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We present a QCD analysis of pion nuclear fragmentation functions (nFFs), which encode nuclear
modifications to hadronization in high-energy nuclear collisions. Within this framework, vacuum
fragmentation functions and their nuclear modifications are extracted simultaneously. The nuclear effects
are parametrized as functions of the mass number A, the energy of the fragmenting parton in the target rest
frame ν, and the hadron energy fraction z, allowing their dependence on these variables to be quantified. Our
analysis includes semi-inclusive deep-inelastic scattering data on nuclear targets, with kinematic cuts chosen
to ensure the applicability of perturbative QCD and collinear factorization. The resulting fit provides a good
description of most datasets, with the nFFs well constrained in the energy fraction range z∈ ½0.2; 0.7�.
Additionally, with our new nFFs, we present next-to-leading order predictions in pp and pA collisions,
which show reasonable agreement with ALICE data within the current experimental uncertainties.
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I. INTRODUCTION

Understanding hadronization dynamics is essential for
exploring color confinement in QCD. Fragmentation func-
tions (FFs) [1,2] provide the standard nonperturbative
framework for describing hadron production in the final
state, encoding the transition of partons from hard scattering
processes into observed hadrons [3–5] in single-inclusive
eþe− annihilation (SIA), semi-inclusive deep-inelastic

scattering (SIDIS), and proton-proton (pp) collisions.
Similar to parton distribution functions (PDFs) [6–9], these
functions have been proven to be universal and cannot be
computed perturbatively. A reliable way is to extract various
FFs from world data through global QCD analysis.
While PDFs and FFs provide a robust framework for

factorized cross-section calculations in the vacuum, their
application to nuclear environments requires additional
considerations. When hard scattering processes occur in
nuclei rather than free nucleons, the initial-state parton
distributions are modified and described by nuclear parton
distribution functions (nPDFs) [10–18]. These nPDFs
successfully describe inclusive observables such as nuclear
deep-inelastic scattering (DIS) and Drell-Yan production.
However, they alone cannot account for the observed
hadron-species-dependent differences in production proc-
esses when comparing heavy nuclear targets with light
nuclei or proton (p) targets [19–24].
Even though such differences can be attributed to a

variety of conceivable mechanisms beyond initial-state
modifications of parton densities [25], including, for
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instance, parton energy loss caused by medium-induced
multiple gluon emission [26–29], it has been proposed
that QCD factorization can be extended to incorporate
final-state nuclear effects through the introduction of
nuclear fragmentation functions (nFFs) with an explicit
dependence on nuclear mass number A [30]. The idea
was further explored in Ref. [31], and has been extended to
the three-dimensional imaging of PDFs and FFs in
nuclei [32–34].
Although such approaches based on A-dependent

nFFs provide a successful description of nuclear modifi-
cations across a broad range of data, they do not explicitly
account for additional kinematic variables that may influ-
ence the hadronization process in nuclear environments.
In particular, recent high-precision measurements from
HERMES [35,36] and CLAS [37] suggest that the
strength of nuclear modifications exhibits a nontrivial
dependence on the virtual-photon energy ν in the target
rest frame, indicating that the dynamics of in-medium
hadronization cannot be fully captured by A dependence.
The role of ν in nuclear hadronization has also been
investigated within a TMD-based model [38], in which
the ν dependence is incorporated through the treatment of
medium-induced parton energy loss and prehadron absorp-
tion. These experimental and phenomenological observa-
tions motivate the present study. In this work, we introduce
a parametrization of nuclear modifications that depends on
A and ν, and simultaneously extract the vacuum FFs and
their nuclear corrections. The implementation of the
Hessian method in our study further improves the reliability
of the extraction of nFFs by constructing uncertainty
eigenvector sets for error quantification. In addition,
updated nPDF sets, including nCTEQ15WZ [39],
nNNPDF3.0 [40], and EPPS21 [41], are used to perform
systematic comparisons and assess the associated theoreti-
cal uncertainties. Heavy-quark-tagged SIA data are
also included to improve constraints on heavy-flavor
fragmentation.
The paper is organized as follows. Section II describes

the experimental datasets used in this analysis, including
SIDIS measurements from HERMES and CLAS and
heavy-flavor-tagged SIA data from SLD. Section III
presents the theoretical framework for vacuum FFs and
nFFs, including details of the theoretical calculations and
the definition of the goodness-of-fit function. The extrac-
tion of vacuum FFs and the corresponding predictions
compared with data are presented in Sec. IV, which
constrain the theoretical conditions for the subsequent
determination of nFFs and define the corresponding default
setup. Based on this, the extracted nFFs and their corre-
sponding comparisons with data are discussed in Sec. V.
Predictions for π production in pp and proton-lead (pPb)
collisions at ALICE are presented in Sec. VI. Finally,
Sec. VII summarizes our main findings.

II. EXPERIMENTAL DATASETS FITTED

We begin by introducing the key observables in nuclear
SIDIS, i.e., lþ A → l0 þ hþ X. The four-momenta of the
target nucleon, exchanged virtual photon, incoming lepton,
and produced hadron are denoted by P, q, l, and Ph,
respectively. The differential multiplicity of identified
hadrons is defined as

dMhðx; z;Q2Þ
dz

¼ d3σhðx; z; Q2Þ=dx dQ2dz
d2σDISðx;Q2Þ=dx dQ2

; ð1Þ

where x ¼ Q2=ð2P · qÞ is the Bjorken variable, z ¼ ðP ·
PhÞ=ðP · qÞ is the hadron energy fraction, and Q2 ¼ −q2
denotes the virtuality of the exchanged photon. In this
process, we expect the nuclear modification from initial-
state nPDFs to be largely canceled, therefore providing a
golden channel for the global extraction of nFFs.
To quantify nuclear modifications, the multiplicity ratio

Rh
A is introduced as the ratio of the differential hadron

multiplicity for a nuclear target with mass number A to that
for a deuterium (D) target. Since the virtual-photon energy
ν in the target rest frame provides an additional kinematic
variable in nuclear SIDIS, we keep it explicitly in the
nuclear multiplicity ratio in order to test possible
ν-dependent effects. The multiplicity ratio is then defined as

Rh
Aðx; z; Q2; νÞ ¼ dMh

Aðx; z; Q2; νÞ=dz
dMh

Dðx; z; Q2; νÞ=dz ; ð2Þ

where dMh
A=dz and dMh

D=dz denote the corresponding
differential multiplicities for the nuclear target with mass
number A and the D target, respectively.
In Table I, we present a comprehensive compilation of

the experimental data used in this analysis, including
SIDIS measurements from HERMES [35,36,42,43] and
CLAS [37] and heavy-flavor-tagged SIA measurements
from SLD [44]. The HERMES data span multiple years and
include measurements on p, helium (He), neon (Ne),
krypton (Kr), xenon (Xe), and D targets, with final-state
hadrons πþ, π−, and π0. These data are presented in various
kinematic bins of z,Q2, and ν, and are reported either as the
double ratio Rh

A or as the normalized differential multi-
plicity dNh=ðdzdQ2Þ. The data cover a wide range of
nuclear targets, providing valuable constraints on the A
dependence of nFFs. It should be noted that the HERMES
data reported in 2011 [36] are not statistically independent
of earlier HERMES measurements [35]. The 2011
HERMES results present nuclear multiplicity ratios in
two-dimensional kinematic bins, while the earlier results
were mostly shown as functions of a single kinematic
variable. Therefore, including the two HERMES measure-
ments in the fit simultaneously can introduce a certain
degree of double counting. Nevertheless, in order to make
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maximal use of the available experimental information, we
include both measurements in the present analysis. We have
checked that the extracted nFFs using alternative selections
of the potentially overlapping HERMES data are similar to
those obtained in our default fit. Their uncertainty bands are
also nearly unchanged in the data-constrained region,
indicating that the impact of potential double counting is
negligible. We note that several statistically correlated
HERMES datasets have also been fitted simultaneously
in global QCD analyses [31]. More recently, the CLAS
Collaboration has published high-precision measurements
on carbon (C), iron (Fe), and lead (Pb) targets, covering a
broad range of z, Q2, and ν [37]. These data extend the
nuclear coverage to heavier nuclei and are reported as Rh

A in
multiple ν bins, enabling a detailed study of nuclear
medium effects across different energy regimes. The
combined dataset, as summarized in Table I, offers a robust
and diverse set of observables for constraining nFFs. To
further constrain the vacuum FFs, we also include SLD SIA
data [44] on charm- and bottom-tagged events, which
provide direct constraints on the heavy flavor FFs.
We apply kinematic cuts to ensure the reliability of the

QCD collinear factorization framework. For both SIA and
SIDIS data sets, we require z > 0.1. To further suppress
regions where power corrections may become important,

we impose an additional requirement on the hadron energy
Eh, which is evaluated in the center-of-mass frame for
SIA and in the Breit frame for SIDIS, by requiring the
corresponding hadron energy scale, zQ=2, to satisfy
zQ=2 > 0.19 GeV. This cutoff was selected from a stabil-
ity test of the vacuum-FF fit, since lowering it to 0.10 GeV
significantly worsens the fit quality. The value was set
slightly below 0.20 GeV to retain data points at this
boundary.

