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Fragmentation functions (FFs) are essential nonperturbative QCD inputs for predicting hadron
production cross sections in high energy scatterings. In this study, we present a joint determination of
FFs for light charged hadrons through a global analysis at next-to-leading order (NLO) in QCD. Our
analysis incorporates a wide range of precision measurements from the LHC, as well as data from
electron-positron collisions and semi-inclusive deep inelastic scatterings. By including measurements of
jet fragmentation at the LHC in our global analysis, we are able to impose strong constraints on the
gluon FFs. A careful selection of hadron kinematics is applied to ensure the validity of factorization and
perturbative calculations of QCD. In addition, we introduce several methodological advances in fitting,
resulting in a flexible parametrization form and the inclusion of theoretical uncertainties from
perturbative calculations. Our best-fit predictions show very good agreement with the global data,
with χ2=Npt ∼ 0.90. We also generate a large number of Hessian error sets to estimate uncertainties and
correlations of the extracted FFs. FFs to charged pions (kaons and protons) are well constrained for
momentum fractions down to 0.01 (0.1). Total momentum of partons carried by light charged hadrons
are determined precisely. Their values for u, d quarks and gluon saturate at about 50% for a lower cut
of the momentum fraction of 0.01. Comparing our determinations to results from other groups, we find
significant discrepancies, particularly for the proton fragmentation functions, as well as for gluon and
unfavored quarks to pions and kaons. Pulls from individual datasets and impact of various choices of
the analysis are also studied in details. Our analysis raises questions concerning existing and future
experimental measurements, including the need for clarifications on the definitions of various hadron
final states and the necessity of further measurements on fragmentation from heavy quarks.
Additionally, we present an update of the FMNLO program used for calculating hadron production
cross sections. We demonstrate the broad applications of the FMNLO program combined with our new
FFs, including NLO predictions on jet charges in proton collisions and reference cross sections for
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heavy-ion collisions, which show good agreement with LHC data. Our FFs, including the error sets
(denoted as NPC23), are publicly available in the form of LHAPDF6 grids.

DOI: 10.1103/PhysRevD.110.114019

I. INTRODUCTION

Hadronization of quarks and gluons into hadrons is
essential to understanding color confinement of the quan-
tum chromodynamics (QCD). As nonperturbative quan-
tities, various fragmentation functions (FFs) are proposed
to describe the phenomenon of hadronization, namely, the
probability density that an outgoing parton transforms into
a colorless hadron in the simplest picture [1]. The proper-
ties of FFs are also reflected in the associated sum rules,
which are derived from the conservation laws in QCD [2].
For instance, the conservation of momentum in the col-
linear direction, combined with the probability interpreta-
tion of FFs, leads to the momentum sum rule. Such a sum
rule can help to constrain FFs for phenomenological studies
that encompass all relevant hadron flavors and cover a wide
range of momentum fraction. Recent investigations have
sparked new interest in assessing the validity of these
properties for both single-hadron [3] and dihadron FFs [4],
based on their operator definitions.
Apart from being crucial for comprehending color

confinement in QCD, FFs have a wide application on
many aspects of QCD. On one hand, we can use FFs to
probe the transport properties of partons inside quark-gluon
plasma created in heavy-ion collision [5]. On the other
hand, they play a critical role in accurately interpreting
experimental data and for the study of nucleon structure, by
disentangling different quark flavors from the initial state.
Their importance becomes especially significant in the era
of electron-ion colliders [6,7], because of the unprec-
edented demand for the precise determination of various
parton distribution functions (PDFs). FFs are also key
inputs to precision programs at future electron-positron
colliders such as CEPC [8,9]. Due to their nonperturbative
and time dependent nature, as well as the intricacy of
defining all out-states [3], direct calculation of FFs in lattice
QCD using the traditional Monte Carlo method has never
been realized. Recently, new ideas of using quantum
computing has been proposed [10,11]. Considering the
limitations of quantum hardware, global analysis remains
the most robust methodology for precise determination of
FFs. Therefore, it is of paramount importance to precisely
determine FFs through global analyses of worldwide data.
Thanks to the QCD factorization theorem, in the pres-

ence of hard scales, cross sections can be approximated as a
convolution of perturbatively calculable short-distance
scattering involving partons with universal long-distance
functions [12], including PDFs and FFs. Therefore, differ-
ent processes involving FFs can be related, such as single
inclusive hadron production in eþe− annihilation (SIA),

