, and the length of the medium traversed, L.
In practice, qualitative analytic behavior can be derived
in the limits of very large parton energy and large num-
bers of scatterings while numerical corrections can be
large for lower energies and a smaller number of scat-
terings [10, 385]. Nevertheless, it is useful to recall the
different regimes identified in the medium-induced gluon
spectrum depending on the gluon formation time ¢ [386]:

(i) In the incoherent or Bethe-Heitler regime, ¢; < A,
each scattering center acts as an independent radiation
source. This regime is at work for very soft gluons,
w < X = A2, where § = p?/\ is known as the
medium transport coefficient and p is the inverse of
the interaction range [386, 387];

(ii

~—

In the partially coherent or Landau-Pomeranchuk-
Migdal (LPM) regime, A < ty < L, a group of scatter-
ing centers with ¢;/\ acts as a single radiator, leading
to relative suppression of the gluon radiation intensity
with respect to the intensity in the incoherent regime.
The above condition translates into 2\ < w < GL2.
The average LPM energy loss scales parametrically as
AE, ., o« ¢L*In(E/u?L), with an at-most logarithmic
dependence on the parton energy;

(iii

~

In the fully coherent regime, t; > L, all scattering
centers in the medium act as a coherent radiation
source. In this large gluon energy regime, w > GL2,
the average energy loss AE,.., o (§L)'/?(E/Mr)
becomes proportional to the parton energy F [12, 13],
overwhelmsing LPM energy loss, AE, ., > AFE, ..
The phenomenology of FCEL has been investigated
in quarkonium [13, 380, 381], light hadron [383, 384],
and heavy flavor meson [231] production in p+ A col-
lisions. The effects of FCEL, which explicitly break
QCD factorization, are sizable and therefore cannot
be neglected. Given this, including measurements of
hadron production in p+ A collisions in global analyses
of nPDFs [222-224] without proper implementation of
FCEL might lead to biased nPDF extractions.

—
[
<

—

Last but not least, initial-state interactions can par-
tially cancel radiation effects, especially at low fre-
quencies. This type of medium-induced radiation [377]
has Bertsch-Gunion (BG) [388, 389] scaling properties,
w(dI/dw) ~ L, without additional power suppressions.
The type of energy loss is manifested in Drell-Yan,
hadron, and jet suppression at large z [41, 390, 391].

A schematic plot summarizes the parametric depen-
dence of the medium-induced radiation spectrum in
Fig. 12. It can be shown that if a parton suddenly
decelerated (accelerated), leading to initial-state (final-
state) energy loss, the medium-induced gluon spectrum
decreases as w(dl/dw) ~ w™! at w > §L?, leading to
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FIG. 12. Schematic log-log plot showing the parametric de-
pendence of the induced radiation spectrum w (dI/dw) di-
vided by as, for parton production in the color representation
R at small angles in the regimes of gluons formation times de-
scribed in this section. Taken from [392].

AE, =AFE, = AE, ., . On the contrary, whenever the
hard process appears to be the small-angle deflection of
a high energy parton, as is typically the case for hadron
production in p + A collisions, when both the initial-
state and the final-state partons carry a color charge (see
Fig. 13), the associated medium-induced gluon radiation
arises from the interference of gluon radiation before and
after the hard scattering. In that case, the induced spec-
trum is dominated by the fully coherent radiation regime,
te > L, leading to AE = AFE, .-

PT=0 flTE EKZTE qr

VAR Zn

(ﬁ B Mkr

FIG. 13. Induced gluon radiation from a fast parton ex-
periencing multiple scatterings in a dense nucleus taken
from [392].

Disentangling the different regimes of radiative parton
energy loss is key to understanding its effects. At high
collision energies, typically at the LHC, the effect of LPM
energy loss in nuclear matter should be negligible because
the incoming parton energy FE is extremely large in the
nuclear rest frame, leading to a negligible fractional en-
ergy loss, AFE, .,,/E ~InE/E < 1. In this respect, the
LPM regime would be best probed in low energy nuclear
collisions.

Conversely, FCEL affects all hard processes in p + A
collisions, even at the LHC, since AE, ., /F is finite in
the high-energy limit. Hard processes with color neu-
tral final states (Drell-Yan or weak vector boson produc-
tion) or collisions with a color neutral projectile, as in
e + A scattering or exclusive processes in ultraperipheral
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heavy-ion collisions are exceptions. Table VI summarizes
the different energy loss processes, along with their re-
spective parametric dependencies, and gives examples of
observables and colliding systems where these processes
can ideally be studied.

At the end of this section, we outline several observ-
ables and their potential to more precisely probe and con-
strain medium-induced gluon radiation and energy loss in
the LPM, FCEL or BG-like regimes, and separate their
effects from nPDFs.

B. The cold nuclear matter transport coefficient §

The strength of induced gluon radiation in cold nu-
clear matter is governed by the transport coefficient ¢
within the Baier—Dokshitzer—-Mueller—Peigné—Schiff and
Zakharov (BDMPS-Z) formalism” [19, 386, 387, 394],
which quantifies the scattering power of the nuclear
medium. It is related to the gluon distribution 2G (z, Q?)
inside each nucleon,

where Q2 ~ Ap?. denotes the characteristic transverse
momentum scale, Cr is the parton color factor —with
Cp = (N2 —1)/2N. for a quark and Cx = N, for a
gluon— and p is the nuclear density.

Other scales, such as the inverse range of the interac-
tion p or the mean free path A in different formalisms
such as Gyulassy-Levai-Vitev (GLV) [10, 385, 395], can
be related to ¢, but may also appear individually in log-
arithmic or sub-leading terms. In this case the lead-
ing power dependence of the transport coefficient is § =
242 /X, where the dimensionality of the random walk is
included explicitly. Regardless of the definition, a fit to
HERMES hadron attenuation data using generalizations
of the GLV formalism yields § = 0.05 GeV?/fm directly
comparable to the extractions shown in Fig. 14.

The value of ¢ can be determined from different pro-
cesses, such as fully coherent energy loss, initial-state and
final-state energy loss, and transverse momentum broad-
ening. Uncertainties in its determination arise from the
type of energy loss formalism used and how it is imple-
mented phenomenologically as well as the treatment of
the nuclear geometry. Quite remarkably, a number stud-
ies find roughly the same value of ¢ within uncertain-
ties. FCEL studies of J/ suppression in p + A col-
lisions [13] determine a value of gy = G(x = 1072) of
0.05 < Go < 0.09GeV?/fm depending on the nPDF ef-
fects. Using these values in the calculation of initial-state
quark energy loss leads to a satisfactory description of the
preliminary E906 Drell-Yan p + A data [42]. The value

7 Note that in (5), 2 already accounts for the typical transverse
momentum squared in two dimensions.
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AFE Observables  Systems Facilities References
Initial state GL nE Drell-Yan h+ A E906, COMPASS [42]
Final state GL* mE h, jets e+ A CLAS, HERMES, EIC [393]
Fully coherent (§ L)% (E/Mr) h, jets h+ A SPS, FNAL, RHIC, LHC [13, 380, 381]
BG-like fGL)LE high zr h+ A FNAL, RHIC, LHC  [41, 371, 382]

Drell-Yan, h, jets

TABLE VI. Energy loss processes in collisions on nuclear targets, their parametric dependencies, and the systems and facilities

in which they might be probed.

of o can also be determined from studies of the trans-
verse momentum broadening experienced by a particle
produced in nuclear collisions, Ap2, see e.g. Ref. [14],

(6)

This value indirectly related to multiple parton scatter-
ing in the nuclear medium, Ap? o GaLa — GpL,. As
shown in Fig. 14, using world data on J/v and Drell-Yan
transverse momentum broadening in A+ A collisions from
SPS to the LHC, the transport coefficient is found to be
Go = 0.051 GeV?/fm or §o = 0.075GeV?/fm depending
on the assumed color state of the produced c¢ pair that
fragments into a J/v [15]. The lower value of §3 assumes
color octet production while the larger value assumed the
pair is produced as a color singlet.