III. FRAMEWORK FOR MEDIUM-MODIFIED
FRAGMENTATION FUNCTIONS

A. QCD factorization and vacuum FFs

In the collinear factorization framework, the cross
sections can be factorized into perturbatively calculable
short-distance partonic cross sections, and nonperturbative
distribution functions [3]. For example, the SIDIS differ-
ential cross section can be written as

d3σlp→lhX

dxdydz
¼ 2πα2em

Q2

�
1þ ð1 − yÞ2

y
Fh
Tðx; z; Q2Þ

þ 2ð1 − yÞ
y

Fh
Lðx; z; Q2Þ

�
; ð3Þ

TABLE I. Summary of experimental datasets included in the analysis, together with the corresponding correlated
uncertainties.

Number Experiment Year
ffiffiffi
s

p
(GeV) Target (A) Particle Binning Obs

Normalization
uncertainty (%) Npt

1 HERMES [43] 2001 27.5 p π0 z 1
NDIS

dNπ0

dz
9 10

2 HERMES [35] 2007 27.6 He π� z, ν Rh
A 3 16

3 He π� z; Q2 Rh
A 3 20

4 He, Ne, Kr, Xe πþ z Rh
A 3 24

5 He, Ne, Kr, Xe π− z Rh
A 3 24

6 He, Ne, Kr, Xe π0 z Rh
A 3 24

7 HERMES [36] 2011 27.6 Ne, Kr, Xe πþ z; Q2 Rh
A 3 60

8 Ne, Kr, Xe π− z; Q2 Rh
A 3 60

9 Ne, Kr, Xe πþ z, ν Rh
A 3 51

10 Ne, Kr, Xe π− z, ν Rh
A 3 51

11 HERMES [42] 2013 27.6 p πþ z; Q2 1
NDIS

dNπþ

dzdQ2
0 25

12 p π− z; Q2 1
NDIS

dNπ−

dzdQ2
0 25

13 D πþ z; Q2 1
NDIS

dNπþ

dzdQ2
0 25

14 D π− z; Q2 1
NDIS

dNπ−

dzdQ2
0 25

15 CLAS [37] 2021 5.0 C, Fe, Pb πþ z; Q2; ν Rh
A 3 117

16 C, Fe, Pb π− z; Q2; ν Rh
A 3 114

SIDIS total: 671

17 SLD [44] 2003 91.2 SIA c-tagged π� z 1
Nevt

dNπ�

dz
1 21

18 SIA b-tagged π� z 1
Nevt

dNπ�

dz
1 21

SIA total: 42

Total: 713
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where Fh
T and F

h
L are the semi-inclusive structure functions,

and y ¼ ðP · qÞ=ðP · lÞ is the inelasticity.
At next-to-leading order (NLO), the SIDIS structure

functions can be expressed as,

Fh
Tðx; z;Q2Þ ¼

X
q

e2q

�
fq=p1 ðx;Q2ÞDh

qðz;Q2Þ

þ αsðQ2Þ
2π

ðfq=p1 ⊗ Cqq
1 ⊗ Dh

q

þ fq=p1 ⊗ Cgq
1 ⊗ Dh

g

þ fg=p1 ⊗ Cqg
1 ⊗ Dh

qÞ
�
; ð4Þ

Fh
Lðx; z; Q2Þ ¼ αsðQ2Þ

2π

X
q

e2q½fq=p1 ⊗ Cqq
L ⊗ Dh

q

þ fq=p1 ⊗ Cgq
L ⊗ Dh

g

þ fg=p1 ⊗ Cqg
L ⊗ Dh

q�; ð5Þ

where fi=p1 denotes the PDFs, while FFs (Dh
i ) describe the

nonperturbative hadronization of a final-state parton of
flavor i into an observed hadron h. The functions Cij

1ðLÞ are
the NLO perturbatively calculable SIDIS coefficient
functions [45–49], and the next-to-next-to-leading order
(NNLO) coefficient functions can be found in [50–52].
Approximate NNLO and N3LO (next-to-next-to-next-to-
leading order) structure functions have also been obtained
through expansions of threshold resummation expressions
[53–55]. More recently, complete NNLO and N3LO cal-
culations for the SIDIS process have become available
[56,57]. The symbol ⊗ denotes the standard convolution
integral defined as

½f ⊗ g�ðzÞ ¼
Z

1

0

dx
Z

1

0

dyfðxÞgðyÞδðz − xyÞ: ð6Þ

Focusing on the FFs, Dh
i are universal within the

framework of QCD factorization in the vacuum and cannot
be computed perturbatively, and can be extracted from
world data through global QCD analysis, similar to
PDFs [6–9]. Such analyses include hadron production in
SIA, SIDIS, and pp collisions, with energy scale satisfying
Q2 ≫ Λ2

QCD. The evolution of FFs Dh
i with respect to the

scale Q2 is described by the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equation [58–61],

∂

∂ lnQ2
Dh

i ðz;Q2Þ ¼
X
j

½Pji ⊗ Dh
j �ðz;Q2Þ; ð7Þ

where Pji are the timelike splitting functions, describing
the probability for a parton i to split into a parton j.

These timelike splitting functions are currently known
up to Oðα3sÞ [62–67], providing the theoretical basis for
high-precision global analyses of FFs. It should be noted
that, although timelike and spacelike splitting functions
(the latter relevant for PDFs) are identical at leading order,
they differ beyond NLO [68,69].

B. Nuclear FFs and parametrization

Assuming that the QCD collinear factorization for
inclusive production is valid also for collisions involving
nuclei, one can naturally define fragmentation functions
Dh

i=Aðz;Q2Þ for nuclear environment characterized by mass
number A [30,31]. In these factorization approaches,
Dh

i=Aðz;Q2Þ parametrize nuclear modifications solely
through their dependence on A as,