semi-inclusive deep-inelastic scattering (SIDIS), and pro-
ton-proton collisions. Tremendous efforts have been
devoted to perturbatively calculable parts of these cross
sections. The hard coefficient functions for SIA have been
calculated at next-to-next-to-leading order (NNLO) in
QCD in Refs. [13–18].
For SIDIS, the next-to-leading order (NLO) corrections

to the coefficients are given in Refs. [19–24]. The NNLO
corrections have been calculated recently in Refs. [25,26].
Approximate NNLO and N3LO corrections have also been
obtained from expansion of the threshold resummation
expressions [27,28]. The coefficient functions for single-
inclusive hadron production at hadron-hadron collisions are
known at NLO [29–31]. In addition to single-inclusive
hadron production, jet fragmentation at hadron colliders
provides a direct means to probe the FFs as functions of
momentum fraction. Numerical study of jet fragmentation
at NLO has been carried out in Ref. [32] and recently in
Refs. [33–35] due to development on QCD subtraction
method.
Analytic results for inclusive jet fragmentation have been

calculated in both perturbative QCD with narrow jet
approximation [36], and in soft-collinear effective theory
(SCET) [37]. There also exists experimental measurements
of hadron production in association with an isolated photon
or Z boson. The factorization formula for Z þ h production
within SCET has been derived in Ref. [38]. Despite the
nonperturbative nature of FFs, their scale dependence
follows the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) evolution equation with timelike splitting ker-
nels, which can be perturbatively calculated. These timelike
splitting kernels have been calculated atOðα3sÞ in the strong
coupling constant in Refs. [39–44].
Equipped with perturbative QCD calculations and vari-

ous experimental measurements, a comprehensive fit
involving various data samples to extract FFs is feasible.
The representative efforts can be found in the works of DSS
[45–48], HKNS [49], AKK [50], NNFF [51], MAPFF [52],
and JAM [53].
They are carried out at NLO in QCD with different data

samples and different theoretical prescriptions. The HKNS
analysis only includes SIA data, while AKK and NNFF
analyses incorporate both SIA and proton-proton collision
data. The MAPFF study uses SIA and SIDIS data. The DSS
study uses data from SIA, SIDIS, and proton-proton
collisions. For the JAM Collaboration, they performed a
simultaneous fit of PDFs and FFs by including DIS, SIDIS,
SIA, and Drell-Yan data. It is interesting to note that the
AKK group has extended their studies to include hadrons of
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K0
S, ΛðΛ̄Þ, in addition to pion, kaon and (anti)proton. There

also exists determinations of FFs at NNLO with SIA data
only [54,55], and at approximateNNLOwith SIA and SIDIS
data [56,57]. Nevertheless, one of the least explored direc-
tions is the simultaneous fit by including different identified
final states from different scattering processes [58,59].
In this paper, we present a global analysis at the next-to-

leading order on FFs of light charged hadrons, specifically
π�, K� and p=p̄. Note that a summary of the analysis
together with an application on test of momentum sum rule
have been reported in our earlier publication [60]. To the
best of our knowledge, our work represents the first joint
determination of FFs of identified charged hadrons by
simultaneously including relevant datasets from SIA,
SIDIS, and pp collisions. There are several innovations
of our analysis. First, a stringent selection criterion has been
implemented on the kinematics of the fragmentation
processes to ensure the validity of leading twist collinear
factorization and the associated perturbative calculations of
QCD. Second, residual theory uncertainties have been
incorporated into the analysis. Third, a fast interpolation
technique for the calculations of the cross sections has been
utilized to significantly increase the efficiency of the global
fit, instead of the traditional method using Mellin trans-
forms. Additionally, for the dataset selections, the produc-
tion cross section ratios of various charged hadrons as well
as measurements on charged hadron production in jets from
the pp collisions at the LHC have been included. The latter
datasets provide strong constraints on the gluon FFs. It is
for the first time that the jet measurements have been
included in a global analysis for light charged hadrons.
The remainder of the paper is structured as follows: Sec. II

provides an overview of our global analysis, while Sec. III
describes the theoretical framework. The results of the
extracted FFs are presented in Sec. IV, and the fit quality
and alternative fits are discussed in Secs. V and VI,
respectively. Finally, we summarize our main results in
Sec. VII. Our study has resulted in a new collection of
FFs, which are publicly available on LHAPDF6. This work
marks the inaugural effort of a newly established “Non-
Perturbative Physics Collaboration (NPC)” for global analy-
ses of FFs and PDFs. The FF sets are labeled as “NPC23”.

