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Color transparency (CT) is a fundamental phenomenon in QCD in which hadrons produced in high-
energy exclusive processes traverse nuclear matter with minimal interactions. Nuclear transparency, which
quantifies this attenuation suppression, is a quantity with high sensitivity to CT effects and provides
critical insights into QCD dynamics in nuclear environments. In this study, we revisit nuclear transparency
using the framework of generalized parton distributions (GPDs). By constructing nuclear GPDs (nGPDs)
through the incorporation of nuclear parton distribution functions, we calculate the nuclear transparency
T(Q?) for the carbon nucleus as a function of momentum transfer Q2 considering various definitions and
compare the results obtained with available experimental data. Our finding highlights the importance of
choosing a physically motivated definition of nuclear transparency. Moreover, we emphasize that a more
reliable determination of nGPDs requires a dedicated global analysis incorporating nuclear data. Such an
approach is essential for improving the theoretical understanding of CT and for achieving consistency with

experimental observations in the high-Q? regime.
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I. INTRODUCTION

Color transparency (CT) is an important phenomenon in
QCD wherein hadrons produced in high-energy (exclu-
sive) processes traverse nuclear matter with minimal
interaction [1,2]. This behavior occurs when the hadron
forms a compact, color-neutral configuration, effectively
rendering it “invisible” to the surrounding nuclear medium
due to the cancellation of its color fields. As a result, we
see a significant suppression in the usual strong interaction
between the hadron and the nucleons. This property
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becomes particularly important in high-momentum-
transfer reactions, where small-size color singlet states
are favored. The concept is closely tied to nuclear trans-
parency, which quantifies how easily particles can propa-
gate through a nucleus [3]. High nuclear transparency
indicates reduced attenuation of the particle as it moves
through nuclear matter. So, it can provide a sensitive test
for the presence of CT effects. Studies have shown that
lighter nuclei typically exhibit higher transparency, and as
the energy of the interaction increases, the nucleus is
expected to be more transparent. Ongoing and future
experiments continue to explore how nuclear transparency
varies across energy scales and target materials [3-7].
Precise measurements of nuclear transparency, principally
at higher values of momentum transfer (Q?), provide
critical insight into the dynamics of QCD in nuclear
environments. Consequently, color transparency and
nuclear transparency have always been important subjects
to investigate (see, e.g., Refs. [8—15]).

A quantitative interpretation of nuclear transparency in
QCD requires a framework that connects the observable to

Published by the American Physical Society
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the underlying quark-gluon dynamics. The QCD collinear
factorization theorem for certain hard exclusive processes
provides such a link [16]. It allows the scattering amplitude
to be expressed in terms of nonperturbative generalized
parton distributions (GPDs). GPDs provide a unified
description of the longitudinal-momentum and transverse-
position correlations of quarks and gluons inside hadrons.
Therefore, they enable us to study the hadron structure,
particularly the nucleons, in three dimensions [16-20]. They
are experimentally accessed through hard exclusive proc-
esses such as deeply virtual Compton scattering (DVCS)
and deeply virtual meson production (DVMP) whose
factorization properties allow a clean extraction of GPDs
over a wide kinematic range [21-27]. GPDs are also related
to familiar hadronic observables, connecting directly to
electromagnetic, axial, gravitational, and transition form
factors (FFs) [28-34]. It should be noted that GPDs are
reduced to ordinary parton distribution functions (PDFs) at
the so-called forward limit. When the process involves a
nucleus rather than a free proton, medium effects encoded in
nuclear PDFs (nPDFs) for the inclusive processes or nuclear
GPDs (nGPDs) for the elastic and hard exclusive processes
must be taken into account.