Dh
i=Aðz;Q2

0Þ ¼
Z

1

z

dy
y
Wh

i ðy; A;Q2
0ÞDh

i

�
z
y
;Q2

0

�
; ð8Þ

where the subscript i labels different parton flavors,
the superscript h labels different hadron species, and
Wh

i ðy; A;Q2
0Þ encodes the nuclear modification dependence

derived from fixed-target hadron-nucleus data [10,11], and
has a complex parametrization. A similar reasoning is
applied with great phenomenological success in analyses of
nPDFs that account for medium-induced effects in the
initial state [10–12].
However, such models may not fully capture the possible

dependence of nuclear modifications on the virtual-photon
energy ν in the target rest frame, which is directly
accessible in eA measurements. Recent precision measure-
ments [36,37] provide data over a broad range of ν, offering
an opportunity to test whether additional energy depend-
ence is favored by the data. Such a dependence may be
connected to the formation time of hadrons. At larger ν, the
struck parton carries more energy, which may modify the
space-time development of hadronization and thereby
change the strength of final-state interactions in the nuclear
medium.
Motivated by this possibility, we introduce a phenom-

enological dependence on both A and ν into the nFF
framework, and examine whether the available SIDIS
data prefer such an extension over an A-only description.
Within the collinear factorization framework for nuclear
systems, we propose a model that decomposes the nFFs
Dh

i=Aðz;Q2; νÞ into vacuum FFs Dh
i ðz;Q2Þ and a modified

term D0h
i ðz;Q2Þ,

Dh
i=Aðz;Q2; νÞ ¼ Dh

i ðz;Q2Þ − FAðA; νÞ ×D0h
i ðz;Q2Þ; ð9Þ

where the Dh
i ðz;Q2Þ, D0h

i ðz;Q2Þ, and FA are constrained
simultaneously in this work. In this parametrization,
D0h

i ðz;Q2Þ can be either positive or negative in principle,
allowing the model to describe both suppression and
enhancement effects. The minus sign convention is chosen
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because our analysis focuses on the medium to large z
region where experimental data predominantly show sup-
pression effects. Consequently, the fitted D0h

i ðz;Q2Þ is
expected to be positive.
To parametrize the Dh

i=A at the initial scale Q0, we adopt
the following functional forms:

zDh
i ðz;Q0Þ ¼ zα

h
i ð1 − zÞβhi exp

�Xk
n¼0

ahi;nz
n=2

�
;

zD0h
i ðz;Q0Þ ¼ zα

0h
i ð1 − zÞβ0hi exp

�Xk
n¼0

a0hi;nz
n=2

�
; ð10Þ

where α, β, a are the fitted parameters. By varying
k ¼ 0; 1; 2 � � �, one can freely choose different parametri-
zations. In practice, we increase the value of k until no
discernible improvement in fit quality can be obtained. In
this framework, we assume that the factorization of the
cross section used in vacuum in Eqs. (4) and (5) remains
applicable to nuclear targets, with the vacuum FFs replaced
by the nFFs. Accordingly, both Dh

i ðz;Q2Þ and D0h
i ðz;Q2Þ

should obey the DGLAP evolution equations.
The parametrization for π is summarized in Table II. By

assuming charge-conjugation symmetry, nFFs for π− can
be obtained from πþ. To reduce the number of free
parameters, we impose flavor symmetries between favored
and unfavored light (anti)quark FFs, as indicated by the
equality signs in the table, where favored u and d̄ quarks
share the same values of α, β, a0, and a1 at the initial scale.
Identical distributions are also imposed among the unfa-
vored (anti)quarks ū, d, s, and s̄. Nuclear modifications are
assumed to apply only to light quarks, with similar flavor
symmetries adopted in light quark contributions.
Finally, FAðA; νÞ encodes the nuclear modifications,

incorporating both A and ν dependence, via,

FAðA; νÞ ¼
fðAÞ

ðν=ν0Þδ
: ð11Þ

Here, ν0 ¼ 1 GeV is introduced as a reference energy scale
to ensure that FAðA; νÞ is dimensionless. The function
fðAÞ parametrizes the nuclear dependence, with an inde-
pendent parameter assigned to each nucleus, and will be
discussed in Sec. V B. The exponent δ controls the strength
of the ν dependence. In this work, we consider three
representative choices, δ ¼ 0, 0.5, and 1. The case δ ¼ 0
corresponds to an A-dependent but ν-independent modifi-
cation, and is included as a reference scenario. For δ > 0,
the modification factor FAðA; νÞ decreases with increasing
ν and vanishes in the limit ν → ∞, so that Dh

i=A approaches

the vacuum FF Dh
i .

C. Theoretical computations

The theoretical computation techniques have been sum-
marized in the previous NPC23 studies [70–72]. Here we
briefly recall the main ingredients. In this work, the main
analysis is carried out at NLO accuracy, while NNLO
results are used in Sec. IVas a benchmark to assess higher-
order effects and perturbative stability. For the NLO
analysis, the FFs are evolved using the two-loop timelike
splitting kernels, which were calculated in Ref. [73]. For
the NNLO comparison, the evolution is performed with the
three-loop timelike splitting kernels [62–65]. The corre-
sponding NLO and NNLO DGLAP evolutions are carried
out with HOPPET [74,75]. Theoretical calculations of
differential cross sections are carried out up to NNLO in
QCD using the FMNLO program [70,76], which can gen-
erate and store interpolation tables of the coefficient
functions, ensuring fast convolution with arbitrary FFs
without repeating the calculations. Furthermore, in this
work, the dependence on ν is taken into account, and the
corresponding interpolation grid construction is extended
accordingly to incorporate this dependence, ensuring con-
sistency in the nFFs analysis.
We adopt a zero-mass variable flavor number scheme, in

which heavy quarks FFs are nonzero but do not evolve until
the mass thresholds are reached with maximum of nf ¼ 5,
specifically at mc ¼ 1.4 GeV and mb ¼ 4.5 GeV for
charm and bottom quarks. The strong coupling constant
is consistently taken as αSðMZÞ ¼ 0.118 throughout the
calculations. For theoretical predictions of hadron produc-
tion in SIA with heavy-flavor-tagged events, there are
ambiguities on matching theoretical predictions to the
experimental measurements beyond NLO, for example,
in the treatment of contributions from gluon splitting into
heavy quarks. In our calculations, we only include con-
tributions from Feynman diagrams in which the specified
heavy quark couples directly to the Z boson or photon, both
at NLO and NNLO.
The central values for the renormalization and fragmen-

tation scales (μR;0 and μD;0) are set to the momentum
transfer Q for both SIA and SIDIS. The factorization scale
(μF;0) of initial hadrons for SIDIS is also set to Q.

TABLE II. Summary of the parameterization for πþ vacuum
FFs and nuclear modification terms. Check marks under each
parameter mean that the parameter is free to vary.

Flavor a0 α β a1

Dh
i ðz; Q2Þ u ¼ d̄ ✓ ✓ ✓ ✓

d ¼ ū ✓ ✓ ✓ ✓
s ¼ s̄ ¼ a0;d ¼ αd ¼ βd ¼ a1;d
c ¼ c̄ ✓ ✓ ✓ not applicable
b ¼ b̄ ✓ ✓ ✓ not applicable
g ✓ ✓ ✓ not applicable

D0h
i ðz; Q2Þ u ¼ d̄ ✓ ✓ ✓ ✓

d ¼ ū ✓ ✓ ✓ ✓
s ¼ s̄ ¼ a00;d ¼ α0d ¼ β0d ¼ a01;d
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D. Goodness of fit function and the
covariance matrix

The agreement between the data points Dk and the
corresponding theoretical predictions Tk is quantified by
the χ2 function [77],

χ2ðfag; fλgÞ ¼
XNpt

k¼1

1

s2k

�
Dk − Tk −

XNλ

α¼1

βk;αλα

�2

þ
XNλ

α¼1

λ2α;

ð12Þ

where fag are parameters of FFs, the nuisance parameters
fλg describe sources of correlated errors, which are
assumed to follow standard normal distributions, and sk
represents the total uncorrelated systematic and statistical
errors. βk;α quantifies the sensitivity of the kth measurement
to the αth correlated error source, while λα is the corre-
sponding dimensionless nuisance parameter. In our case,
the correlated errors can be either the normalization
uncertainties from the measurements, listed in the penulti-
mate column of Table I, or the theoretical uncertainties
estimated with scale variations, following Ref. [76]. Here,
Nλ denotes the total number of independent correlated
uncertainty sources included in the fit.
The best-fit fragmentation parameters are determined by

minimizing the χ2 and then further validated through a series
of profile scans on each of those parameters. These parameter
space scans are conducted using the MINUIT program [78].
We apply a tolerance criterion of Δχ2 ∼ χ2=Nptmax to
determine parameter uncertainties. Additionally, we employ
the iterative Hessian approach [79] to generate error sets of
FFs, which can be used to propagate parameter uncertainties
to physical observables.