II. OVERVIEW OF THE NPC23 ANALYSIS
OF FFS

A. Executive summary

In this section, we provide a summary of the primary
results and characteristics of our global analysis on the
fragmentation functions to light charged hadrons (NPC23).
We begin by presenting the best-fit FFs and their associated
uncertainties at 68% confidence level, followed by a
concise overview of several advancements in our analysis,
including the selection of experimental data, theoretical
uncertainties, and fitting methodologies.

1. Delivered FFs

The extracted fragmentation functions for various par-
tons to pion (π�), kaon (K�), and proton and antiproton
(p=p̄) are shown at an initial scale of Q ¼ 5 GeV in Fig. 1.
For simplicity, the results for positively and negatively
charged particles are summed over. In each row, the
subfigures in the left column show FFs of the constituent
quarks to the charged hadrons, namely, u and d quarks to
pion and proton and u and s quarks to kaon. The rest of the
subfigures correspond to FFs of unfavored quarks and
gluon, as well as c and b quarks to the hadrons, respec-
tively. Both the absolute values of momentum fraction
times the FFs and their ratios normalized to the best-fit
results are shown in the top and bottom panel of each
subfigure, respectively. In general, the FFs to charged
hadrons are well constrained for momentum fractions
z ∼ 0.1–0.7. The FFs to charged pions have been precisely
determined due to the large statistics from various mea-
surements as well as the dominance in production rates
over other charged hadrons. Our results show an uncer-
tainty of 3%, 4%, and 8% for FFs from gluon to pion at
z ¼ 0.05, 0.1, and 0.3, respectively. This high precision is
primarily attributed to the data of jet fragmentation from the
LHC, as is explained later. Meanwhile, our determination
shows an uncertainty of 4%, 4%, and 7% for FFs from u
quark to pion, kaon, and proton at z ¼ 0.3, respectively.
We allow for breaking of isospin symmetry in FFs to

pions. The data indicate a slight preference for larger FFs
from the d quark compared to the u quark, although the
differences remainwithin uncertainties. The uncertainties for
the latter are smaller due to the higher production rate of theu
quark in SIDIS and pp collisions. We observe a significant
flavor asymmetry for the FFs to kaons from the s and u
quarks, with the former being generally larger by a factor of
2–4. This is expected given the larger mass of the strange
quark, indicating that it is much harder for a u quark to pick
up an s̄ quark from the vacuum. For the FFs to protons as
shown in the lower-left corner of Fig. 1, we simply assume
that the FFs from the u quark are twice those from the d
quark, considering the valence quarks in the proton. The
current data are unable to distinguish between them. The FFs
to kaons and (anti)protons from gluons are less well con-
strained due to their smallness in comparison to the FFs to
pions fromgluons. The FFs of gluons to (anti)protons exhibit
a narrow peak around z ∼ 0.2, albeit with large uncertainties.
Notably, we find that the FFs from the strange quark to pions
can be even larger than those from the d quark. That is due to
the pull from SIAmeasurements on the charged hadron cross
sections. It is possible that the SIA measurements also
include contributions from production of short-lived strange
hadrons, especially K0

S and Λ. Further discussion on this is
provided in later sections.
The FFs from heavy quarks (c and b) are well constrained

for z between 0.1–0.5, thanks to the measurements from
heavy-flavor tagged hadronic events in eþe− collisions at the
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Z pole. These measurements significantly reduce the degen-
eracy of fragmentation from different quark flavors when
fitting to the inclusive SIA data. However, the uncertainties
on FFs from heavy quarks increase significantly for z below
0.1 due to our kinematic selection for the SIA data at the Z
pole. Additionally, FFs from heavy quarks are softer than
those from light quarks due to cascade decays of the heavy-
flavor mesons, especially for the bottom quark.

2. Selection of experiments

A wide range of measurements exist for the single
inclusive production of charged hadrons from SIA,
SIDIS, and pp collisions at various center-of-mass ener-
gies. These measurements can be categorized into several
groups based on the identified light charged hadrons,
including π�, K�, p=p̄, as well as unidentified charged
hadrons or charged tracks. For the latter two categories, we
simply assume that they correspond to a sum of the light
charged hadrons due to their dominance in production,
while acknowledging that their exact definitions may vary
between experiments. It is important to note that even
for the identified charged hadrons, there are ambiguities

regarding the inclusion or exclusion of certain secondary
contributions from short-lived hadrons, which differ, for
instance, between experiments at LEP [61–65] and ALICE
[66–68]. Uncertainties due to these possible mismatches
between different measurements should be clarified in
future experiments.
We briefly outline a few key differences in our choice of