The interplay between the nuclear transparency, color
transparency, and the QCD collinear factorization theorem
can be summarized as follows: nuclear transparency is an
experimentally measurable quantity that reflects the attenu-
ation of a hadron as it propagates through nuclear matter. It
serves as a powerful tool for investigating the phenomenon
of color transparency. The factorization theorem with GPDs,
on the other hand, provides the theoretical tool to compute
the relevant exclusive amplitudes, incorporate medium
effects, and connect QCD dynamics to the measured
transparency. It was shown that the nuclear transparency
can be calculated using GPDs [35,36]. Hence, the precise
measurements of nuclear transparency can put new con-
straints on GPDs and their nuclear modifications. According
to QCD predictions, nuclear transparency should exhibit a
characteristic rise with increasing Q” due to the CT
phenomenon. However, recent high-precision measure-
ments of the nuclear transparency of protons [37] challenge
this expectation. Actually, the measured nuclear transpar-
ency of carbon has been found to be both energy and Q?
independent up to Q% = 14.2( GeV/c)?. In the present
study, we revisit the nuclear transparency phenomenon
through the lens of GPDs, aiming to reconcile these
experimental findings with theoretical expectations. Our
investigation provides new insights into the interplay
between GPDs and CT in the high-Q? regime.

II. NUCLEAR TRANSPARENCY

The phenomenon of color transparency is a specific
prediction of QCD [2], which states that hadrons (like
protons or pions) produced in high-momentum-transfer
reactions may interact weakly with the nuclear medium

while transiting through it. Based on this concept, many
experimental efforts haven been performed to measure the
nuclear transparency [37-45] which refers to the degree to
which a nucleus allows particles to pass through it. Such
measurements help describe how “transparent” a nucleus
appears to incoming particles, particularly in high-energy
collisions. If the nucleus is highly transparent, the particles
exit with little energy loss or deflection. It is well
established now that transparency is influenced by nuclear
density; light nuclei (like carbon) are more transparent than
heavy ones (like gold) [2]. Also, at very high energies (e.g.,
in deep inelastic scattering), the nucleus becomes com-
pletely transparent.

From an experimental point of view, nuclear transpar-
ency can be measured by studying how particles (such as
protons, pions, or electrons) interact with nuclei in high-
energy collisions. One of the reactions used to measure
nuclear transparency is the quasielastic scattering where a
high-energy electron (e) is fired at a nucleus with mass
number A such as those performed at Jefferson Lab (JLab)
and SLAC National Accelerator Laboratory [37]. Due to
the scattering, a nucleus with mass number A —1 is
produced in the final state by knocking out a proton (p)
from the parent nucleus, e +A — ¢ + p + (A —1). The
nuclear transparency can be measured by detecting the
scattered electron (¢’) and ejected proton. To be more
precise, the nuclear transparency 7'(Q?), where Q is the
four-momentum transfer, is defined as the ratio of exper-
imental yield (Yey,(E,,. P,y)) to the expected theoretical
yield for a noninteracting proton (¥ yeo(E,, D)) [37], such
as those calculated assuming the plane-wave impulse
approximation [46]:

—_ fV d3pdemYexp<Em, ﬁm)
fv d3pdethheo (Emv ﬁm)

(0% (1)

Note that Y., and Yy, are integrated over the same phase
space volume V. Here, E,, =v—T, —T,_; and p, =
f)p/ — g are the missing energy and momentum, respec-
tively, where 7', and D » represents the Kinetic energy and
momentum of knocked out protons, and T,_; is the
reconstructed kinetic energy of the A —1 recoiling
nucleus. As usual, v and g are the energy and momentum
transfer, respectively, which can be determined using the
electron beam energy or momentum of the incoming
electron (E,/p,) and the scattered electron (E, /p,) as
I/:Ee_Ee’ and Eizﬁe_ﬁe"

As a result, if T = 1, the nucleus is nearly transparent
while if 7 <« 1, the proton is strongly absorbed. Note that
the nuclear transparency can also be measured through the
hadronic collisions [47-54] such as those performed at the
LHC. By comparing yields from light (e.g., carbon) versus
heavy (e.g., lead) nuclei, one can measure the transparency.
If protons exit with minimal energy loss, the nucleus is
more transparent.
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III. GPDS AT ZERO SKEWNESS

It is well established now that GPDs can provide a
powerful framework for probing the three-dimensional
structure of hadrons, especially nucleons [16-20]. They
can be accessed through hard exclusive processes such as
DVCS and DVMP [21-27]. In contrary to the ordinary
PDFs, which depend only on the longitudinal momentum
fraction x and the factorization scale y, GPDs depend also
to the negative momentum transverse squared, ¢ = -0?,
and the longitudinal momentum transverse (skewness
parameter), £. GPDs at zero skewness are also an essential
ingredient of different types of elastic scattering processes
because they are related to different types of hadron FFs
including the electromagnetic, axial, gravitational, and
transition FFs [28-34].