IV. ANALYSIS OF VACUUM
FRAGMENTATION FUNCTIONS

This section presents an extraction of vacuum FFs,
which provides the default setup for the subsequent
determination of nFFs. The extraction is performed through
a comprehensive study of HERMES data and heavy-flavor-
tagged measurements from SLD, as summarized in
Table III. The HERMES experiment provides SIDIS
measurements of hadron production with high precision
for charged and neutral π over a broad kinematic range,
allowing for detailed constraints on vacuum FFs.
Specifically, possible nuclear modifications in the D target
data are assumed to be small throughout this analysis,
allowing these data to be used as constraints on the vacuum
FFs. Complementary constraints on heavy flavor FFs are
provided by SLD data, where heavy-flavor-tagged mea-
surements offer direct sensitivity to c and b quark FFs.
The robustness of our results is systematically evaluated

by varying several theoretical setups, and the comparative
results are also summarized in Table III, which provides the
χ2=Npt values for each dataset and for the total fit under
different theoretical setups. We begin by comparing per-
turbative calculations at NLO and NNLO in QCD to
evaluate the impact of higher-order corrections and the
stability of the results. The NNLO fits lead to larger χ2

values than the corresponding NLO fits for the present
dataset. We note that, a bin-by-bin inspection suggests that
this difference is mainly driven by the low-Q2 HERMES
SIDIS data. In this region, the NNLO predictions have
difficulty reproducing the observed Q2 dependence, while
the corresponding scale variation uncertainties are not
reduced compared to NLO. We therefore use the NLO
setup as the default choice in the following analysis. The
dependence on the initial scale is then examined through
comparisons between fits performed with Q0 ¼ 1.0 GeV

TABLE III. Summary of χ2=Npt values for different theoretical setups in the vacuum FFs fits.

Experiment Target (A) Particle Binning Npt

with theoretical
uncertainties (χ2=Npt)

without theoretical
uncertainties (χ2=Npt)

Q0 ¼ 1.0 GeV Q0 ¼ 1.3 GeV Q0 ¼ 1.0 GeV Q0 ¼ 1.3 GeV

NLO NNLO NLO NNLO NLO NNLO NLO NNLO

HERMES [43] p π0 z 10 0.56 1.48 0.50 1.59 2.51 3.18 2.93 3.92
HERMES [42] p πþ z; Q2 25 0.88 1.48 0.64 1.33 1.16 3.73 0.87 2.94

p π− z; Q2 25 0.74 0.99 0.48 0.83 0.91 4.76 0.55 3.89
D πþ z; Q2 25 1.13 2.33 0.87 2.19 1.29 3.60 1.04 3.05
D π− z; Q2 25 1.30 1.84 1.25 1.82 1.36 4.11 1.25 3.52

SIDIS total: 110 0.97 1.64 0.78 1.55 1.30 3.97 1.11 3.40

SLD [44] SIA c-tagged π� z 21 0.77 0.61 0.84 0.61 0.73 3.00 0.81 2.55
SIA b-tagged π� z 21 0.84 0.78 0.92 0.81 0.81 0.89 0.91 0.90

SIA total: 42 0.80 0.69 0.88 0.71 0.77 1.95 0.86 1.73

Total: 152 0.92 1.38 0.81 1.31 1.15 3.41 1.04 2.94
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and Q0 ¼ 1.3 GeV. The latter choice generally leads to an
improved description of the data, in particular for the SIDIS
measurements. This can be attributed to the positive-
definite constraint on the input distributions, because at
the lower initial scale DGLAP evolution may favor slightly
negative values in certain z regions to improve the fit,
which is excluded by construction, whereas the higher Q0

allows a better overall χ2 within the positive-definite
framework. Furthermore, the role of theoretical uncertain-
ties introduced through the covariance matrix (see
Sec. III D) is investigated by comparing fits with and
without their inclusion. While including theoretical uncer-
tainties leads to reduced χ2 values, the reduction does not
correspond to a significant improvement in the fit quality.
Given the current experimental precision and the already
satisfactory fit quality, the inclusion of such uncertainties is
therefore not required in the present analysis. Based on
these comparisons, we identify a default configuration
characterized by Q0 ¼ 1.3 GeV, NLO perturbative calcu-
lations, and the exclusion of theoretical uncertainties in the
fitting procedure. This setup provides a stable and balanced
description of the data across different datasets. For this

default choice, the total χ2 amounts to 158.2 for a total of
152 data points, corresponding to χ2=Npt ¼ 1.04, indicat-
ing good overall agreement between theory and experi-
ment. The corresponding χ2=Npt values are 1.11 and 0.86
for the SIDIS and SIA datasets, respectively.
We now turn to the details of the vacuum FFs extraction.

Section IVA focuses on comparisons between theoretical
predictions and experimental data for SIDIS and SIA
observables, while Sec. IV B presents the extracted vacuum
FFs and investigates their dependence on different theo-
retical configurations.

A. Comparison with experimental data

Figure 1 compares the HERMES measurements [42]
with theoretical predictions for π� production in SIDIS off
p and D targets under several theoretical setups considered
in this work. To facilitate a direct comparison among the
different theoretical predictions and the experimental data,
both the experimental data and the theoretical predictions
are divided by the default prediction in each kinematic bin.
The experimental uncertainties are small, remaining at the

FIG. 1. Comparison of HERMES measurements [42] and theoretical predictions for πþ and π− production in SIDIS off p and D
targets, shown in bins of z as functions of Q2. All results are presented as ratios to the default prediction, defined as the setup with
Q0 ¼ 1.3 GeV, NLO, and the exclusion of theoretical uncertainties. The black points with error bars represent the experimental data
divided by the default prediction. The solid blue line corresponds to the default prediction and is therefore equal to unity by construction.
The dotted green line shows the NNLO prediction, the dash-dotted pink line shows the result obtained when theoretical uncertainties are
included in the fit, and the dashed orange line corresponds to the initial scale choice Q0 ¼ 1.0 GeV.
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level of 2% − 4% for z < 0.6 and increasing moderately to
below 5% in the range 0.6 < z < 0.8. This high precision
provides stringent constraints on the extracted vacuum FFs.
The default theoretical prediction describes the p data well
across the full kinematic range. A mild deviation is
observed in the πþ channel for 0.3 < z < 0.4, where the
data lie approximately 5% above the central prediction.
Although this deviation exceeds the experimental uncer-
tainties, its impact on the fit quality remains limited because
only a small number of data points are affected. For the D
target, the data show some mild fluctuations relative to the
default prediction. Since these deviations remain compat-
ible with the experimental uncertainties, the default pre-
diction still provides a consistent description of the data.
The combined fit quality for p and D datasets demonstrates
the stability of the extraction and supports the reliability of
the resulting vacuum FFs. The impact of the theoretical
setup is then assessed by comparing the different predic-
tions. In the low and intermediate z region (z < 0.6), the

default setup, the fit including theoretical uncertainties, and
the initial scale choice Q0 ¼ 1.0 GeV give nearly identical
predictions. This indicates that the extracted vacuum FFs
are stable with respect to these variations. A different
pattern becomes visible at larger z (0.6 < z < 0.8), where
the Q0 ¼ 1.0 GeV setup lies slightly below the default at
low Q2 and slightly above it at higher Q2, while the setup
including theoretical uncertainties shows a mild upward
shift over the full Q2 range. The NNLO calculation shows
qualitatively different behavior across all z regions. In the
region 0.3 < z < 0.4, the NNLO prediction evolves from a
suppression at low Q2 (approximately 5% below the
default) to an enhancement at high Q2.
For π0 production, as shown in Fig. 2, the agreement

between theory and data remains good, with a mild
overestimation observed in the high-z region (z > 0.7).
This feature persists across all theoretical configurations
considered, indicating that it is not driven by perturbative
order or initial scale choices. Such deviations may reflect
limitations of the current theoretical framework in describ-
ing π0 production at high z, potentially requiring mod-
ifications of FFs near z → 1. Nevertheless, given the
relatively large uncertainties and the limited statistical
precision of the π0 data, this deviation does not signifi-
cantly impact the total fit and remains consistent with the
overall description of the data.
Figure 3 presents the comparison between theory and

data for charm tagged and bottom tagged π� production in
SIA at the Z pole, based on measurements from the SLD
Collaboration. These data provide clean probes of heavy
quark fragmentation due to their high flavor purity and
well-controlled kinematics. For clarity of presentation, the
error bars of the last three data points in charm tagged and
the last two data points in bottom tagged are not displayed
in the figure, as the experiment uncertainties become
large after normalization. The default theoretical prediction
describes the data well across most of the z range. Although

FIG. 2. Similar to Fig. 1, but for π0 production in HERMES
experiments [43], shown as a function of z.