datasets and points compared to previous determinations.
Our primary goal is to ensure the validity of leading-twist
factorization and the convergence of perturbative calcula-
tions. To achieve this, we have implemented stringent
selection criteria on hadron kinematics, requiring both
the hadron momentum fraction z > 0.01 and the hadron
energies or transverse momenta EhðpT;hÞ > 4 GeV. The
hadron energies are measured in the center-of-mass frame
and the Breit frame for SIA and SIDIS, respectively. For pp
collisions, the transverse momenta of the hadrons are used
instead of the energies. This approach allows us to safely
neglect hadron mass corrections in our analysis.
For SIA measurements on single hadron production, we

only incorporate those based on inclusive event samples
except for the ones from heavy-flavor tagged events.
Notably, we have not included the OPAL measurement

FIG. 1. Fragmentation functions from this study illustrating the diverse parton fragmentation outcomes, including π�,K�, and p=p̄, at
an energy of 5 GeV. The colored band represents the uncertainties estimated with the Hessian method at 68% CL, with corresponding
relative uncertainties displayed in the lower panel of each subplot.
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on fragmentation of individual light quarks [69] since those
extractions are based on a leading-order analysis. Our
kinematic cuts exclude most of the SIDIS measurements
except for those from H1 and ZEUS at high Q2 values.
However, we choose to retain a subset of the COMPASS
data, which have the highest inelasticity and the largest
Bjorken-x, even though they could have been excluded by
our kinematic selection. For pp collisions, we are able to
include, for the first time, a variety of jet fragmentation
measurements from the LHC. Additionally, we have also
incorporated traditional measurements on differential cross
sections of single inclusive hadron production as functions
of hadron transverse momenta. However, we have only
incorporated measured ratios of different hadron species
instead of the absolute cross sections, in order to avoid
additional complications and uncertainties arising from the
inputs of various normalizations.

3. Advances in fitting methodology

Our analysis represents a joint determination of all three
light charged hadrons, rather than separate fits for indi-
vidual hadron species. Thus both correlations between
measurements on different hadron species and correlations
between their theory predictions can be properly taken into
account. To estimate uncertainties and correlations of
different FFs, a large number of Hessian FFs have been
published. In the determination of the Hessian uncertain-
ties, we have applied a dynamic tolerance criterion, which
involves examining potential tensions among different data
or possible underestimation of experimental uncertainties.
Accesses to our FFs are available via LHAPDF6 grids, as
explained in Appendix E.
NLO QCD predictions of all processes included in our

analysis are calculated with the FMNLO program [33],
which enables fast convolution with FFs using stored grids
on hard coefficient functions. This ensures efficient scans
over the high-dimensional parameter space, allowing us to
provide a large number of alternative fits for investigations

into various systematic effects or choices of parameters.
Moreover, the convolution with FFs is performed directly
in z-space rather than in the space of Mellin moments. This
allows for much more flexible parametrization forms of the
FFs at the initial scale and the application of a positivity
constraint. Uncertainties on the theoretical predictions are
also calculated by taking the envelope of an ensemble of
predictions with different QCD scale choices, and included
as part of the full covariance matrix together with exper-
imental uncertainties.

B. Experimental datasets fitted

Our new determination of FFs has been obtained via a
global analysis of single-inclusive hadron production and
jet fragmentation measurements on hadron-hadron col-
liders, SIDIS on lepton-ion colliders, and SIA data on
lepton colliders. All these datasets can be divided into
subsets according to the range of jet pT for jet fragmenta-
tion,Q2 for SIDIS, and collision energy for single-inclusive
hadron production at pp and SIA. In total, this results in
138 subsets. We provide detailed explanations of our
choices of the experimental datasets used in the following.

1. Hadron collisions

For a hadron-hadron collision, we include in our fit π�,
K�, p=p̄, and unidentified hadron production data from
both jet fragmentation and single-inclusive hadron produc-
tion. We make the assumption that the measured cross
sections of unidentified charged hadrons h� or charged
tracks are the sum of charged pions, kaons, and protons, as
explained earlier.
In the context of jet fragmentation, the tagged hadron is

required to be produced either within a reconstructed jet or
inside a cone that is in an opposing azimuthal direction to a
Z boson. The jet fragmentation data used in our fit are
summarized in Table I, including the center-of-mass
energy, luminosity, identified hadrons, final states, anti-
kT jet radius Rj, cuts on jets and/or hadrons, the observable,

TABLE I. Jet fragmentation datasets used in the fit, together with the c.m. energy, luminosity, identified hadrons, final states, anti-kT
jet radius Rj, cuts on jets or/and hadrons, the observable, and the number of data points after data selection.