ApT =T ) s = PT ) -

C. A renormalization group approach to energy
loss

In the past decades, successful energy loss phenomenol-
ogy was developed for both hot and cold QCD matter.
Such theoretical models, however, have clear limitations.
They cannot be systematically improved to higher per-
turbative orders, and do not give a correct description of
in-medium parton showers. For example, in the case of
open heavy flavor production the ¢ — QQ process, which
is especially important at high energies, is not included.
To address these deficiencies, full medium-induced split-
ting kernels [396, 397] were derived using effective field
theory and lightcone wave function approaches. These
analogues of DGLAP splitting functions in matter fur-
ther require implementations in cross section evaluation
that go beyond energy loss phenomenology and bridge
the gap between particle and nuclear theory. For in-
stance, numerical in-medium DGLAP evolution was val-
idated on the example of HERMES measurements [398]
and used to make the first prediction of the centrality de-
pendence of light and heavy meson production in e + A
collisions at the EIC [399].

While the fully numerical approaches in the literature
give a good description of jet quenching data, they do
not provide insight into the types of logarithms that are

g, = (0.051=0.001) GeV?*/fm ;
LHCB J/ v -24.<5y<<y4<-2.5 :
ALICE Jhy 2982055 | : i
12<y<22 1 woml
RHIC Jiy  %350% L
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FIG. 14. Extraction of the transport coefficient using pr
broadening data, assuming the c¢ pair is produced in a color-
octet state, as discussed in Ref. [15].

being resummed or the fixed-order contributions to the
modification of the measured cross sections. Most re-
cently, a renormalization group (RG) analysis of collinear
hadron production in nuclear DIS was performed in the
limit where the parent parton energy F is large while the
medium opacity L/ remains small. This resulted in the
derivation of a novel set of evolution equations [400] that
resum leading In(E/p?L) enhanced medium contribu-
tions arising from multiple emissions near the endpoints
of the splitting functions at first order in opacity. The
RG evolution framework can be applied to study frag-
mentation in e 4+ A reactions as a function of z, = Ep, /v,
as shown in the top panel of Fig. 15. The nuclear modi-
fication ratios, normalized by the inclusive cross sections
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FIG. 15. Top: Modification of the differential hadron cross
section in SIDIS for several nuclei with different center-of-
mass energies and vitualities [400]. Bottom: Ratio of pr-
differential DY production cross section on heavy to light nu-
clei compared to TMD models including in-medium broaden-
ing and radiative corrections [401].

to eliminate initial-state effects,
( doea—n / doea )
2 2
Ru— dvdQ?dz, / dvdQ ’ M)
doed—h doeq
dvdQ?dz, | dvdQ?
measured by HERMES and EMC at different center-of-
mass energies and hadron production virtualities, can
both be described well. The calculation demonstrates the
importance of fixed-order contributions at intermediate
and large values of the fragmentation fraction z, and the
advantages of RG evolution in handling large separation
of scales. The renormalization group approach predicts
significant suppression at large values of x, corresponding
to forward rapidities at the EIC.

A major hadron physics goal of the past decade
has been to understand the three-dimensional struc-
ture of nucleons. Such structure is encoded in trans-
verse momentum dependent parton distribution func-
tions (TMDs) that can be extracted trough global analy-
ses [402-406]. Despite the progress in our understanding
of TMD observables in elementary reactions with free nu-

cleons, investigation of the three-dimensional structure of
nuclei has just begun [407, 408].
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Importantly, the first TMD investigation of the per-
turbative dynamics arising from forward scattering be-
tween the partonic constituents of the proton and the
nuclear medium has recently appeared. The new contri-
butions to low pr Drell-Yan production were obtained
up to NLO in a4 and to first order in the medium opac-
ity. The derivation includes both collisional broadening
and initial-state energy loss. The collinear and rapid-
ity divergences related to parton showers in the nucleus
and the coherent nature of radiation due to the LPM
effect lead to an in-medium RG equation that encodes
the pr dependence of parton energy loss. In addition,
the rapidity evolution leads to a Balitsky-Fadin-Kuraev-
Lipatov evolution equation with restricted phase space
for the forward scattering cross section.

A phenomenological application of this formalism [401]
is shown in the bottom panel of Fig. 15 using the E866
measurements with Be, Fe, and W targets as an example.
The theoretical calculation implements the experimental
kinematics. A comparison of the full theory to the nu-
clear modification factors W/Be and Fe/Be finds overall
agreement with the data. The calculation thus captures
the correct A dependence of the modifications as well as
the interplay between pr broadening and energy loss.

D. Impact of the radiative energy loss on nPDF
evaluation

As discussed in Section IITA, nPDFs are extracted
from a variety of QCD processes in lepton-nucleus and
proton-nucleus collisions. Over the last few years, it has
been shown that the production of open-charm mesons
and charmonia in p + A collisions at LHC energies pro-
vides significant constraints on extraction of nPDFs,; es-
pecially in the still poorly constrained gluon sector at
small x [4, 8, 223, 224]. These processes, however, are
also sensitive to medium-induced gluon radiation and,
hence, to fully coherent energy loss [13, 231, 381]. Thus,
some fraction of the A dependence of D meson and J/1
production can be attributed to radiative energy loss and
should therefore not be absorbed into the nPDFs. De-
spite the good description of world data in current global
fits, analyses based on QCD factorization and neglecting
factorization-breaking effects such as FCEL may lead to
a biased nPDF extraction.

This challenges the current strategy for extracting
nPDFs from global fits. To circumvent this issue, one
possibility is to restrict the fits to observables insensitive
to FCEL, such as electroweak bosons, Drell-Yan, and,
to a lesser extent, jet production in p + A collisions, in
addition to DIS measurements. This, however, weakens
the nPDF constraints, especially for small-z gluons, as
illustrated by the purple band in Fig. 16, showing the
nNNPDF3.0_.noLHCbD set, which excludes the LHCb D
meson data.

An alternative strategy would be to include the heavy
flavor data in global nPDF fits, but only after incorpo-
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FIG. 16. A comparison of the default nNNPDF3.0 set (with-
out including the LHCb D meson data) [8] (purple band) with
sets obtained after Bayesian reweighting with the ALICE J /¢
data [97] with (blue band) and without (orange band) includ-
ing FCEL. Taken from [409].

rating FCEL effects into the analyses. This approach was
recently explored in a case study [409], where J/v pro-
duction was computed at leading order in the color evap-
oration model with several nPDF sets included in the
p + A calculations: EPPS21 [4], nCTEQ15WZSIH [224],
and nNNPDF3.0_.noLHCbD [8]. Preliminary results are
shown in Fig. 16 for a Bayesian reweighting of the
nNNPDF3.0.noLHCbD set, using ALICE J/v measure-
ments [97] and assuming either the presence (blue band)
or absence (orange band) of FCEL. In both cases, the
J/v data strongly constrain the gluon nPDF at small z,
confirming earlier findings [223, 224]. The figure shows
that the gluon nPDF ratio using the J/v¢ data with FCEL
included is clearly separated from the ratio obtained with
the J/v¢ data and no FCEL. Without FCEL, the gluon
nPDF ratio is approximately R, > 0.6 at z ~ 1075, simi-
lar to the nNNPDF3.0 set which includes LHCb D meson
data (not shown). In contrast, R; ~ 0.9 when FCEL is
taken into account.® A more systematic and in-depth
investigation is in progress.

In conclusion, nPDF sets reweighted with heavy flavor
data are shown to be very sensitive to the inclusion of
FCEL effects, demonstrating that taking FCEL into ac-
count can significantly impact the extraction of the gluon
nPDF in particular. This highlights the need to consis-
tently implement such effects in global fits incorporating
heavy-flavor probes of h + A collisions in order to de-
termine the correct level of small-x leading-twist gluon
shadowing.