FIG. 3. Similar to Fig. 1, but for π� production in SIA at SLD [44], shown as a function of z.
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mild deviations are observed at large z (z≳ 0.5), where the
last data points slightly exceed the experimental uncer-
tainty, this behavior remains compatible with the data
within the corresponding large experimental uncertainties.
The predictions obtained using the NNLO setup and those
obtained withQ0 ¼ 1.0 GeV are close to the default results
over the full z range, except for the charm-tagged data,
where the NNLO predictions are found to lie below the
default results.

B. Extracted vacuum fragmentation functions

The extracted default vacuum FFs for gluon and
quarks are shown in Fig. 4 at scales Q ¼ 5 GeV and
Q ¼ 100 GeV. To assess the impact of different theoretical
assumptions, we compare results obtained under several
configurations, including NNLO corrections, a lower initial
scale (Q0 ¼ 1.0 GeV), and the inclusion of theoretical
uncertainties. In addition, a comparison with the NPC23
FFs [80], which are constrained by high-energy data, is
included as a reference to assess the consistency of our
results. It should be noted that the experimental data
included in our analysis are primarily restricted to the
region z > 0.3.
For the light quarks u and d, all configurations show

good agreement for z > 0.2. Differences appear mainly at
low z, where the NNLO result is slightly suppressed, while
the Q0 ¼ 1.0 GeV configuration shows a mild enhance-
ment. The inclusion of theoretical uncertainties has a
negligible impact on the central values. Compared to our
extraction, the NPC23 distributions are generally lower in
the low z region. The heavy quark c and b FFs exhibit a
high degree of consistency across all configurations and
with NPC23. This robustness reflects the strong constraints

provided by the SLD heavy-flavor-tagged measurements at
the Z pole, which effectively fix the normalization and
shape of heavy quark fragmentation. For the gluon dis-
tribution, the configurations considered in this work exhibit
very similar overall shapes. The low z region (z < 0.3)
shows a decrease, whereas a pronounced local maximum is
observed around z ≈ 0.5. Despite this similarity in shape,
noticeable differences in magnitude arise across different
configurations. The Q0 ¼ 1.0 GeV setup leads to a sig-
nificant enhancement in the low z region, while the NNLO
calculation produces a systematically suppressed distribu-
tion over the full z range. The NPC23 result exhibits a
decrease over the full z range and is significantly larger than
our result at low z, while becoming smaller around z ¼ 0.3.

V. ANALYSIS OF NUCLEAR
FRAGMENTATION FUNCTIONS

Based on the investigation of theoretical setups, we
proceed to the extraction of nFFs. Compared to the vacuum
FFs, the determination of nFFs is primarily based on SIDIS
data from the HERMES and CLAS experiments. The
datasets include a variety of nuclear targets, such as He,
Ne, Kr, Xe, C, and Pb, spanning a broad range of atomic
mass numbers, while the measurements are presented in
various kinematic bins, including z, ðz; νÞ, ðz;Q2Þ, and
ðz; ν; Q2Þ, providing multidimensional constraints on the
hadronization process.
We adopt the default theoretical setup established in the

previous section at NLO perturbative accuracy, without
theoretical uncertainties. The initial scale is set to
Q0 ¼ 1.3 GeV. Within this framework, vacuum FFs and
nuclear modifications are fitted simultaneously, with the ν
dependence incorporated as described in Sec. III. To study

FIG. 4. Comparison of the extracted vacuum FFs for πþ with the NPC23 [80] for different parton flavors at Q ¼ 5 GeV and
Q ¼ 100 GeV.
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the impact of the ν dependence, we consider three repre-
sentative choices of δ ¼ 0, 0.5, 1 in Eq. (11). The
sensitivity of the extracted nFFs to the assumed ν depend-
ence is quantified by comparing the fit quality and the
resulting variations across these scenarios.
To further assess the uncertainties arising from initial-

state nuclear effects, we supplement the default nPDF set
nCTEQ15WZ [39] with two recent global nPDF analyses:
nNNPDF3.0 [40] and EPPS21 [41]. By repeating the nFFs
extraction procedure with these three nPDF sets, we
examine the stability of the extracted nFFs with respect
to the choice of nPDFs.

A. Comparison with nuclear data

Table IV summarizes the quality of the fits, quantified by
χ2=Npt, for different choices of nPDF sets and ν depend-
ence. Since the dependence on the nPDF input is found to
be weak, we first discuss this point to justify the use of the
nCTEQ15WZ results in the following figures. The χ2=Npt

values for each individual dataset show a similar level of
agreement across nCTEQ15WZ, nNNPDF, and EPPS21,
indicating that the extraction of nFFs is not strongly
affected by the specific implementation of initial state
nuclear effects. To further illustrate this feature, a dedicated
benchmark study is presented in the Appendix, where the
default nFFs extracted using the nCTEQ15WZ set are kept

fixed while the SIDIS cross sections are recalculated with
nNNPDF3.0 and EPPS21. This weak dependence may be
attributed to the use of hadron multiplicities, defined in
Eq. (1) as the ratio of the semi-inclusive hadron-production
cross section to the inclusive DIS cross section. Initial-state
nuclear effects from nPDFs enter both the numerator and
denominator of this ratio and tend to cancel. For clarity in
the following comparison, only the results obtained with
the nCTEQ15WZ are shown in the figures. Having
established that the nPDF-set dependence is small, we
now focus on the sensitivity to the assumed ν dependence.
The results show that the δ ¼ 1 scheme generally leads to a
significantly worse description of the data across all nPDF
sets, as indicated by the larger χ2=Npt values. In contrast,
the δ ¼ 0 and δ ¼ 0.5 schemes both improve the descrip-
tion relative to δ ¼ 1 and give comparable fit qualities. The
total χ2 values alone therefore do not establish a clear
preference between these two scenarios. A more differ-
ential comparison is provided by the HERMES [36]
measurements, where the ν dependence of Rh

A can be
examined in fixed z regions, as discussed below.
Figure 5 presents the HERMES [36] measurements of

the nuclear modification ratio Rh
A as a function of ν for πþ

and π− production on Ne, Kr, and Xe targets. The results
are shown in two representative z regions, and the three
ν-dependent parametrizations are displayed separately.
This representation provides a direct test of the assumed

TABLE IV. Per-dataset and total χ2=Npt values for all datasets using different nuclear PDF parametrizations (nCTEQ15WZ, nNNPDF,
EPPS21) with various δ ¼ 0, δ ¼ 0.5, δ ¼ 1 schemes.

Exp Target (A) Particle Binning Npt

nCTEQ (χ2=Npt) nNNPDF (χ2=Npt) EPPS21 (χ2=Npt)

δ ¼ 0 δ ¼ 0.5 δ ¼ 1 δ ¼ 0 δ ¼ 0.5 δ ¼ 1 δ ¼ 0 δ ¼ 0.5 δ ¼ 1

HERMES [43] p π0 z 10 2.30 2.57 2.53 2.22 2.55 2.50 2.23 2.56 2.52
HERMES [35] He π� z, ν 16 0.23 0.25 0.25 0.21 0.24 0.24 0.23 0.26 0.26

He π� z; Q2 20 0.20 0.25 0.25 0.20 0.25 0.25 0.21 0.25 0.25
He, Ne, Kr, Xe πþ z 24 0.31 0.61 1.44 0.42 0.60 1.35 0.33 0.59 1.44
He, Ne, Kr, Xe π− z 24 0.17 0.44 0.99 0.50 0.75 1.40 0.18 0.44 1.05
He, Ne, Kr, Xe π0 z 24 0.28 0.54 1.14 0.28 0.47 1.10 0.28 0.51 1.16