Expt.
ffiffiffi
s

p ðTeVÞ Luminosity Hadrons Final states Rj Cuts for jets/hadron Observable Npt

ATLAS [70] 5.02 25 pb−1 h� γ þ j 0.4 Δϕj;γ >
7π
8

1
Njet

dNch
dpT;h

6

CMS [71] 5.02 27.4 pb−1 h� γ þ j 0.3 Δϕj;γ >
7π
8
;ΔRh;j < Rj

1
N jet

dNch
dξ

4

ATLAS [72] 5.02 260 pb−1 h� Z þ h No jet Δϕh;Z > 3
4
π 1

nZ
dNch
dpT;h

9

CMS [73] 5.02 320 pb−1 h� Z þ h No jet Δϕh;Z > 7
8
π 1

nZ
dNch
dpT;h

11

LHCb [74] 13 1.64 fb−1 π�; K�; p=p̄ Z þ j 0.5 Δϕj;γ >
7π
8
;ΔRh;j < Rj

1
nZ

dNch
dζ

20

ATLAS [75] 5.02 25 pb−1 h� Inc. jet 0.4 � � � 1
N jet

dNch
dζ

63

ATLAS [76] 7 36 pb−1 h� Inc. jet 0.6 ΔRh;j < Rj 1
N jet

dNch
dζ

103

ATLAS [77] 13 33 fb−1 h� Dijet 0.4 plead
T =psublead

T < 1.5 1
N jet

dNch
dζ

280
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and the number of data points after data selection described
in Sec. II A 2. ATLAS and CMS [70,71] measured the
hadron multiplicity in transverse momentum pT and ξ≡
ln½−p2

T;γ=ðp⃗T;γ · p⃗T;hÞ� of charged hadrons inside recon-
structed jets, produced in association with an isolated
photon, separated by Δϕj;γ > 7π=8. For jet fragmentation
with a tagged Z boson, we include measurements of
charged track multiplicity from the ATLAS and CMS
Collaborations [72,73]. The charged tracks in these events
reside primarily in the leading jet azimuthally opposite to
the Z boson [72]. Though no jet reconstructions are
explicitly performed in these two measurements, the tagged
charged tracks are required to be azimuthally well separated
to the Z boson byΔϕh;γ > 3π=4 (ATLAS) orΔϕh;γ > 7π=8
(CMS). We also include the Z þ j dataset at 13 TeV from
the LHCb [74], measured separately for π�, K� and p=p̄
production. Note that for the LHCb measurements several
selection cuts on kinematics of muons from decays of Z
boson are applied which have been realized in the FMNLO

program. Another category of jet fragmentation included in
our fit is parton fragmentation inside inclusive jets or dijet
events, which have been measured by the ATLAS at 5.02,
7, and 13 TeV [75–77]. The results are presented as charged
track multiplicity in ζ ≡ pT;h=pT;j, with pT;j being the

transverse momentum of the probed jet. For the 13-TeV
dijet measurements, the two leading jets are required to
satisfy the balance condition plead

T =psublead
T < 1.5.

These jet fragmentation datasets cover a wide kinematic
region, as shown in Fig. 2, where only data points with LO
hadron momentum fraction z > 0.01 are displayed. The
reference momentum pT;ref of the initiating parton at LO
in QCD is chosen as the transverse momentum of the
photon=Z boson for γ=Z-tagged hadron production. For
ATLAS inclusive jets or dijet events, pT;ref is the transverse
momentum of the jet. The green dashed lines correspond to
the cut pT;h > 4 GeV at LO in QCD, as mentioned in
Sec. II A 2, to ensure the validity of the leading twist
factorization formalism and convergence of perturbative
calculations.
We also include inclusive hadron production measure-

ments from ALICE [66–68] and STAR [78], which are
summarized in Table II. The table includes the center-
of-mass energy, number of events, kinematic cuts, the
identified hadrons, the observable used in the fit, and the
number of data points after data selection. Here, π, K, p
denote π�; K�; pþ p̄, respectively. As mentioned in
Sec. II A 2, only bins with pT;h > 4 GeV are included in
our fit. We exclusively examine ratios involving production
cross sections of different charged hadrons or of different
collision energies, aiming to sidestep additional complex-
ities and uncertainties arising from inputs of various
normalizations. For example, Ref. [68] includes ATLAS
measurements at both 7 and 13 TeV. We consider the cross
section ratio of different charged hadrons at 13 TeV, and the
cross section ratio of the same charged hadron between 13
and 7 TeV.