The unpolarized valence GPDs H?(x, 1) and Ef(x, 1) at
zero skewness (¢ = 0) for quark flavors g = u, d (neglect-
ing the strange-quark contribution) can be determined
through a global analysis of the experimental data of
the electromagnetic FFs and elastic electron-proton cross
sections, as demonstrated by the Modern Multipurpose
GPDs (MMGPDs) Collaboration [33,55]. This approach
utilizes two fundamental relations: first, the connection
between nucleon FFs and GPDs, which is established
through the following sum rules [30,56]:

:Z:eqF‘f(Q2 Zeq/ dxH(x,u?, 0%),
q

= e, Fi(0?) Ze / dxEd(x.12,0%), (2)
q

where F; and F, are the Dirac and Pauli form factors,
respectively, and e, refers to the electric charge of the
constituent quark g. Note that the relations in Eq. (2)
between the Dirac and Pauli FFs and the GPDs hold for
any ¢, but after integration over x, the £ dependence drops
out due to the polynomiality property [30]. Moreover, the
neutron (n) FFs can be obtained by considering the isospin
symmetry u” = d",d” = u". Second, the relation between
these FFs and the Sachs electromagnetic FFs is as follows:

Gu(Q*) =F,

2
Gp(Q%) = F1(Q%) —4—sz2(Q2)- (3)

(Q%) + F2(Q%).

By employing these relations within a y? minimization
framework, and adopting suitable parametrizations for H
and E, one can extract the first moments of the GPDs at zero
skewness from experimental data on G;(Q?), G, (Q?), and
differential cross sections (or reduced cross sections).

Building on the MMGPDs Collaboration’s framework
[33,55], the valence quark GPDs are parametrized through
the following ansatz:

where g, (x, u?) represents the unpolarized valence quark
PDF and the profile functions f7(x) and g} (x) follow the
general form

F(x) :a’(l—x)ﬂog%—l—B(l—x)3—|—Ax(1—x)2. (5)

This parametrization successfully describes the experimen-
tal data while naturally reducing to standard PDFs in the
forward limit (r =0, £ = 0).

For GPD H, the MMGPDs Collaboration employed
next-to-leading order Neural Network Parton Distribution
Functions (NNPDF) valence quark distributions [57] at u =
2 GeV as the forward limit. However, since no exper-
imental parametrization exists for the forward limit ef (x) of
GPD E, the collaboration determined it through a global fit
using the functional form

) = kN (L =214 7,V3). (6)

where x, (¢ = u, d) are the quark magnetic moments,
determined by the measured nucleon magnetic moments. It
should also be noted that the normalization factor N, is
obtained from the following sum rule:

Al dxei(x) = k,. (7)

In high-energy processes involving nuclear targets, the
partonic structure must be described by nPDFs rather than
free proton PDFs to obtain accurate theoretical predictions
[58,59]. These nPDFs characterize the modified quark and
gluon distributions within bound nucleons and are deter-
mined through global analyses of nuclear deep inelastic
scattering and other hard processes [60-71] (see Ref. [72]
for a recent review). These nuclear modifications extend to
elastic scattering or hard exclusive processes involving
nuclei, where nGPDs must replace the free nucleon GPDs.
While the most rigorous approach to determine nGPDs
at zero skewness is through a direct analysis of elastic
electron-nucleus scattering data analogous to Refs. [33,55]
for the proton GPDs, current limitations in nuclear data
availability motivate alternative strategies. Here, we
explore the feasibility of constructing nGPDs by appro-
priately modifying free proton GPDs.