HERMES [36] Ne, Kr, Xe πþ z; Q2 60 0.49 2.37 2.44 0.65 1.83 1.76 0.44 1.96 2.01
Ne, Kr, Xe π− z; Q2 60 0.70 2.29 2.41 0.76 2.22 2.38 0.63 2.03 2.11
Ne, Kr, Xe πþ z, ν 51 2.47 1.11 2.41 1.88 1.02 2.84 2.13 1.03 2.60
Ne, Kr, Xe π− z, ν 51 2.27 0.96 1.40 2.52 1.09 1.60 2.06 0.86 1.47

HERMES [42] p πþ z; Q2 25 1.17 1.20 1.32 1.08 1.03 1.11 1.13 1.09 1.19
p π− z; Q2 25 0.83 0.77 0.90 0.81 0.96 1.14 0.84 0.88 1.04
D πþ z; Q2 25 1.25 1.21 1.28 1.36 1.16 1.16 1.33 1.20 1.24
D π− z; Q2 25 1.33 1.16 1.19 1.17 1.19 1.28 1.32 1.19 1.24

CLAS [37] C, Fe, Pb πþ z; Q2; ν 117 0.83 0.85 1.47 0.81 0.84 1.56 0.82 0.83 1.45
C, Fe, Pb π− z; Q2; ν 114 1.99 1.62 1.60 2.04 1.65 1.58 2.02 1.66 1.64

SIDIS total: 671 1.19 1.27 1.60 1.20 1.23 1.61 1.15 1.20 1.56

SLD [44] c-tagged π� z 21 0.68 0.87 0.90 0.72 0.88 0.92 0.67 0.85 0.89
b-tagged π� z 21 0.81 0.89 0.90 0.83 0.90 0.90 0.81 0.89 0.90

SIA total: 42 0.75 0.88 0.90 0.78 0.89 0.91 0.74 0.87 0.90

Total: 713 1.17 1.24 1.56 1.17 1.21 1.57 1.12 1.18 1.52
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ν dependence in the nFFs. A clear increase of Rh
A with ν is

observed, especially for the heavier Kr and Xe and in the
larger z region. This behavior indicates that the nuclear
modification becomes weaker as the energy transferred to
the fragmenting parton increases. The δ ¼ 0 scheme, which
contains no explicit ν dependence in the nuclear modifi-
cation, therefore does not capture the observed rise as well
and tends to give a flatter behavior. In contrast, the δ ¼ 1
scheme generates a stronger increase with ν, but it generally
overestimates the data, in particular for heavier nuclei and
at larger z. The δ ¼ 0.5 scheme provides the most balanced
description. It captures the increasing trend with ν while
keeping the overall magnitude of Rh

A close to the data,
although localized deviations remain. The persistence of
these deviations illustrates the complexity of simultane-
ously describing the detailed A and ν dependences across
different nuclear targets and kinematic regions. This
challenge is also evident in the TMD-based study of
Ref. [38], where nuclear SIDIS is described through
medium-induced parton energy loss and prehadron
absorption.
Figure 6 shows the HERMES [36] measurements as a

function ofQ2 for πþ and π− production on Ne, Kr, and Xe

targets in different z bins. The data show the expected
nuclear mass dependence, with the suppression becoming
stronger from Ne to Kr and Xe. The overall dependence on
Q2 is relatively mild in all three z intervals, while the
suppression becomes more pronounced as z increases. For
πþ production, both the δ ¼ 0 and δ ¼ 0.5 schemes capture
the overall features of the data, considering the relatively
large experimental uncertainties, especially in the large-z
region and at high Q2. The δ ¼ 0.5 predictions are slightly
higher in some bins, particularly for heavier nuclei and at
larger z, while the δ ¼ 1 scheme tends to overestimate the
data. For π− production, similar features are observed. The
data show a weak Q2 dependence, while the suppression
becomes stronger from Ne to Kr and Xe. Compared with
the πþ case, the π− data exhibit more visible variations,
especially in the intermediate and large z intervals. The
δ ¼ 0 and δ ¼ 0.5 schemes both follow the main trends of
the measurements, while the δ ¼ 1 scheme tends to give
higher Rh

A values, especially for the heavier targets.
Figure 7 presents the 2007 HERMES [35] measurements

of the nuclear modification ratio Rh
A for πþ, π−, and π0 on

He, Ne, Kr, and Xe targets. For each nuclear target, the z
distributions of πþ, π−, and π0 are largely similar in shape.

FIG. 5. Comparison of the measured and predicted nuclear modification with respect to z and ν for πþ and π− in HERMES
experiments [36].
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The He data remain close to unity over the measured z
range, showing that nuclear effects are weak for the lightest
target. For Ne, Kr, and Xe, a clear suppression pattern
develops with increasing z, becoming stronger for heavier
nuclei, which provides important experimental input for the
determination of the A dependence in the present analysis.
From the figure, we observe that all three ν schemes
provide a satisfactory description of the data, supporting a
stable and consistent extraction.
Figure 8 shows the nuclear modification ratio Rh

A for πþ
and π− measured by the CLAS Collaboration. A clear
overall trend is observed, with Rh

A decreasing as a function

of z. For πþ production, the Q2 dependence can be seen by
comparing the z distributions across different Q2 bins
within the same ν interval, with higher Q2 values leading
to an upward shift of the Rh

A distributions. This effect
becomes less pronounced for heavier nuclei, suggesting a
reduced sensitivity to Q2 as the mass number A increases.
The ν dependence is inferred by comparing the z distri-
butions across different ν bins within the same Q2 interval.
In the low-z region, the data exhibit only a weak depend-
ence on ν, while at larger z an enhancement with increasing
ν becomes visible. A comparison among different ν
schemes shows that the δ ¼ 0 scheme, which gives the

FIG. 6. Similar to Fig. 5, but shown with respect to z and Q2.
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same nuclear modification at fixed z and Q2 when only ν is
varied, slightly deviates from the data in the lowest ν
interval but performs reasonably well elsewhere. The
predictions of the δ ¼ 0.5 scheme provide a good overall
description of the data, with minor overestimation observed
at higher ν. Meanwhile, the δ ¼ 1 scheme tends to
overestimate the data at intermediate and large ν, consistent
with its larger χ2 value reported in Table IV. For π−

production, however, more pronounced structures emerge
at larger z (z > 0.5). In particular, peaklike features develop
in the 3.2 < ν < 3.7 GeV range, becoming more visible at
3.7 < ν < 4.2 GeV range. These structures are most
prominent in the lower Q2 bins and are accompanied by
increasing experimental uncertainties. Despite these local-
ized features, the predictions of the δ ¼ 0.5 scheme provide
a satisfactory description of the π− data across 2.2 < ν <
3.2 GeV and 3.2 < ν < 3.7 GeV regions. In the higher-ν
range (3.7 < ν < 4.2 GeV), all three ν parametrizations
show a relatively poor description of the data. However,
given the relatively large experimental uncertainties in this
region, the χ2=Npt values of CLAS π− remain within a
reasonable range.