2. SIDIS

For SIDIS, we incorporate measurements of scaled
momentum distributions, xp, of unidentified charged
hadrons from H1 and ZEUS at high Q2 [79–81]. Both
the H1 and ZEUS experiments measured the normalized

scaled momentum distributions D≡ 1
N
dnh�
dxp

, where the

scaled momentum xp is defined as 2ph=Q, ph is the
momentum of the identified charged track in the current

FIG. 2. z-pT coverage of the jet fragmentation in γ=Z-tagged
hadron production and ATLAS inclusive jets or dijet events. pT;ref

is the reference momentum of the initiating parton at LO in QCD.
The green dashed line corresponds to the cut pT;h > 4 GeV.

TABLE II. Inclusive hadron production datasets on hadron colliders used in the fit, together with the center-of-mass energy, number of
events, kinematic cuts, the identified hadrons, the observable used in the fit, and the number of data points after data selection. Here, π,
K, p denote π�; K�; pþ p̄, respectively.

Expt.
ffiffiffiffiffiffiffiffi
sNN

p
(TeV) No. Events (million) pT;h Hadrons Observable Npt

ALICE [68] 13 40–60ðppÞ [2, 20] GeV π, K, p, K0
S K=π; p=π; K0

S=π 49
ALICE [68] 7 150ðppÞ [3, 20] GeV π, K, p 13 TeV/7 TeV for π, K, p 37
ALICE [67] 5.02 120ðppÞ [2, 20] GeV π, K, p K=π, p=π 34
ALICE [66] 2.76 40ðppÞ [2, 20] GeV π, K, p K=π, p=π 27
STAR [78] 0.2 14ðppÞ [3, 15] GeV π; K; p; K0

S K=π, p=πþ, p̄=π−, K0
S=π, π

−=πþ, K−=Kþ 60
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region of the Breit frame, nh� is the number of charged
tracks, and N is the number of events. The H1 experiment
also measured the charge asymmetry of the scaled momen-
tum distributions, defined as ðDþ −D−Þ=ðDþ þD−Þ, with
Dþð−Þ being the normalized scaled momentum distributions
of the positively (negatively) charged tracks.
There are also measurements on the differential multi-

plicity of identified charged hadrons from COMPASS at
relatively low Q2 with isoscalar (06I) [82,83] or proton
(16p) [84] targets. The multiplicity for a specific hadron of
type h is defined as

dMhðx; z; Q2Þ
dz

¼ d3σhðx; z; Q2Þ=dxdQ2dz
d2σDISðx;Q2Þ=dxdQ2

; ð1Þ

where x ¼ Q2=ð2P · qÞ is the Bjorken variable, z ¼
ðP · PhÞ=ðP · qÞ, and Q2 ¼ −q2 is the negative square of
the lepton momentum transfer, y ¼ s=ðxQ2Þ, P; ph; qγ are
the 4-momenta of the incoming hadron/ion, the tagged
hadron, and the virtual photon, respectively. We only
include the COMPASS data with the highest inelasticity
and the large Bjorken-x. In the measurement with a proton
target, we include data on the cross section ratio of p=p̄
instead of the absolute cross sections considering the

non-negligible hadron mass corrections. All these SIDIS
datasets are summarized in Table III.
The xpðzÞ-Q coverage of all the SIDIS datasets is

summarized in Fig. 3, where the x axis corresponds to
the scaled momentum variable xp and z for HERA datasets
(ZEUS, H1) and COMPASS datasets, respectively. The
green dashed line corresponds to our kinematic cut
xpQ=2 > 4 GeV, mentioned in Sec. II A 2, which only
applies to ZEUS and H1 data points, but not to the
COMPASS data points.

3. SIA

The SIA datasets included in our fit are summarized in
Table IV, along with the center-of-mass energy, luminosity,
partonic final states, the identified hadrons, and the number
of data points after data selection. For eþe− collisions at the
Z mass pole, we show the number of hadronic Z events
instead of the luminosity. We have included a large
collection of data from TAS, TPC below the Z pole
[85,86], OPAL, ALEPH, DELPHI, and SLD at Z pole
[61–63,87], and OPAL and DELPHI above the Z pole
[64,65]. They measured the production of π�, K� and p=p̄
separately, except for OPAL at a collision energy of
202 GeV. All measurements are presented as hadron
multiplicity in the scaled momentum defined as 2ph=

ffiffiffi
s

p
.