8 In this example, the transport coefficient at z = 1072 is taken
to be go = 0.07 GeV?2/fm.
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E. Energy loss at small =

The medium transport parameters (interaction range
v, mean free path A, or transport coeflicient §) must be
sufficiently large for CNM energy loss to be significant.
In a microscopic picture, this, in turn, implies that the
nuclear target must be in a dense partonic system. In
the saturation picture, such a dense state can be probed
either by probing large A at intermediate z (the MV
regime) or at small z through BK-JIMWLK evolution.
The relevant quantity is the coherence length (longitudi-
nal wavelength of the radiated gluon), inversely propor-
tional to the x. If the coherence length is larger than the
nuclear size, this FCEL is contained in NLO corrections
to the CGC [303, 410]. On the other hand, if the coher-
ence length of the radiation is larger than the nucleon
size but smaller than the nuclear size, we have “partially
coherent” energy loss. This could be a serious issue for
the CGC because the treatment of this regime from first
principles is unknown in the saturation framework. Much
of our knowledge of gluon saturation in nuclei comes
from forward rapidity RHIC data for p(d) + Au colli-
sions where, due to the steeply falling pr spectra, even a
small contribution from energy loss could result in a ma-
jor modification of the spectra. While this is not relevant
for total cross sections (structure functions) it could play
a significant role for forward rapidity observables. How
to separate energy loss effects from suppression generated
by genuine gluon saturation dynamics in regions of phase
space where both can contribute is an open question.

F. Observables

Exploiting the distinct parametric dependencies of
LPM energy loss, fully coherent energy loss, the Bertsch-
Gunion regime and nuclear parton densities is useful for
disentangling the various physical effects. We illustrate
this with different observables.

e Colorless processes either in the initial-state or final-
state could be particularly relevant because they are
insensitive to the fully coherent regime and thus solely
be sensitive to LPM energy loss and nPDF effects.
This is the case for hadron production in low en-
ergy semi-inclusive DIS (SIDIS) on nuclei [393] where
propagating quarks lose energy in the final state be-
fore fragmenting into hadrons. In addition, normal-
izing the hadrons yields in SIDIS by the number of
DIS events drastically reduce the impact of nPDF ef-
fects. The Drell-Yan process in m# + A and p + A col-
lisions is also particularly relevant. At high energies,
LPM energy loss effects on Drell-Yan should be neg-
ligible, making it a clean nPDF probe [411]. Con-
versely, nPDF effects in low energy m + A and p+ A
collisions are either small or tightly constrained by
DIS measurements, making the Drell-Yan process well
suited for studies of LPM energy loss in the large zp



regime [41, 42, 378, 379, 401].

e FCEL is not universal effect because it depends on the
color structure of the partonic process. Thus FCEL
cannot be absorbed into the wavefunction of the tar-
get nucleus. This non-universality could best be seen
by comparing measurements in e + A and p + A colli-
sions: the A dependence of hadron production should
be affected by FCEL only in p + A. However, nPDF
effects should be similar in both systems, provided the
typical momentum fraction probed in the target nu-
cleon, x ~ (M?+Q?)/(W?+Q?) and w9 ~ M/\/se™ ¥
respectively for the production of a particle with mass
M, are equal. Specifically, one would expect the nu-
clear production ratio of, e.g. J/v production to be’

R (x) ~ RPSPF (2) ~ RA(x); ®)
R (y, ) = REEPTAFCEL (4 00) ~ R (25)  (9)

xRyaP(y,x2) (10)

e The hadronic structure of the photon can be resolved
in photoproduction. In this case, a colored parton
coming from the photon participates in the hard scat-
tering, making resolved photoproduction similar to
hadroproduction, at least in terms of color flow. Such
contributions would therefore be sensitive to FCEL ef-
fects. It would thus be valuable to investigate the nu-
clear dependence of forward jet and hadron production
in direct and resolved photoproduction from nuclear
targets [12].

e There is a strong correlation between the small-x gluon
and sea quark distributions. Reference [411] showed

that the double ratio R;Xb / REX at forward rapidity
was close to or somewhat above unity for the available
nPDF sets [411] but significantly smaller than unity
for FCEL. This observable could therefore help sepa-
rate FCEL from nPDF effects in this region.

e The ratio of the J/¢ and T nuclear modification fac-
tors, R;ﬁ;’b (x)/RgA(x), is useful for studying the final-
state mass dependence of the FCEL regime where the
average energy loss scales like 1/Mp where My is the
quarkonium transverse mass. The impact of nPDFs
effects is somwhat reduced because the differences in
nPDF evolution are small for finite values of my.

e The observed pr broadening, ApZ in Drell-Yan and
quarkonium production or SIDIS can be used to ex-
tract the transport coefficient ¢ more precisely and
thus and provide constraints on energy loss. This ob-
servable is mainly independent of nPDF and energy

9 Assuming LPM energy loss to be small for high energy J/v pro-
duction.
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loss effects at low transverse momentum. Indeed, in
this kinematic, the dependence of the transverse mo-
mentum cross section on the nuclear PDFs and energy
loss is small; R?LiDFJFE'IOSS (pr £ M) remains approx-
imately constant. As a result, these effects tend to
cancel out in the calculation of ApZ (see Ref. [15] for

further discussion).

e Finally, Bertsch-Gunion type energy loss, even with a
partial reduction due to coherence effects [377], may
suppress energetic final states at high x g, including
light hadrons, heavy flavors and jets. The observed
scaling behavior of the nuclear modification factor as
a function of the total jet energy, pr coshy, in several
p + A rapidity intervals can naturally be explained
by CNM energy loss [382]. This type of medium-
induced bremsstrahlung can also lead to azimuthal
asymmetries between produced particles in p + A col-
lisions [412].

V. FINAL-STATE INTERACTIONS BEYOND
ENERGY LOSS

This section discusses final-state interactions that can
be active in addition to the energy loss discussed in the
previous section. The processes described in this sec-
tion mainly pertain to open heavy flavor and quarkonia,
with absorption and comover suppression germane only
to quarkonium.

A. Collisional dissociation of open heavy flavor and
quarkonia

Collisional and radiative parton-level processes can be
complemented by hadron-level interactions. Heuristi-
cally, the physics picture that underlies such models is
easy to understand. The time to form a hadron in its
rest frame is on the order of its size, ~ 1 fm which must
be boosted to the lab frame by the Lorentz v factor. At
low energies, even light hadrons can have short forma-
tion times. This fact was exploited in a model of hadron
absorption [413, 414] applied to HERMES fixed target
e + A measurements. For example, if a finite mass par-
ton, mg, fragments into a hadron of mass m;, and a light
parton, the formation length, Ay* ~ 7¢mm, where Teorm
is the formation time, is, [415],

N 2z(1 — 2)p*
T4 (1= 2)mp = 2(1 = 2)mp

Ayt (1)

Here pT is the large light-cone momentum fraction of
the parton, k is the deviation of splitting from collinear-
ity, and z = kT /p* is the fragmentation fraction. The
z dependence can be exploited to control the formation
length in back-to back dihadron [416], photon-hadron or
jet-hadron correlations [417]. Equation (11) can provide



qualitative information about whether energy loss or dis-
sociation/absorption might be more important in a par-
ticular kinematic regime.

The hadron and parton mass dependence in Eq. (11)
suggests that, for open heavy flavor [415, 418] and
quarkonia [419, 420], the formation length can be consid-
erably shorter than the nuclear size, AyT™ < 2R 4, even
for large boosts. This further implies that in-medium
hadron-level dynamics may be dominant at small and
moderate pr. A microscopic model that evaluates the
dissociation rate from the distortion of the meson wave
function due to collisional interactions in matter has been
formulated and phenomenologically applied to success-
fully describe the suppression patterns of: D and B
mesons; their semileptonic decays; and and quarkonium
suppression in A + A collisions.