B. Extracted nuclear fragmentation functions

In this subsection, we first present the extracted nFFs
obtained within the δ ¼ 0.5 scheme, which incorporates the
dependence of both A and ν. Figure 9 summarizes the
results at the scalesQ ¼ 5 GeV for u quarks, d quarks, and
gluons on C, Kr, and Pb targets, which allows for a direct
comparison of different flavors at fixed A, as well as nFFs
with increasing A for a given flavor. For the default δ ¼ 0.5
scheme, each panel shows the results at three representative
values of the energy transfer, ν ¼ 2 GeV, ν ¼ 15 GeV, and
ν → ∞. In this scheme, the ν → ∞ limit corresponds to
the vacuum FFs because FAðA; νÞ vanishes for δ > 0. For
comparison, the ν-independent result obtained with the
δ ¼ 0 scheme is also shown.
In the region z > 0.1, the nuclear modifications for all

parton species are reasonably well constrained by the

available experimental data. For u and d quarks, the
curves for ν ¼ 2 GeV, ν ¼ 15 GeV, and ν → ∞ show a
clear separation, with the prediction of vacuum FFs part
lying above the ν ¼ 15 GeV result, which in turn remains
above the ν ¼ 2 GeV curve. This behavior follows
naturally from the ν-dependent structure of the para-
metrization in the δ ¼ 0.5 scheme, where smaller values
of ν lead to stronger suppression for the same A. The
difference becomes more pronounced with increasing
mass number A. The nuclear suppression of the u quark
is found to reach about 20% for a C nucleus at
ν ¼ 2 GeV, and increases to nearly 50% for Pb. A similar
trend is observed for the d quark, where the suppression is
about 20% for C at ν ¼ 2 GeV and rises to nearly 30% for
Pb. This indicates that the sensitivity of nuclear medium
effects to the variable ν is enhanced in heavier nuclei. For
gluons, the curves for ν ¼ 2 GeV, ν ¼ 15 GeV, and
ν → ∞ are very close to each other. This behavior arises
because the gluon nuclear modifications are set to zero at
the initial scale and are generated only through QCD
evolution.
As discussed in Sec. III B, the normalization of nuclear

modification is characterized by the parameter a0 in
Eq. (10) and the function fðAÞ in Eq. (11), where the
data points of fðAÞ are determined independently for each
mass number A within the framework. To investigate this A
dependence, we perform independent fits to the extracted
fðAÞ data points using several parametrizations employed
in studies of nPDFs and nFFs [81,82],

fðAÞ¼ aAb−a; fðAÞ¼ aAb lnA; fðAÞ¼ a lnA; ð13Þ

where a and b are free parameters to be fitted, and all
parametrizations are constructed to satisfy the physical
constraint fðA ¼ 1Þ ¼ 0. The corresponding results for the
δ ¼ 0.5 scheme, normalized by the parameter a to compare
the A-dependent shape, are shown in the left panels of
Fig. 10. For comparison, the results obtained with the δ ¼ 0

FIG. 7. Comparison of the measured and predicted nuclear modification with respect to z for π production in HERMES
experiments [35]. Theoretical predictions are obtained for different ν dependences and curves.
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scheme are displayed in the right panels. The extracted
fðAÞ data points are obtained from separate nFF fits
performed with the three different nPDF inputs, and are
shown with error bars in different colors for comparison.
Consistent with our previous findings, the results show

that the normalized fðAÞ exhibits a similar behavior across
different nPDFs, indicating that the determination of
nuclear modifications is insensitive to the choice of
nPDFs. A comparison between the δ ¼ 0.5 and the
δ ¼ 0 schemes reveals that the latter exhibits noticeably

larger uncertainties in the extracted fðAÞ values, as
reflected by the wider error bars. This leads to a reduced
χ2 in the corresponding fits. Such behavior can be under-
stood from the fact that the δ ¼ 0 scheme does not include
any explicit ν dependence, thereby shifting more of the
variation into the A dependence and resulting in a stronger,
but less constrained, A-dependent behavior. For the
parametrization fA ¼ aAb − a, shown in Fig. 10, the fit
provides a good description of the extracted fðAÞ values.
The exponent b is found to lie in the range 0.35–0.45, with

FIG. 8. Comparison of the measured and predicted nuclear modification with respect to z and ν for πþ and π− in CLAS experiments
[37]. Theoretical predictions are shown for different assumptions on the ν dependence. The C, Fe, and Pb targets are shown in blue,
green, and red, respectively. The δ ¼ 0.5, δ ¼ 0, and δ ¼ 1 schemes are represented by solid, dashed, and dotted lines, respectively.
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little dependence on the choice of nPDF set or ν scheme.
This range is consistent with the expected scaling
behavior between A1=3 and A2=3, as predicted by the
multiparton scattering mechanism [82]. The alternative
parameterizations, aAb lnA and a lnA, shown in Fig. 10,
also provide a satisfactory description of the extracted fðAÞ
values. These forms introduce additional flexibility
through logarithmic dependence while preserving the
constraint fð1Þ ¼ 0.

VI. PREDICTIONS FOR PA COLLISIONS

In this section, we provide predictions for hadron
production in pp and pA collisions. Recent measurements
by the ALICE Collaboration [83] at the LHC provide
high-precision γiso-tagged fragmentation functions in pp
and pPb collisions at a center-of-mass energy offfiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. The measurement considers isolated
photons in the range jηj < 0.67 and 12 < pγ

T < 40 GeV,

FIG. 9. Extracted nFFs for πþ obtained with the nCTEQ15WZ nPDFs for u quarks, d quarks, and gluons on C, Kr, and Pb targets at
Q ¼ 5 GeV, and ratios normalized to the case with δ ¼ 0.5 and ν ¼ ∞. The results are shown for the default δ ¼ 0.5 scheme at
ν ¼ 2 GeV, ν ¼ 15 GeV, and ν → ∞, together with the ν-independent result from the δ ¼ 0 scheme. The Hessian uncertainty bands are
also included.
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and reports the associated yield of charged hadrons within
jηj < 0.80 and 0.5 < ph

T < 10 GeV. The γiso-tagged frag-
mentation functions are measured in different forms with
respect to zT ¼ ph

T=p
γ
T. This definition relates the trans-

verse momentum of the produced hadron to that of the
isolated photon and, owing to the momentum balance

between the photon and the recoil parton, allows zT to
serve as a good approximation of the hadron energy
fraction z in FFs.
Furthermore, as in SIDIS where ν represents the virtual-

photon energy in the target rest frame, a corresponding
quantity can be introduced for isolated photon-hadron

FIG. 10. A dependence of the function fðAÞ for the δ ¼ 0.5 and δ ¼ 0 schemes. The extracted fðAÞ points are obtained from
separate nFF fits using different nPDF inputs and are compared with several functional forms normalized by the parameter a to show the
A-dependent shape.
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production in pPb collisions. For the partonic subprocess
aþ b → γ þ c, the final-state parton c fragments into the
observed hadron. We define the analog of ν as the energy of
this fragmenting parton in the rest frame of the Pb nucleus,

νPbc ≡ pμ
cuPbμ ¼ pT;c cosh ðyc − YPbÞ; ð14Þ

where pμ
c is the four-momentum of the fragmenting parton,

and uμPb is the four-velocity of the Pb nucleus. In the last
equality, pT;c and yc denote the transverse momentum and
rapidity of the fragmenting parton, while YPb is the rapidity
of the Pb beam. Unlike fixed-target SIDIS measurements,
where the nucleus is at rest and ν is typically below 50 GeV,
the corresponding fragmenting parton energy in pPb
collisions is strongly enhanced by the Lorentz boost of
the colliding nucleus and can easily reach several hundred
GeV or even TeV scale. For the ALICE kinematics
considered here, a fragmenting parton with pT;c ≃ pγ

T ¼
12–40 GeV produced near midrapidity corresponds to
νPbc ∼ 20–70 TeV in the Pb rest frame. As a consequence,
γiso-tagged fragmentation functions in pp and pPb colli-
sions provide a useful and independent probe of possible
ν-dependent nuclear modifications in the fragmentation
process.
Figure 11 shows the ALICE measurements of

γiso-tagged fragmentation functions in pp collisions atffiffiffi
s

p ¼ 5.02 TeV, together with our NLO vacuum FFs
prediction. It should be noted that the experimental
measurements are for charged hadrons, whereas our cal-
culation includes only the π� contribution. The contribu-
tions from K� and p=p̄, which are expected to amount to
roughly 20% of the π contribution, are not included.
Therefore, the comparison should be interpreted as a
π-only approximation to the charged-hadron observable.
Despite this limitation, the prediction gives a reasonable

description of the measured γiso-tagged fragmentation
functions and provides a useful baseline for the study of
nuclear effects in pPb collisions.
Using the same π-only setup, Fig. 12 presents pPb-to-pp

nuclear modification ratio for the γiso-tagged fragmentation
functions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. The three panels corre-
spond to the predictions obtained with the nFFs extracted
using the nCTEQ15WZ, EPPS21, and nNNPDF nPDF
sets, respectively. In each case, the δ ¼ 0, 0.5, and 1
schemes are also shown to illustrate the sensitivity to the
assumed ν dependence. For pPb collisions, the theoretical
predictions show a distinct pattern, where the δ ¼ 0.5 and
δ ¼ 1 schemes are very similar over the full zT range and
remain close to unity, while the δ ¼ 0 scheme tends to give
smaller nuclear modification ratios. This difference orig-
inates from the fact that the δ ¼ 0 scheme does not include
ν dependence in the fit, leading to a situation where the

FIG. 11. Comparison of the π� NLO prediction obtained with
the default vacuum FFs and ALICE measurements for γiso-tagged
fragmentation functions of a charged hadron in pp collisions
at

ffiffiffi
s

p ¼ 5.02 TeV.