Following the classification in Appendix A of Ref. [67],
we identify two distinct types of nPDFs:

(1) Bound nucleon nPDFs: the distributions 7/ and
f™A describe bound protons and neutrons in a
nucleus with mass number A, related through isospin
symmetry (uP/4 = d"/4, etc.).
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(2) Average nucleon nPDF:
distribution

the nuclear-averaged

P =5 A ) L A ), )

represents an isospin-weighted combination for a
nucleus with charge Z. This normalization is often
used when comparing to free-nucleon PDFs.
We correspondingly define two analogous types of nGPDs:
(1) Bound nucleon nGPDs: using the profile function
F(x) from Eq. (5),

FPIA(x, 12 1) = fPI4(x, 1) exp[tFP/A(x)),
FA(x, 2, 1) = f4 (x, 4?) exptFA (x)], )

with isospin symmetry assumed for both distributions
and profile functions. In principle, the profile function
of a bound proton GPD, FP/4(x), should differ from
the free-nucleon one, f1(x), in Eq. (5), because the
nuclear medium can modify the spatial distribution of
partons. While its functional form can be taken the
same as in Eq. (5), its parameters should, in general, be
A dependent. In the present work, due to the lack of
precise information on the A dependence of these
parameters, we assume the profile functions are
universal for different nuclei and identical to the
free-proton case. Nevertheless, we study the impact
of nuclear effects by considering a simple overall
scaling, 77/4(x) « 1/A%, fortwo nominal values of a.
(2) Average nucleon nGPD:

Z
FNIA(x, 4%, t) = ZFP/A(x,yz, 1)

A-7
+— P, (10)

which represents the average GPD per nucleon in the
nucleus. This form is natural when comparing to free
nucleon GPDs or when normalizing observables on a
per-nucleon basis. While these two definitions are studied
for completeness, our results show that using the average
nucleon nGPD FN/4 provides the most accurate and
physically consistent description of the nuclear transparency
data (see Fig. 3). The other definition is explored only to
illustrate its limitation and to justify our final choice.
Within this framework, one can employ the nPDFs from
the nNNPDF Collaboration [67] at 4 = 2 GeV, maintaining
consistency with the MMGPDs Collaboration’s use of free-
proton NNPDF PDFs [57] at the same scale for constructing
proton GPDs. While this approach easily facilitates the
construction of nuclear GPDs H, a significant challenge
arises for GPDs E: currently, no nuclear modifications

exist for their forward limits ef(x,u?) from high-energy

experimental data. To address this limitation in calculations
requiring GPDs E, one can consider the following scenarios:
(1) No nuclear modification: proceed with calculations
using only nuclear-modified valence PDFs g, (x, u?),
while keeping ef (x, 4#?) unmodified from their free-
nucleon forms.
(2) Universal nuclear modification: assume identical
nuclear modification factors for ef(x,u?) as those
determined for the corresponding g, (x, u?).

IV. NUCLEAR TRANSPARENCY IN GPDS
LANGUAGE

As discussed earlier, several studies have explored cal-
culating nuclear transparency T(Q?) directly from GPDs
[35,36], typically defined as the ratio of nuclear to nucleon
GPD integrals. While this approach provides valuable
theoretical insight, we argue that a more robust determi-
nation of 7(Q?) can be obtained by considering 7(Q?) as
the ratio of nuclear to nucleon differential cross section
do/dQ? or simply the reduced cross section o of the elastic
electron-proton scattering. The reason is that the cross
section (whether differential or reduced) inherently incor-
porates contributions from both H and E GPDs, whereas the
GPD-integral approach requires an ad hoc choice between
these components (with Refs. [35,36] selecting only H).
Moreover, the cross section is a quantity that is more relevant
to the measured yields in Eq. (1) conceptually. This approach
thus avoids the theoretical ambiguity in GPD selection while
maintaining closer ties to experimental measurements.

According to the framework established in the previous
section, we examine alternative approaches for calculating
nuclear transparency 7(Q?) using various nGPDs. We
consider both GPD-based definitions and those tied directly
to experimental observables such as FFs and cross sections.
Following Ref. [35], we first investigate a GPD-based
definition:

[ dxHA(x, 1))

MO = e

(11)

where H = H" + H¢ includes only valence quark contri-
butions from GPD H (GPD E is ignored). Note that the
cross section of the (quasi)elastic electron-proton scattering
is proportional to the electromagnetic FFs, which are related
only to the valence quark distributions. Another point
should be mentioned is that Eq. (11) has been proposed
as a phenomenological ansatz for nuclear transparency in
terms of GPDs. The underlying idea is that the integral of
H(x,t) over x gives the Dirac form factor F(t), and the
squared form factor is proportional to the nucleon coherent
elastic cross section. In this picture, the ratio of squared
integrals for the nucleus and the free nucleon was taken as a
proxy for the nuclear transparency. In fact, Eq. (11) is
introduced as a phenomenological starting point, inspired
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FIG. 1. Comparison between the results of T(Q?) for the

carbon nucleus obtained using H”/4 and H"/4 nGPDs, denoted
as TP/4 and TN/4, respectively.