Similar formation considerations apply to cold nuclear
matter and deep inelastic scattering on nuclei. On gen-
eral grounds, one would expect that the larger center-of-
mass energies at the EIC compared to HERMES will lead
to larger boosts so that the nuclear modification factor for
light hadrons, such as pions and kaons, will be predomi-
nantly driven by energy loss. Nevertheless, this remains
an open question that cannot currently be unambigu-
ously answered. The characteristic shape of the charm
and bottom quark fragmentation functions may be key to
identifying the origin of CNM meson suppression [398].
As shown on the left-hand side of Fig. 17, absorption al-
ways leads to a reduction of the differential cross section
as a function of z. In contrast, in-medium parton shower
modifications or energy loss lead to enhanced of D and
Bproduction at intermediate and small z. In addition,
the narrower, bell-shaped, B meson fragmentation func-
tion, shifted to larger z, signifying that less of the b quark
energy is lost to fragmentation, is responsible for their
larger modification relative to D mesons. It is expected,
as shown by the simulated error bars for projected yearly
luminosities, that this physics can be studied at the EIC.

In contrast to open heavy flavor, at the parton level,
quarkonia originate from a heavy Q@ pair produced in a
specific color and angular momentum state at very early
times that are inversely proportional to the virtuality of
the hard process. Consequently, interactions of the heavy
quarks with the medium start early and the energy de-
pendence of the suppression is very weak [421]. A prelim-
inary comparison of the suppression of J/1, ¥(2S), and
Xe in CNM, R.4 and the QGP, Ra4, is shown on the
right-hand side of Fig. 17. While weakly bound states
like the ¥(2S) and x. are more suppression in the QGP
due to thermal wavefunction effects, the CNM and QGP
effects on the J/v are similar. This is because the ther-
mal screening of the potential for the most tightly bound
QQ states is very small, while collisional dissociation de-
pends on the interplay between the quarkonium binding
and the space-time dynamics of the nuclear matter trans-
port coefficients. In all cases, the nuclear modification is
significant, a factor of two or more, and should be easily
observable experimentally. The future EIC will provide
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FIG. 17. Top: Simplified calculations of parton energy loss
(solid lines) and absorption within nuclei (dashed lines) on
the momentum fraction z; distribution of hadrons in the ac-
ceptance of the forward silicon tracker at the EIC. The pro-
jected statistical precision (points) of forward rapidity B and
D meson measurements with integrated luminosities in e + p
(e+ Au) collisions is 10 fb™* (500 nb™*') illustrates the power
of the EIC to discriminate between energy loss and hadron
absorption [398]. Bottom: Comparison between the suppres-
sion of several charmonium states in CNM (dashed lines) and
the QGP (solid lines) due to dissociation. Adapted from
Ref. [421].

the first opportunity to study quarkonium modification
in e + A collisions.

B. Absorption and Comovers

This section covers two final-state effects on the QQ or
formed quarkonium state. The argument for the effects is
generic even though they have most often been applied to
the charmonium states. In the early days of J/1 studies
with hadron beams on nuclear targets, the assumption
often was that the J/1 cross section on a nuclear target
would simply scale by the mass number of that target
opa = Aopp. However, the first such studies, including
with photon beams [422], showed that this dependence



was not, in fact, linear but less than linear, quantified
as opa = A%y with a < 1, as already discussed in
Sec. II. All the unknown nuclear effects were assumed
to be subsumed into the exponent «, with no effects on

J

Opa = Z/d% /dedzdedxl dro 6(z1292 — 7)0(2p — wp — 0xp)d(2p — 21 + 12)
%,J
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the production cross section itself. As has been learned
over the years, this is not the case and several important
cold nuclear matter effects may be incorporated into the
perturbative calculation of the cross sections, such as

X P(€)S4Seo FP (1) F (2, b, 2)53; -

Here P(€) denotes the energy loss (see Sec. IV); FF and
FjA are the parton densities in the proton and the nucleus
respectively (see Sec. III A), assumed to be functions of
Mg, factorization scale (), internal transverse momentum
kr, and, for the nucleus, impact parameter b; and & is
the partonic cross section as a function of Mg, @ and
renormalization scale yr. The terms Sjbs and S, are the
survival probabilities for nucleon absorption and comover
dissociation respectively. These survival probabilities are
assumed to depend on the location of the hard interaction
in the nucleus.

In the remainder of this section, absorption by nucleons
and dissociation by comovers are discussed in turn. The
potential impact parameter dependence of nuclear modi-
fications of the parton densities is discussed in Sec. VI A.

1. Absorption by Nucleons

In p+ A collisions, the proto-J/¢¥ may interact with nu-
cleons and be dissociated before it can escape the target,
referred to as nuclear absorption. The survival probabil-
ity for absorption by nucleons may be expressed as [423]

§°5(8) = exp {— [ a0t ol - z>} (13)

where b is the impact parameter, z is the ¢¢ production
point, S2P%(b) is the nuclear absorption survival proba-
bility, and oaps(2’ — 2) is the nucleon absorption cross
section along its path through matter. The exponent «
can be related to oups by integrating Eq. (13) over the
nuclear volume, giving a = 1 — (90,bs/(167r)). This is
an oversimplification since other effects are ignored and
final-state charmonium dissociation by hadron interac-
tions can be accomplished both by nucleons and comov-
ing secondary hadrons with a similar A dependence [22].
The value and dependence of 0,15 has been modeled sev-
eral different ways, depending on the production dynam-
ics of the charmonium state.

If it is produced as a small, growing color singlet un-
til reaching its formation time when it becomes a fully
formed bound state. In this case, absorption is assumed
to only play a role if the state can be formed inside the
target. Thus, at most energies, the state is only pro-
duced inside the target, where absorption is effective, at

J

(

negative xp. The larger the state, the longer its forma-
tion time and the larger its asymptotic absorption cross
section, assuming o,ps grows as the square of the quarko-
nium radius.

If, on the other hand, the proto-charmonium state,
|(c€)sg), is assuming to be in color single through its
characteristic octet lifetime, all the charmonium states
pass through matter with the constant absorption cross
section, particularly at forward zp. At negative g, the
octet path length is shorter and it can neutralize its color
and be absorbed as a color singlet with a different cross
section. Here, the (c¢))s configuration is not yet on shell.

Finally, in nonrelativistic QCD, the charmonium states
are an admixture of singlet and octet production. In this
case, the color singlet dominated x. states would have a
near linear A dependence at forward zp while the J/1
and ', dominated by octet production, would have a
less than linear A dependence at forward zp. In this
case, the quarkonium states would come on shell after
the characteristic formation time for color singlet states
and after the octet lifetime for color octet states. Before
these characteristic times, the ¢¢ pair interacts with the
nuclear matter.

All of these scenarios were examined in detail in
Ref. [424]. Unfortunately the x. A dependence has not
yet been measured with precision, a measurement that
could distinguish between types of production and ab-
sorption.

Since no other cold nuclear matter effects were initially
considered in the extraction of the absorption cross sec-
tion, their subsequent inclusion revealed that the effective
absorption cross section could be significantly underesti-
mated for low energy fixed-target experiments, particu-
larly at values of \/syn where x5 is in the EMC or anti-
shadowing region where the nuclear gluon distribution is
enhanced relative to that of the proton [425]. At forward
rapidity, the J/v¢ formation time, tform, €xceeds the nu-
clear size, so that nuclear absorption does not affect R 4.
In this region, only nPDF effects, fully coherent energy
loss, and potentially production by intrinsic charm, see
Sec. VI, can contribute to the modification of J/i pro-
duction in h + A collisions. However, at midrapidity or
negative rapidity, where the formation time is less than
L, the distance traversed by the J/v through nuclear
matter, trorm < L, nuclear absorption becomes relevant.
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FIG. 18. The distance through nuclear matter traversed by
the J/4 before its formation, L, as a function of zr, assum-
ing Tform = 0.3 fm using Eq. (14) for two fixed-target ener-
gies. The horizontal line at L = 10 fm shows the maximum
path length for a nucleus of A ~ 200. For further details,
see Eq. (3.3) in [13].