We have applied kinematic cuts on the hadron momentum
fraction z > 0.01 and hadron energies Eh > 4 GeV. Apart
from measurements on the inclusive hadron production,
which receives contributions from all active flavor of
quarks, SLD also measured the hadron production from
events of Z bosons decaying into heavy quarks (c or b
quark). DELPHI conducted similar measurements but for b
quark only. These heavy flavor tagged measurements
provide key inputs to the determination of FFs from heavy
quarks and play important roles in the separation of quark
flavors in FFs, as is explained in later sections.
We have not included SIA measurements with energies

lower than 34 GeV for which the theory predictions may
receive large power corrections, see, e.g., [88]. The z-

ffiffiffi
s

p
coverage of all the SIA datasets is plot in Fig. 4. The green
dashed line corresponds to the kinematic cut Eh > 4 GeV.
A large number of data points from SIA have been

TABLE III. Selected SIDIS datasets used in the fit, together with the center-of-mass energy, luminosity, kinematic cuts, the identified
hadrons, the observable, and the number of data points after data selection.

Expt.
ffiffiffi
s

p ðGeVÞ Luminosity Kinematic cuts Hadrons Obs Npt

H1 [79] 318 44 pb−1 Q2 ∈ ½175; 20000� GeV2 h� D≡ 1
N
dnh�
dxp

16

H1 [80] 318 44 pb−1 Q2 ∈ ½175; 8000� GeV2 h� A≡ Dþ−D−

DþþD− 14

ZEUS [81] 300,318 440 pb−1 Q2 ∈ ½160; 40960� GeV2 h� D 32
COMPASS06 [82,83] 17.3 540 pb−1 x∈ ½0.14; 0.4�; y∈ ½0.3; 0; 5� π; K; h� dMh

dz
124

COMPASS16 [84] 17.3 � � � x∈ ½0.14; 0.4�; y∈ ½0.3; 0; 5� π, K, p dMh

dz
97

FIG. 3. xp-Q (z-Q) coverage of the HERA (COMPASS)
datasets. The green dashed line corresponds to the cut
xpQ=2 > 4 GeV, which only applies to H1 (H1 asymmetry)
and ZEUS datasets.
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excluded in our current analysis. A posterior comparison
shows good agreement between theory predictions and
the data down to z ∼ 0.05, suggesting the possibility of
relaxing our kinematic cuts for SIA measurements in
future analyses.

III. THEORETICAL INPUTS TO NPC23

A. Parametrization form

The parametrization form of fragmentation functions of
parton i to hadron h used at the initial scale Q0 is given by

zDh
i ðz;Q0Þ ¼ zα

h
i ð1 − zÞβhi exp

�Xm
n¼0

ahi;nð
ffiffiffi
z

p Þn
�
; ð2Þ

where fα; β; ang are free parameters in the fit. We choose
Q0 ¼ 5 GeV and use a zero-mass scheme for heavy quarks
with nf ¼ 5. One advantage of the above parametrization
form is that the fragmentation functions are positively

defined; thus, no additional positivity constraints need to be
applied. The total number of free parameters is 63 for πþ,
Kþ, and p combined.
The number of independent parameters for all the parton-

to-hadron FFs is summarized in Tables V–VII. We increase
the degree of polynomials m in Eq. (2) until no significant
improvements of fit are observed, and the final values vary
from 0 to 2 depending on the flavors of parton and hadron.
By charge conjugation, the FFs of negatively charged
hadrons can be related to those of positively charged
hadrons. To reduce the number of free parameters, we
also assume partial flavor symmetries among FFs from
favored (unfavored) light (anti)quarks, indicated by ¼ and
≃ in the tables. Taking the parton-to-πþ FFs (Table V) as
examples, we have assumed approximate (indicated by ≃)

TABLE IV. Selected SIA datasets used in the fit, together with the center-of-mass energy, luminosity, partonic
final states, the identified hadrons, and the number of data points after data selection. For eþe− collisions at the Z
mass pole, we show the number of hadronic Z events instead of the luminosity.