by Ref. [35]. Its purpose is to explore the possible role of
nuclear GPDs in describing nuclear transparency in a simple,
model-independent way, before introducing more sophisti-
cated treatments involving physical observables. It should
also be emphasized that the GPD framework is applied to
bound nucleons rather than to the entire nucleus, and that
Eq. (1) does not describe coherent nuclear scattering.

For the numerator H#, we employ the two nGPD
variants, namely F?/4 and FN/4, using nNNPDF nPDFs
[67] at 4 = 2 GeV. The denominator uses free proton GPDs
from “Set11” of Ref. [73], based on NNPDF proton PDFs
[57] at the same scale. Figure 1 shows our calculations of
T(Q?) defined in Eq. (11) for carbon nucleus using H?/4
and HV/4 nGPDs (labeled 77/4 and T"/* respectively). The
identical central values for both curves reflect carbon’s
isoscalar nature (Z = A — Z) for which the modifications of
up quark distribution are the same as the ones of down quark
distribution. As can be seen, the results obtained using
Eq. (11) disagree with experimental measurements [37]
shown in Fig. 2. They even show decreasing T(Q?) with
increasing Q% which contradicts QCD predictions for color
transparency. It should be noted that the error bands shown
in Fig. 1, as well as in all other figures throughout this paper,
have been calculated using the standard Hessian method
with Ay? = 1 [74], taking into account the uncertainties
from both PDFs and GPDs.

As previously discussed, we propose that the most
accurate definition of nuclear transparency, T(Q?), can
be obtained by replacing GPDs in Eq. (11) with the
differential cross-section or reduced cross section op.

Carbon
2.0 T T T T T T T T

T(Q?%

16

FIG. 2. Comparison of TP/4(Q?), TN/4(Q?), and T4(Q?)
derived from the Dirac form factor F| as defined in Egs. (12)
and (14) and the experimental data of Refs. [37-41,75].

However, before doing so, it is instructive to first connect
T(Q?) to the Dirac form factor F;(Q?), given its estab-
lished relationship with the GPD H as shown in Eq. (2).
This approach leads to the following expressions for
TP/A(Q?) and TN/A(Q?):

[FY/4(0)P
[FP ()]

[FYA (0
[FT(Q)]2
(12)

TPIA(Q%) = TV/A(Q?) =

where the effective Dirac form factor for the nucleon in the
nucleus, FIIV/A(Q2), is given by

FYAQ) = e, / e (HOYYA (x, 1)

tey /0 L (HOMA(x ), (13)

with (H$)V/4 obtained from Eq. (9). Note that in contrast to
Eq. (11), which involves only the unweighted valence
GPDs H" and H?, the Dirac form factor F; automatically
incorporates the electric charge factors e, and e, of the
quarks. Therefore, Eq. (12) leads to a more physical
description of the scattering process rather than Eq. (11).
Actually, Eq. (12) is as an intermediate step toward the
most direct definition of nuclear transparency in terms of
the reduced cross section ok, which we introduce later in
the paper.
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As mentioned before, Eq. (1) does not describe coherent
nuclear scattering; therefore, the GPD framework should be
applied to bound nucleons. Actually, in quasielastic elec-
tron-nucleus scattering, the process probes the GPDs of
bound nucleons rather than those of the entire nucleus.
Consequently, the quasielastic nuclear cross section scales
approximately with A. The nuclear transparency, defined as
the ratio of the nuclear to the free-nucleon FFs, should thus
also exhibit this A-scaling behavior. We therefore propose
an alternative and more physically meaningful definition of
the nuclear transparency, motivated by the underlying
dynamics:

A[FYM Q)P

™) =~ [Frigop

(14)

This definition links nuclear transparency to a quantity that
naturally incorporates the quark-charge weighting through
the Dirac form factor F(Q?) while ensuring proper
normalization at the nuclear level. Note that the A depend-
ence originates from the incoherent sum over bound
nucleons contributing to the quasi-elastic process.