This condition is expressed as
E
tform = YTform — — Tform 5 Lv (14)
mq

where v is the Lorentz factor and FE is the total energy
of the J/v. Thus criteria ensures that the J/v is fully
formed within the nuclear target, making absorption rele-
vant. A similar relation would hold for other quarkonium
states.

Figure 18 shows the production length of the J/1 as
a function of zp for fixed-target beam energies, assum-
ing Trorm = 0.3 fm. At ppeam = 800 GeV, the J/v¢ is
predominantly formed outside the nucleus at large xp
since (L) ~ (3/2)R4 ~ 10 fm. As the beam energy de-
creases, J/1 formation is increasingly likely within the
nuclear target. These simple considerations provide in-
sight into the potential impact of nuclear absorption ef-
fects on quarkonium production in h + A collisions.

Figure 19 presents two global extractions of o, using
midrapidity data [425, 426], both of which converge to
a value of o,ps of a few millibarns, without considering
other nuclear effects.

The extraction of o,ps is affected by both nPDF and
FCEL contributions. When R2EPF < 1 (in the EMC
or shadowing) regions, o,ns may be underestimated, if
RpEPY >1 (in the antishadowing region), absorption
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FIG. 19. Extraction of oaps without including nPDF or FCEL
effects using J/v¢ data from h + A collisions. (Top) Results
from Ref. [426]. (Bottom) Calculations from Ref. [425].

could be overestimated. Moreover, if FCEL is not prop-
erly distinguished from absorption, 0,15 may also be over-
estimated because REGPY < 1. The challenge here is to
establish observables that either nPDF or FCEL effects,
as discussed in Sec. IT and IV, or provide a comprehensive
description of the charmonium production cross section.

2.  Breakup by Comovers

The absorption models just discussed do not generally
distinguish between J/v and ¢’ suppression at forward
xr because, at this point, the final quarkonium state
is fully formed outside the nucleus. However, absorp-



tion by comovers, whether these comovers are charac-
terized as hadrons or partons [23], does do so because
it assumes that the comovers interact with formed char-
monium states, consistent with larger interaction cross
sections for the 1/, especially at energies where the nu-
cleon absorption cross section is assumed to be negligible
[425] but comover suppression is active [427].

In the comover model [428-433], the suppression arises
from scattering of the nascent charmonium with pro-
duced particles that travel along the path of the cc
[428, 434]. The comover survival probability also de-
pends on the time during which the charmonium state
can interact with the comovers. The result depends on
the ratio 7y /79, the final over the initial time. Because
the proper time is inversely proportional to the density,
Tr/T0 = p° (b, 2)/ppp, where the final time at which the
interactions cease is when the comover density has de-
creased to the particle density in p + p collisions at the
same energy. Thus,

S,io(l_)‘, Z) = exp {_Uco pco(ga Z) In [W‘| } (15)

Ppp

Dissociation by comovers is stronger where the comover
density is higher, in more central collisions and higher
center-of-mass energies, as well as, in collider mode, in
the nucleus-going direction, defined as negative rapidity
or rr.

The values of 0., were fixed [429] from fits to fixed-
target data to be ag’o/”’ = 0.65 mb and Ué”ol = 6 mb.
These same values have also been used to describe data
from RHIC [435] and the LHC [436].

C. Observables

Several observables can help isolate collisional dissoci-
ation and absorption effects, if they exist. These are also
particularly useful for distinguishing dissociation and ab-
sorption from other competing suppression mechanisms
such as energy loss or nPDF modifications.

e Initial-state, final-state, and fully coherent energy loss
and nPDF effects are expected to be similar for J/¢
and ¥(2S) in p+ A collisions. Consequently, the double
ratio,

R = R99: /R | (16)

where QQ, and Q@j are two different quarkonium
states, would help isolate the effects of in-medium dis-
sociation or nuclear absorption when tgoy, < L.

e In dissociation calculations, once the strength of
strength of the heavy quarks in matter is set, [437]
R can be predicted for individual quarkonium states
based on the width of the quarkonium wavefunction.
More weakly bound quarkonium states experience
more suppression than tightly bound ones [419, 420],

28

following a hierarchy that can be quantitatively tested,
see the right panel of Fig. 17.

e The x. is primarily produced as a color singlet, while
the J/¢ and v'(2S) predominantly originate from
color octets. As a result, their final-state interactions
in nuclei are expected to differ significantly. FCEL
and nPDF effects are effectively eliminated in R in
Eq. (16).

e Finally, hadron production in semi-inclusive DIS e+ A
collisions can be considered. The ratio between hadron
yields associated with electrons scattered off nuclei
and protons, can isolate absorption effects if final-state
energy loss is small for high energy hadrons.

By leveraging these observables, nuclear absorption ef-
fects can be isolated more effectively, particularly in kine-
matic regions where the competing effects of energy loss
and nPDF modifications are minimized.

VI. OTHER NONPERTURBATIVE EFFECTS

In this section, we focus on two non-perturbative
initial-state effects. The first concerns the role of the im-
pact parameter in leading-twist nuclear shadowing in the
nPDF framework in h+ A and e+ A collisions. So far, the
spatial dependence—i.e., the location within the nucleus
where the probe interacts—has largely been neglected
in standard calculations. The second non-perturbative
effect involves intrinsic charm, whose existence has re-
cently received renewed support from LHCb measure-
ments [438].

A. Impact Parameter Dependent Shadowing

The nuclear modifications of the parton densities are
derived from nuclear deep-inelastic scattering data and
minimum-bias nuclear collisions, as in EPPS21 [4]. How-
ever, given that the parton distributions are modified in
the presence of the nuclear medium, it is also reason-
able to assume that the effect may further depend on
where in the nucleus the parton originated, from a nu-
cleon closer to the nuclear surface or embedded deeply in
its volume. No detailed studies of parton distributions in
the nucleus as a function of collision centralities exist so
far. The first experimental study of spatial dependence
of parton distributions relied on dark tracks in emulsion
to tag more central collisions [439]. Studies of the impact
parameter dependence of shadowing were first proposed
in Ref. [440].

In Eq. (12), the parton densities in the nucleus can be
factored into the nuclear density distribution, a shadow-
ing function, and the unmodified proton parton densities:

FA(x,Q? kr, b, 2) =
pA(S) Sz($7 Q27 ga Z) ff(xu QQﬂ kT) (17)



where s = /b2 + 22, b is the transverse impact param-
eter, z the longitudinal position, and kp the transverse
momentum. If the parton densities in the nucleon and
nucleus are the same, then S; = 1.

The nuclear density distribution p4(s) is described by
a three-parameter Woods-Saxon form:

pa(s) = po (1 +w1§4> (1 + exp (s _dRA>>1 , (18)

where R4 is the nuclear radius, d the surface thickness,
and w allows for central density variation.

Two shadowing parameterizations were proposed in
Ref. [440], giving stronger shadowing at low b (central
collisions) and weaker at high b (peripheral collisions),
normalized so that

T [ @odep(9) 80,075 = Siw. @) (1)

The first assumes shadowing follows the local density:

SWVS(B,2) = 1+ Nws (S; — 1) p(Z’ Z>,
0

(20)

where Nwg ensures proper normalization. This form has
weak s-dependence until near the surface.