FIG. 12. pPb-to-pp nuclear modification ratio for γiso-tagged
fragmentation functions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, compared with the
ALICE measurements. The three panels show predictions ob-
tained with nFFs extracted using the nCTEQ15WZ, EPPS21, and
nNNPDF nPDF inputs, respectively.
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nuclear suppression is carried over to pA collisions,
without allowing it to vary with the relevant energy scale
ν. As discussed above, this fragmenting parton energy scale
in pPb is much larger than the virtual-photon energy ν in
the target rest frame. In contrast, the δ ¼ 0.5 and δ ¼ 1
schemes incorporate the ν-dependent modification, which
allows the nuclear effects to respond to the appropriate ν
scale in pPb collisions. Despite these differences, all three
schemes provide a reasonable description of the exper-
imental data within the relatively large experimental
uncertainties, which do not allow a clear discrimination
among them. The results also show only a weak depend-
ence on the choice of nPDF set for all δ schemes.
Overall, within the π-only setup, the present results are

compatible with the γiso-tagged fragmentation functions
measurement in pp collisions and with the corresponding
pPb-to-pp nuclear modification ratio. More precise mea-
surements from LHC experiments such as ALICE, CMS,
and ATLAS would be valuable for further constraining
nuclear fragmentation effects and improving the discrimi-
nation among different δ schemes.

VII. DISCUSSION AND CONCLUSIONS

Understanding hadronization in the nuclear environment
remains an important challenge in QCD. Collinear QCD
factorization with modified nFFs offers an approach to
describe it. In this framework, nFFs serve as nonperturba-
tive inputs that effectively encode the medium-induced
modifications of the hadronization process inside nuclei. In
this work, we have presented an extraction of nFFs for π,
based on a comprehensive analysis of SIDIS measurements
on nuclear targets. The analysis has been performed at NLO
accuracy in perturbative QCD with uncertainties quantified
using the Hessian method. In the kinematic region
z ∼ ð0.2; 0.8Þ, where precise measurements are available,
the extracted nFFs are well constrained. As for the
quality of the fit, reasonable χ2 values are obtained for
most datasets from various observables. With the inclusion
of ν-dependent nuclear measurements in the fit of π
nFFs, we are able to explore different possible forms of
ν-dependence of the extracted nFFs.
Our work introduces several methodological aspects in

the treatment of the fit, apart from the selections of
kinematics. In previous nFF analyses, the vacuum FFs
were typically fixed to existing vacuum FFs obtained
mainly from global fits to high-energy experimental data,
while only the nuclear modifications were fitted. However,
such an approach may not fully account for the fact that
SIDIS measurements on nuclear targets are predominantly
performed in a relatively low Q region, where the existing
vacuum FFs may not provide a sufficiently accurate
description. Motivated by this consideration, we adopt a
framework in which vacuum FFs and nuclear modifications
are extracted simultaneously, allowing the vacuum FFs to
be constrained by low-energy experimental data relevant

for the determination of nFFs. To establish a reliable fitting
setup for the nFFs extraction, we first performed a series of
independent fits of vacuum FFs using SIDIS data on p and
D targets together with heavy-flavor-tagged SIA measure-
ments. Within these studies, we investigated the stability
of the extracted vacuum FFs under different theoretical
setups, including variations of the perturbative accuracy
between NLO and NNLO, different choices of the initial
scale Q0 ¼ 1.0 and 1.3 GeV, as well as the impact of
including theoretical uncertainties in the fit. Based on these
studies, we selected the default setup that provides the most
stable and reliable baseline for the subsequent extraction of
nuclear modifications. The vacuum FFs and nuclear mod-
ifications were then fitted simultaneously within the
selected theoretical setup. The dependence of the nuclear
effects on ν was first explored through different para-
metrization scenarios. Independent fits were performed for
the δ ¼ 0, δ ¼ 0.5, and δ ¼ 1 schemes introduced in
Eq. (11). Comparisons among these scenarios indicate that
the δ ¼ 1 scheme provides a poorer description of the data,
while the δ ¼ 0 and δ ¼ 0.5 schemes give comparable
global fit qualities. In the HERMES comparison as a
function of ν in fixed z regions, the δ ¼ 0.5 scheme gives
a more balanced description of the observed increasing
trend of Rh

A with ν. At Q ¼ 5 GeV and ν ¼ 2 GeV, the
nuclear modification of δ ¼ 0.5 scheme reaches up to about
20% for C and up to nearly 50% for Pb, with a weaker
effect observed for d quarks compared to u quarks.
Furthermore, the sensitivity of the extracted nFFs to the
choice of initial-state nPDFs has also been examined using
several nPDF sets, where the results show only a weak
dependence on the nPDF input. The nuclear-mass depend-
ence of the extracted modifications has been investigated
through independent fits of the function fðAÞ in Eq. (11)
for different nuclear targets. The results indicate a power-
like behavior with an effective exponent in the range
0.35–0.45, which provides a good description of the data.
This behavior is consistent with expectations from multiple
parton scattering mechanisms. As an application, the
extracted nFFs have been used to provide predictions for
γiso-tagged fragmentation functions in pp and pPb colli-
sions at LHC energies. Within the π-only approximation
used in this work, the comparison with ALICE data shows a
reasonable agreement within relatively large uncertainties.
This suggests that such observables can provide useful
complementary constraints on nuclear modifications in
high-energy pA collisions. More precise measurements
from LHC experiments would be highly valuable for
further constraining nuclear fragmentation effects and
improving the sensitivity to different implementations of
the ν dependence.
This work is a continuation of the previous NPC FFs

analysis with extension to nFFs. Taking into account the
new constraints provided by SIDIS data with ν information,
the present analysis establishes a framework for future
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studies of nFFs and hadronization in nuclear environments.
The extracted FFs are publicly available in LHAPDF
format.
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APPENDIX: IMPACT OF NPDFS

We conducted a benchmark study to quantify the impact
of different nPDF sets on the theoretical predictions. This
step is important in order to disentangle possible uncer-
tainties associated with the initial-state nuclear structure

from those originating from the final-state fragmentation
process. Since both nPDFs and nFFs enter the SIDIS cross
sections simultaneously within the collinear factorization
framework, it is necessary to verify that the extracted
nuclear modifications are not biased by the particular
choice of nPDF parametrization. In this benchmark, the
baseline nuclear fragmentation functions were first
extracted using the nCTEQ15WZ nPDF set. The extracted
nFFs were then kept fixed, while the SIDIS cross sections
were recalculated using alternative nPDF sets, namely
EPPS21 and nNNPDF. In this way, the role of the
initial-state nuclear input can be isolated, allowing a direct
assessment of how the nPDF choice propagates into the
final observable predictions.
For clarity of presentation, representative HERMES and

CLAS datasets are shown in Figs. 13 and 14. As can be
seen from these figures, replacing the nPDF input from
nCTEQ15WZ to EPPS21 or nNNPDF while keeping the
nFFs fixed leads only to very small changes in the resulting
predictions. The overall agreement with the experimental
data remains essentially unchanged for all considered
nPDF sets. Overall, these results further prove that the
extracted nFFs exhibit good stability against variations of
the nPDF input. The residual dependence on the choice of
nPDF set is significantly smaller than the differences
associated with the various δ-scaling scenarios considered
in the main analysis.

FIG. 13. Benchmark comparison of measured and predicted nuclear modifications for pion production in HERMES experiments [35]
using different nPDF inputs while keeping the extracted nFFs fixed.
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