Figure 2 presents the resulting calculations for 77/4(Q?),
TN/A(Q?), and TA(Q?) based on the F; form factor in
comparison with the experimental data of Refs. [37-41,75]
for carbon nucleus. As shown, both 77/4(Q?) and
TN/A(Q?) exhibit significant discrepancies with the exper-
imental data [37], while the definition based on 74(Q?)
provides a much closer match to the observed trend.

We now repeat the calculations by defining 7(Q?) in
terms of the ratio of reduced cross sections, as follows:

PIA A2 N/A (2
OR (0%) OR (07
plA(O2) — PR \¥ ) /A2y PR \¥ )
T (Q) U%(QZ) ) TN (Q) U%(Qz) )
Acy(0%)
Al O2)

where oy expressed in terms of the Sachs electromagnetic
FFs Gy and Gy, as

or = €G%(0?) +7G%,(0?). (16)

These form factors are themselves related to the Dirac and
Pauli form factors, F; and F,, as outlined in Eq. (3). The
dimensionless kinematic variables € and 7z are given by

Q2

T:4m2’

€= [1 +2(1 + 7)tan? (g)]_l, (17)

where m is the nucleon mass and 6 is the electron
scattering angle.

According to the equations above, if nuclear trans-
parency T(Q?) is defined in terms of the reduced cross

section, then the contribution of the GPD E must also be
taken into account, since the Pauli form factor F, is
directly related to E. To carry out the calculations, we also
require point-by-point values of the electron scattering
angle @ in order to evaluate ¢ in Eq. (17). As 6 is
experiment dependent, we simplify the calculation at this
stage by assuming tan?(%) = 1.

Another important consideration is the nuclear modifi-
cation of the GPD E. Unlike H, for which nuclear
modifications can be constrained from high-energy data,
corresponding modifications for E are not currently
available, as mentioned before. However, we can at least
incorporate isospin effects by defining (Ef)V/4 and (E7 )"
as follows:

A—Z(

z
(EDNA(x, 1) = (EDPA(x, 1) + —— (E)"A(x, 1),

(EDA (x. 1) = Z(EDP/A(r.1) + (A = Z) (EDA (x. 1),
(18)

where (E?)P/4 and (E?)"/4 are taken to be the same as
those for the free proton and neutron, respectively, in our
calculations. Note that, according to our investigations,
following scenario 2 mentioned before (universal nuclear
modification) does not lead to significant changes in the
final results.

Figure 3 presents the results for 77/4(Q?), TN/4(Q?),
and T4(Q?), this time calculated using the reduced cross
section ok, in comparison with the experimental data of
Refs. [37-41,75]. As seen previously, both 77/4(Q?) and
TN/A(Q?) show significant deviations from the experimen-
tal data. In contrast, the result for 74(Q?) exhibits much
better agreement with the data presented in Fig. 2 of
Ref. [37]. Indeed, the results in Fig. 3 confirm that only the
model based on 74 incorporates the correct A scaling and
provides a realistic description of the data. The other
definitions, 7P/4 and TN/, were intentionally presented
as intermediate steps in order to demonstrate how neglect-
ing the proper nuclear normalization leads to unphysical or
A-independent results. This step-by-step exploration is
meant to motivate 74 as the physically consistent definition
of nuclear transparency in the GPD framework.

It is important to note that the remaining discrepancy
between our results for 74(Q?) and the experimental data
may arise from several sources:

(1) Nuclear modifications of the GPD E (more precisely
e?) have not been included, as such modifications
are currently unavailable. Although we accounted
for the isospin effect, it has no impact in the case of a
carbon nucleus, which contains an equal number of
protons and neutrons. However, it should be noted
that assuming identical nuclear modification factors

for e as those determined for the corresponding
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Comparison of the results for 77/4(Q?), TVN/4(Q?), and

TA(Q?), based on the reduced cross section oy as defined in
Eq. (15) and the experimental data of Refs. [37-41,75].

(i)

PDFs ¢, (scenario 2) does not change the final
results significantly.