Alternatively, if shadowing depends on the nuclear
thickness T4 (b), the b-dependence is stronger. In both
approaches, S,-(g, z) < S; in the shadowing and EMC re-
gions for small b, and S;(b, z) > S, in the antishadowing
region. If no b-dependence is assumed, the same shadow-
ing is applied to all b, which is unrealistic. As shown in
Ref. [441], a model like S}V5 enhances shadowing at b = 0
by a few percent, halves it around b ~ 1.5R 4, and elim-
inates it for b > 2R4. A stronger b-dependence would
both increase central shadowing and localize it more ef-
fectively.

In Ref. [442], these parameterizations were found insuf-
ficient to describe the PHENIX d+Au data [443]. Two
additional models were tested. EPS09s [444], similar to
the previous form but using powers of T%(b) up ton =4
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with A-independent coefficients a(n),

Si(b,z) =1—(1—5;)

(21)

was also too weak. A step function form was also tested:

. 1-5;
Si(b,z) =1— <a(R, d)(1 + exp((b— R)/d))) @)

which provided the best fit with R = 2.4 fm and d =
0.12 fm, suggesting a well-localized shadowing zone at
the center, like a hot spot [442].

Later ALICE measurements indicated a weaker b-
dependence, implying that at higher energies, shadowing
is more spatially extended across the nucleus rather than
localized [445]. However, note that the b-dependent anal-
ysis in Ref. [445] does not account for other cold nuclear
matter effects.

B. Intrinsic charm

The existence of a nonperturbative charm quark con-
tent in the proton was predicted in the early 1980s
[446, 447]. There has been a renewed interest in such
intrinsic states over the last several years [448—451]. The
most basic of these states is a five-quark configuration of
the proton, |uudcc), giving final states such as A. + D
and J/¢ + p.

These intrinsic charm states are suggested to be a fun-
damental property of the hadronic bound-state wavefunc-
tions [446, 447]). The intrinsic states are dominated by
kinematic configurations where the constituent quarks
are moving at equal rapidity, manifesting the charm
quarks at large . When a proton in this state interacts,
the coherence of the state is broken and the fluctuations
can hadronize [446, 447, 452].

The basic five-particle proton state produces leading
charm hadrons, carrying valence quarks of the parent
hadron, such as the D in the proton and D~ from a simi-
lar four-particle state in the 7, resulting in asymmetries
between D~ and Dt in 7~ + p interactions, particularly
at high zp or rapidity [451, 453-455]. Intrinsic states
with additional light or heavy ¢q pairs have been studied
[456, 457], including tetraquark production [458].

In the original picture of intrinsic charm by Brodsky
et al. [446, 447], the frame-independent probability dis-
tribution of an n-particle intrinsic heavy quark state of
the proton is

J
dPicn:Pi%nNn/da:y-d:vn/dkml~--dkggn/dk:y1~-~dk‘yn

X

_\y 4 5 ) 5 ) (23)
0 (1 >ie1 xz) 0 (Zi:l ke %) o (Zi:l ky %)
n ~ 2 )
(m2 = 30, (M3 /)
[
and i = 4,...,n correspond to intrinsic states. In a five-

where ¢ = 1,2,3 are the light valence quarks (u, u, d),



particle |uud cc) state, i = 4,5 are ¢ and ¢, respectively.

The factor N,, normalizes the integrals over x;, ks ;
and k,; to unity, and P2 scales the unit-normalized
probability to the assumed probability for the production
of the state in the proton. The final-state hadrons, such
as A, or D, are produced by coalescence of the quarks.
Other models of intrinsic charm in the proton also exist;
see Refs. [459-463].

The production cross section of intrinsic charm from
the |uud cc) state can be written as

2

oic(pp) = Pics opy (4’%3) . (24)
The resolving factor Q2/(4m?), arising from a soft inter-
action that breaks the coherence of the state [452], was
introduced to calculate the intrinsic charm cross section
in Ref. [464]. Here Q% = 0.1 GeV? is assumed [465]. The
inelastic cross section, a;)r}v = 30 mb, is appropriate for
fixed-target interactions and can be used as a conserva-
tive estimate at higher energies. The cross sections for
higher states can be scaled appropriately by the masses;
see the discussion in Ref. [458].

Intrinsic heavy quark production differs from standard
perturbatively produced heavy quarks in the treatment
of the initial state. As previously noted, the intrinsic
production occurs in forward kinematic regions since the
constituent quarks of the final-state hadron all emerge
from the projectile hadron itself. In contrast, in pertur-
bative production of heavy quarks, e.g., via gg — QQX,
one gluon arises from the projectile and the other from
the target, and the Q and @ are produced in the cen-
ter of the collision with no significant distinction in the
kinematics of the final-state @ and Q.

The cross section for a final-state hadron H that can
be produced both perturbatively and from an intrinsic
state can be expressed as the sum of the perturbative
and intrinsic components, including their A dependence
if a nuclear target is involved [465]:

olly = A% thon(pN) + A% (pN).  (25)

Here N denotes either a p or A target, with A = 1 in
the A-dependent coefficients for p + p collisions. The
exponents « and S encapsulate the different nuclear de-
pendencies of the two components. In general, kinematic
effects due to cold nuclear matter (CNM), such as the
modification of the parton densities in the nucleus, en-
ergy loss, and momentum broadening, can be incorpo-
rated into the perturbative QCD cross section, leaving
only final-state effects such as nuclear absorption or co-
mover suppression to be included in a.

The perturbative A dependence is nearly linear, o =
1, for most assumed values of the J/1 absorption cross
section, an effect dependent on the nuclear volume. On
the other hand, the nuclear dependence of the intrinsic
states is assumed to be more a diffractive-like surface
effect with 8 = 0.71 for the proton [466]. For details of
such calculations, including nuclear effects, see Refs. [467,
468].
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Intrinsic charm distributions have been included in
global analyses of the parton densities [462, 469-473] with
contradictory results. The NNPDF collaboration estab-
lished the existence of intrinsic charm to the 3o level
in their analysis [474], consistent with both the LHCb
Z+charm results [448] and the previous EMC charm
quark measurements [475]. However, other work has
called the NNPDF results into question based on how
the LHCb Z + c-jet data were analyzed [476].

Current and forthcoming fixed-target experiments at
similar and lower energies may shed more light on the is-
sue [477, 478]. In addition, the lower energies of hadron
beams at the EIC could facilitate a discovery measure-
ment.

C. Observables

Finally, this section discusses a selection of observ-
ables that can be used to study initial-state effects such
as impact parameter dependent shadowing and intrinsic
charm. The main challenge is to isolate these initial-state
effects while minimizing the influence of other nuclear ef-
fects, as discussed throughout this report.

e The impact parameter dependence of the nPDFs has
not been studied in any systematic way so far. Most of
the focus has so far been on studies of quarkonium pro-
duction in h 4+ A collisions as a function of centrality-
related variables. The PHENIX d+Au data [443] stud-
ied in Ref. [442] suggested a stronger effect than AL-
ICE charmonium centrality-dependent measurements
in p+Pb collisions [479, 480]. The CMS Collaboration
[481] has studied T production as a function of event
activity. Differences in the RHIC and LHC results
could arise from changes in the gluon density of the
nucleus as higher energies probe lower = regions and
more central collisions could herald a transition from a
more dilute system with small hot spots as suggested
in Ref. [442] to a more fully saturated system of glu-
ons.

However, these measurements are not unambiguous
because quarkonium states are, as has been demon-
strated in this report, subject to multiple CNM ef-
fects. Other recent work has implied that hot matter
suppression may also be active in these small systems,
see e.g. Ref. [482]. Thus studying other potential ob-
servables could be helpful.

The advent of the EIC could allow for centrality-
dependent studies of nPDFs based on event multiplic-
ity, preferably for light hadrons and open heavy flavors
to reduce at least some model ambiguity.

e On the other hand, a number of observables have
been proposed for intrinsic charm and related intrin-
sic states. The high x and large Q? charm structure
function, Fy, measurement by the EMC Collabora-
tion [475] have not been reproduced and higher energy



measurements concentrated on lower x ranges where
intrinsic charm contributions are negligible. EIC mea-
surements may be more decisive, especially for the
lower energy range. In addition, higher than expected
charm yields at future low energy fixed-target mea-
surements, such as NA60+ [477], could be due to in-
trinsic charm near midrapidity.

VII. FUTURE EXPERIMENTAL DIRECTIONS

The systematic study of Drell-Yan production and
other hard probes such as heavy flavor and quarkonia
in p+ A collisions as a function of A, xr, and pr, is cru-
cial for disentangling the mechanisms of CNM energy loss
and the modification of nuclear PDFs, as welll as other
CNM effects. Ongoing and future experiments, such as
SeaQuest/SpinQuest at Fermilab [26] and AMBER at
CERN [478], will provide increasingly precise data to
test theoretical models and improve our understanding of
quark propagation and energy loss in cold nuclear matter
and separate these contributions from nPDF effects. The
proposed Forward Physics Facility at CERN [483] could
also contribute significantly to the understanding of pro-
ton and nuclear structure, coherent power corrections,
and quantum electrodynamics (QED) corrections.

The EIC will provide a clean electromagnetic probes
of nuclear structure, offering an ideal environment to dis-
entangle cold nuclear matter effects, particularly energy
loss mechanisms. The EIC has key features that will help
distinguish coherent from incoherent processes.

A. Fixed-Target Experiments

Several ongoing and upcoming fixed-target experi-
ments will expand our understanding of cold nuclear mat-
ter effects.

At Fermilab, the SeaQuest experiment (E906) [484],
which concluded data taking in 2017, with ongoing analy-
ses, used a 120 GeV proton beam to study Drell-Yan pro-
duction with several nuclear targets (carbon, iron, tung-
sten) along with reference targets (liquid hydrogen, deu-
terium). By mapping the Drell-Yan cross section across
a range of nuclear masses, SeaQuest can separate par-
tonic energy loss from other CNM effects, such as nuclear
shadowing, while refining nPDFs in the medium-to-high
x region. Its successor, SpinQuest (E1039) [485], collects
data since 2019. SpinQuest focuses on spin-dependent
phenomena with polarized targets, exploring the Sivers
function, which provides insights into the orbital angu-
lar momentum of sea quarks. Future phases may include
nuclear targets to enhance CNM physics measurements.

At CERN, AMBER (NAG66) [478] will extend the
legacy of COMPASS [486] by exploring hadronic struc-
ture and nuclear effects with high-intensity pion, kaon,
and proton beams from 60 to 190 GeV. AMBER’s
Drell-Yan and charmonium measurements on nuclear
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targets will place high-precision constraints on initial-
state energy loss and distinguish between coherent and
incoherent mechanisms. Its broad kinematic coverage
will also refine our understanding of nPDFs.

The proposed NA60+ experiment at CERN [477] (an
extension of NAG0), aims to measure dimuon produc-
tion with improved precision with proton beams of 40,
80 and 120 GeV. Their high precision measurements of
quarkonium and Drell-Yan at these low energies will of-
fer a more comprehensive energy dependence of partonic
interactions in nuclear medium. The NA61/SHINE ex-
periment [487], taking data since 2009, although primar-
ily focused on hadron yields, could provide additional
insights into nuclear PDFs and energy loss mechanisms
in dedicated runs enabled by the post-2020 upgrade pro-
posal [488].

At the LHC, the SMOG2 upgrade at LHCDb [489, 490]
provides a unique approach to fixed-target physics at
TeV energies. By injecting low-pressure gas into the
beam pipe, SMOG2 enables p + A and Pb + A collisions
at forward rapidities, providing a unique environment
for probing CNM effects. Although Drell-Yan measure-
ments may be limited by relatively low integrated lumi-
nosities, they would complement quarkonium and open
heavy flavor studies, especially for energy-loss dynamics
at high fixed—target energies [491, 492]. Further measure-
ments of asymmetries between leading and nonleading D
mesons with SMOG?2 could help separate possible con-
tributions from intrinsic charm with other hadronization
mechanisms [468].

Together, these experiments will deliver complemen-
tary measurements under different beam conditions and
energy scales, providing a comprehensive understanding
of CNM phenomena. These studies will complement and
pave the way for CNM studies at the EIC.

B. Ultraperipheral Heavy-Ion Collisions at the
LHC (2026-2035)

In the coming years, new measurements of open
heavy-flavor hadrons, quarkonia, and jets in ultraperiph-
eral heavy-ion collisions will provide high accuracy con-
straints on quark and gluon PDF's at low x that are un-
affected by final-state interactions. This program will
benefit from the high center-of-mass energies at the LHC.
The LHC’s high-luminosity upgrade for Run 4 (HL-LHC)
starting in 2030 will enhance precision and detector cov-
erage, leading to stronger constraints on PDF's in a wider
range of z and Q2. By combining the low x reach of UPC
measurements with the precision of e+ A collisions at the
EIC, we the kinematic reach of the combined results will
place tighter constraints on nPDF's.

Future proton—lead runs, and data-taking with lighter
ions (such as oxygen—oxygen or neon—neon), will ex-
tend this program, providing access to high-statistics
photon—proton collisions and improved constraints on
light to intermediate mass nPDF's which are still poorly
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FIG. 20. Conceptual diagram of the EIC collision region with
fixed target. Collider e + A collisions will produce particles
across all angles, while in the A-going direction (left) particles
from fixed target A + A’ collisions can be measured, and in
the e-going direction (right) lower energy e+ A’ collisions can
be studied. This configuration woud be equivalent to running
three experiments simultaneously.

known.

C. Fixed-Target Program at the EIC

The Long Range Plan for Nuclear Sience prioritizes the
EIC as the highest priority new US facility [493]. The
EIC will collide electron beams of up to 18 GeV with
ion beams of up to 100 GeV/nucleon [494]. The RHIC
facility will be shut down and the EIC will be constructed
in its stead. This transition will eliminate studies of p+p,
p+ A, and A+ A collisions in the US at RHIC, making
the LHC the only facility worldwide for ultrarelativistic
hadronic collisions.

A gaseous fixed target at the EIC would significantly
expand its physics program. By injecting a gas species
A’ into the interaction region, low energy e+ A’ collisions
can be studied, while A+ A’ collisions would allow contin-
ued exploration of high baryon density regions, similar to
RHIC beam-energy scans [495-497] and the NA60+ pro-
posal [477]. The addition of a gas target would also im-
prove the precision of the luminosity determination, mak-
ing cross section measurements more accurate [498]. This
approach has been used in HERMES [499] and SMOG at
LHCDb [500]. A conceptual diagram of fixed-target colli-
sions at the EIC is shown in Fig. 20.

In the e-going direction, the beam energy of 18 GeV
exceeds CEBAF’s 12 GeV, while in the A-going direc-
tion, the 100 GeV /nucleon beam will provide fixed-target
collisions at /syny ~ 14 GeV, enabling studies at high
baryon chemical potential pp, as in the RHIC beam-
energy scan.

32
D. The Forward Physics Facility

The Forward Physics Facility (FPF) [483, 501] is a pro-
posed addition to the CERN infrastructure designed to
take advantage of the physics potential of the forward
region in p+ p collisions at the LHC. The region that the
FPF proposes to cover, close to the beamline, has been
underexplored so far in high-energy collider experiments
but has the potential to probe processes at lower x values
than those reached in the current LHC detectors. The
FPF would be located roughly 620 m downstream from
the ATLAS interaction point, far enough away to detect
long-flying neutrinos, primarily from charm decays.