The profile functions F have been treated as
independent of the mass number A, which may be
an oversimplification. If this assumption is incorrect,
F should exhibit A dependence (more precisely, its
individual parameters), and its functional form
should ideally be determined through a global
analysis of GPDs incorporating nuclear data. As
an initial step, we introduce a simple A-dependent
modification to F in Eq. (5) and repeat the calcu-
lations to assess its impact on the results. Specifi-
cally, we consider F « #, inspired by analogous
analyses in the context of nPDFs [76]. So, the final
form of the bound proton profile function is
FrlA(x) =L f,(x), where f,(x) is the free-proton
profile function taken from Setll of Ref. [73] for
each quark flavor. The corresponding results are
shown as the long-dashed and dot-dashed curves in
Fig. 3, for @« = 0.03 and a = 0.05, respectively. As
can be seen, this modification leads to an enhance-
ment in the result, particularly at higher values of
Q2. It should be noted that these values of a are
chosen nominally to explore the magnitude of the
change induced by considering an overall A-depend-
ence in F. Using negative values for o leads to a
suppression of the final result. We emphasize that
the true way to determine the A dependence of F is
to make its parameters explicitly A dependent and to
extract their optimal values through a fit to rel-
evant data.

T(Q?
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FIG. 4. Comparison of nuclear transparency calculations using
an overall scattering angle 6 = 90° (dashed line) versus using the
exact scattering angles corresponding to each data point (open
circles). The experimental data are taken from Refs. [37—41,75].

(iii) For the results shown in Fig. 3, the scattering angle

was assumed to be fixed (6 = 90°). To accurately
reflect the experimental data, the calculations were
repeated using the exact value of € corresponding to
each experimental data point. The updated results
are displayed in Fig. 4, where the open circles
represent the angle-corrected theoretical predictions.
The change is negligible at high momentum transfer
(Q? = 5 GeV?), but it becomes significant at lower
Q2. In the interval 3 < Q? < 4 GeV? the agreement
with the data is modestly improved, whereas for
Q? < 2 GeV? the discrepancy grows. These obser-
vations confirm again the need to determine the
exact A dependence of the profile function F
through a dedicated fit to data. Note that individual
parameters of F may exhibit different A dependen-
cies, since they govern distinct regions of Q2. The
results, in particular, suggest a significant modifi-
cation in the parameter o, which governs the
behavior at low Q? and may reflect the limits of
this formalism at low energy scales.

V. CONCLUSIONS

In this work, we have revisited the phenomenon of
nuclear transparency in the context of CT using the
framework of GPDs. By constructing nGPDs from known
nPDFs, we have introduced a consistent approach to
describing exclusive scattering processes involving nuclei.
Our study focused on the role of CT in high-energy
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exclusive processes, where the propagation of compact
hadronic states through nuclear matter should, in principle,
lead to a characteristic rise in transparency with increasing
Q?. However, recent precision measurements of nuclear
transparency in carbon nucleus [37] indicated an unex-
pected Q*-dependency that challenges this expectation.

To shed light on this issue, we calculated the nuclear
transparency T(Q?) for the carbon nucleus considering
various definitions and compared our theoretical predic-
tions with available experimental data. Our results confirm
that the choice of definition for 7(Q?) remarkably affects
the predicted behavior. Among the definitions considered,
we find that the one formulated in terms of the reduced
cross section and incorporating the correct A scaling
provides the best agreement with the observed nuclear
transparency up to Q> = 14.2( GeV/c)?, as reported in
recent measurements [37]. Additionally, we explored a
simple A-dependent modification to the profile function F
used in the GPD parametrization. While this modification
does impact the magnitude and trend of T(Q?), we
emphasize that a more rigorous and reliable determination
of nGPDs must be performed through a global analysis that
incorporates nuclear data for different nuclei and kinematic
conditions.

In conclusion, our findings highlight two key points: first,
the definition of nuclear transparency should be carefully
chosen to reflect the physical interpretation of medium
modifications; second, achieving accurate and consistent
results requires that the parameters of nGPDs be treated as
nuclear dependent and fitted through global analyses. These
insights open new windows towards future studies, aiming
to improve our understanding of CT and the internal
structure of hadrons in the nuclear environment.
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