The FPF physics program would encompass:

e searches for new physics beyond the Standard Model,
including light weakly-interacting particles including
dark photons, axion-like particles, and sterile neutri-
nos;

e neutrino physics at the TeV scale, including direct de-
tection of electron, muon, and tau neutrinos from LHC
collisions in a regime inaccessible to other neutrino ex-
periments;

e cosmic ray physics, which could benefit from measure-
ments of high-energy particle production in the for-
ward direction to constrain hadronic interaction mod-
els of air showers, improving the understanding of
ultra-high-energy cosmic rays;

e forward particle production in QCD, refining proton
PDFs and fragmentation functions for z ~ 1077,

This physics program would be implemented by de-
tectors such as FASER [502], a spectrometer to measure
light, weakly-interacting states; FASERw [503], employ-
ing emulsion and electronic to detect neutrinos in the
TeV range; FLATE [504], a noble liquid detector for neu-
trinos and light dark matter; and FORMOSA [505], a
scintillator detector sensitive to non-integer charges and
weakly-interacting particles.

Most relevant to these studies, the FPF neutrino stud-
ies as a fixed-target experiment could be complementary
to EIC program. The energy flux of neutrinos detected in
the FPF, peaked around 1 TeV, is very broad. In a fixed
target configuration, this energy flux would correspond
to \/snn = 45f§§ GeV due to energy spread of the neu-
trino flux. Such a fixed-target configuration would nicely
complement the EIC physics program with v + A DIS
measurements at energies similar to those of the EIC.
For example, studies of coherent power corrections pre-
dicts a measurable difference in the shadowing pattern
of the F* and F3' [150] structure functions as well as
significant low- and moderate-Q? modifications of QCD
sum rules based on these structure functions [506]. These
complementary measurements could help determine the
origin of shadowing.

QED radiative corrections to charged lepton and neu-
trino interactions in nuclei are also subject to modifi-



cation in cold nuclear matter [507-509]. These mod-
ifications can jointly be explored at the FPF and the
EIC [510]. Such complementary neutrino and electron
DIS studies can provide more precise insights into the
structure of matter.

E. The ideal experiment

Surveying the experimental landscape for future stud-
ies of cold nuclear matter (CNM) effects, one can en-
vision an ideal setup that combines both collider and
fixed-target modes to maximize physics reach. In col-
lider mode, a proton beam could interact with various
nuclear beams at /syny ~ 100 GeV. This configuration
provides access to re;atove;u high ppr and broad xz g cov-
erage at both forward and backward of the center of the
collision, enabling sensitive probes of CNM dynamics.

In fixed-target mode, the same proton beam could in-
teract with an internal gas target, as pioneered by the
SMOG?2 system at LHCb [489, 490]. Realistic gas tar-
gets include H, D, He, Ne, Ar, Kr, and Xe. Solid nuclear
targets such as Au or Pb could also be considered. Such
configurations would result in a center-of-mass energy of
V/SNN ~ 10 GeV. While lower in energy, the fixed-target
mode offers high luminosity and access to large xr, which
are essential for highlighting the strong suppression pat-
tern in that region.

High-precision silicon vertex detectors would be essen-
tial to (i) improve vertex resolution, which is particularly
challenging with solid targets, and (ii) reconstruct heavy-
flavor hadrons and quarkonia, providing complementary
observables to probe both initial- and final-state effects.

By combining collider and fixed-target modes, such
an experiment would offer broad kinematic coverage,
enabling detailed studies of nuclear parton distribution
functions, quark energy loss in nuclei, and other CNM ef-
fects. Heavy-flavor measurements, facilitated by muon or
electron triggers, would enhance sensitivity to these phe-
nomena. This approach would provide complementary
insights to existing experiments at the LHC (high energy)
and future fixed-target projects (e.g., AFTERQLHC
[511] or an EIC fixed-target setup). To further enhance
the physics reach of this and upcoming facilities like
the EIC, it is essential to adopt strategies that disen-
tangle the interplay between nPDF modifications, par-
ton saturation, and energy loss mechanisms. This could
be achieved by selecting appropriate observables, as de-
scribed in the previous sections of this work.

VIII. CONCLUSION

The study of CNM effects in hadron-nucleus and
electron-nucleus collisions is critical for understanding
QCD in nuclei. This review has examined the nuclear
modifications observed in hard processes such as Drell-
Yan, heavy flavor, and quarkonium production, high-
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lighting the challenges in disentangling the contributions
of various CNM effects, including nuclear parton distri-
bution functions, gluon saturation, parton energy loss,
and final-state interactions. Despite decades of research,
a unified theoretical framework capable of consistently
describing these phenomena is still lacking.

Recently, heavy-flavor data have been incorporated
into global nPDF analyses to provide a more direct con-
straint on the small = gluon distribution. While this
marks a major step forward, it also significantly impacts
the extraction of leading-twist shadowing and may in-
troduce nontrivial biases in the interpretation of a broad
range of hard-scattering observables.

Key observations from experimental data reveal sup-
pression patterns that depend on the specific process,
kinematic regime, and nuclear medium. The interplay
between perturbative and nonperturbative QCD dynam-
ics complicates the interpretation of these results, ne-
cessitating the identification of promising observables
to isolate individual effects. Future facilities, such as
the EIC, ongoing and new fixed-target experiments, and
the program of ultraperipheral collisions at the LHC,
promise unprecedented precision combined with an ex-
panded kinematic coverage to enable deeper insights into
the properties of CNM.

Motivated by these developments, this document seeks
to clarify the role of various cold nuclear matter effects
and their impact on the hard processes under considera-
tion.

Although no single “golden observable” can unambigu-
ously isolate a specific CNM effect, we have compiled a
set of promising observables that collectively address the
puzzles of cold nuclear effects, as discussed in Secs. 111D,
IVF, VC, and VIC.

Together, these proposed observables can provide our
best answers to the three fundamental questions intro-
duced in Sec. I:

1. What are the relative contributions of pertur-
bative (gluon saturation) and nonperturbative
(nPDF) QCD dynamics to the modification of
nuclear structure functions and particle pro-
duction spectra at low z?

Disentangling leading-twist nPDF's from small-z satu-
ration effects remains a central challenge in cold QCD.
Current global nPDF fits often absorb dynamic sup-
pression mechanisms not related to genuine PDFs. As
discussed in Section III D, a dedicated program using
inclusive, semi-inclusive, and diffractive observables
will be essential to separate nonperturbative modifi-
cations from saturation-induced suppression.

2. How do parton energy loss mechanisms affect
particle production in h+ A and e+ A collisions?

Energy loss in cold nuclear matter depends strongly
on the process under study and its kinematic regime.
Although no universal regime applies across all ob-
servables, the transport coefficient ¢ provides a uni-
fying parameterization of the scattering properties of



the medium. Section IV F outlines key observables
sensitive to distinct regimes of radiative energy loss
and offers strategies to constrain ¢ across quarkonia,
heavy flavor and electroweak production.

3. What other effects beyond energy loss modify
particle production and how do we distinguish
among final-state interactions?

Final-state effects such as absorption and comover in-
teractions further suppress hadronic yields, particu-
larly at mid and backward rapidity where formation
times are short. Their contribution can be isolated
through a careful analysis of rapidity and species de-
pendence, as discussed in Section V C, and must be
clearly separated from other CNM effects to avoid
misinterpretation of suppression patterns.

Addressing the fundamental questions outlined in this
review, such as the relative roles of gluon saturation and
nPDFs, the mechanisms of parton energy loss, and the
impact of final-state interactions, will pave the way for a
more comprehensive understanding of cold nuclear mat-
ter. This knowledge is essential not only for advancing
QCD theory but also for interpreting data from heavy-
ion collisions, where CNM effects serve as a baseline for
studying the quark-gluon plasma [512].

In summary, the path forward requires a con-
certed effort combining high-precision experiments,
multi-variable phenomenological analyses, and close
collaboration between experimentalists and theorists.
By leveraging upcoming experimental opportunities,
the scientific community can bridge the gap between
theory and observation, ultimately achieving a unified,
universal, and coherent description of cold nuclear
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matter effects in high-energy collisions.
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