Expt.
ffiffiffi
s

p
Lum.(nZ) Final states Hadrons Npt

OPAL [61] mZ 780 000 Z → qq̄ π�; K� 20
ALEPH [62] mZ 520 000 Z → qq̄ π�; K�; pðp̄Þ 42
DELPHI [63] mZ 1 400 000 Z → qq̄ π�; K�; pðp̄Þ 39

Z → bb̄ π�; K�; pðp̄Þ 39
SLD [87] mZ 400 000 Z → qq̄ π�; K�; pðp̄Þ 66

Z → bb̄ π�; K�; pðp̄Þ 66
Z → cc̄ π�; K�; pðp̄Þ 66

TASSO [85] 34 GeV 77 pb−1 Inc. had. π�; K�; pðp̄Þ 3
TASSO [85] 44 GeV 34 pb−1 Inc. had. π�; π0 5
TPC [86] 29 GeV 70 pb−1 Inc. had. π�; K� 12
OPAL [64] 201.7 GeV 433 pb−1 Inc. had. h� 17
DELPHI [65] 189 GeV 157.7 pb−1 Inc. had. π�; K�; pðp̄Þ 9

FIG. 4. z-
ffiffiffi
s

p
coverage of the SIA datasets. The green dashed

line corresponds to the kinematic cut Eh > 4 GeV.

TABLE V. Nonzero parameters for the parton-to-πþ FFs.
Approximate (indicated by ≃) or exact (indicated by ¼) flavor
symmetries among favored (anti)quarks (u; d̄) or unfavored light
(anti)quarks (ū; d; s; s̄) are assumed. “−” indicates parameters
fixed by the approximate flavor symmetry. “x” corresponds to
vanishing parameters, whose presence does not significantly
improve the fit quality. The β parameter for the gluon-to-πþ
FF is nonzero but is fixed during the fit. All the other parameters
are free and independent of each other. The number of indepen-
dent fit parameters for each parton-to-πþ FF is summarized in the
last column.

Parton-to-πþ Favored α β a0 a1 a2 d.o.f.

u Y 5
d̄ ≃ u Y � � � � � � � � � � � � 1
ū ¼ d N x 4
s ¼ s̄ ≃ ū N � � � x 3
c ¼ c̄ N x 4
b ¼ b̄ N x 4
g N F 4
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flavor symmetries among favored (anti)quarks, i.e., the u; d̄
quarks. They share the same α; β; a1; a2 parameters (indi-
cated by “� � �”) at the initial scale Q0 ¼ 5 GeV, but are
allowed to have different overall factors a0. This proportion
relation will be violated by QCD evolution. We have also
assumed exact flavor symmetries (indicated by ¼) between
two of the unfavored (anti)quarks ū; d, which is protected
under QCD evolution. Dπþ

s ðz;Q0Þ and Dπþ
ū ðz;Q0Þ, how-

ever, only share the same α parameter at the starting scale.
The β parameter for the gluon-to-charged hadron FFs is
fixed to optimal values as determined from the fit in
estimation of uncertainties of FFs, due to their strong
correlation with other parameters. The number of indepen-
dent fit parameters for each parton-to-πþ FF is summarized
in the last column. There are 25 degrees of freedom (d.o.f.)
for the parton-to-πþ FFs in total in our final fit.
For the parton-to-Kþ FFs, we have assumed approximate

flavor symmetry among favored (anti)quarks s̄ and u, and
exact flavor symmetries among unfavored light (anti)quark
and unfavored heavy quark, respectively. Adding more
parameters in the sector of unfavored quarks brings little
improvement on fit quality due to both their small con-
tributions and the less sensitivity of data to flavors of
unfavored quarks. In our final fit, there are a total of 20
independent parameters for parton-to-Kþ FFs.
For the parton-to-proton FFs, we have assumed

exact flavor symmetry among the two valence quarks
Dp

uðz;Q0Þ ¼ 2Dp
dðz;Q0Þ at the starting scale Q0. We have

also assumed exact flavor symmetries among unfavored
light (anti)quark, and unfavored heavy quark, respectively.

Relaxing flavor symmetry between valence quarks brings
in little improvement on fit quality, but makes the fit
unstable. That indicates a poor constraint on the separation
of quark flavors in proton FFs. In our final fit, there are a
total of 18 independent parameters for parton-to-Kþ FFs.

B. Theoretical computations

The fragmentation functions are evolved to higher
scales using two-loop time-like splitting kernels to be
consistent with the NLO analysis. The splitting functions
were calculated in Refs. [89] and are implemented in
HOPPET [90,91]. The numerical results of QCD evolution
are also compared with APFEL [92] and found agreement.
The hard coefficient functions for SIA and hadron colli-
sions are calculated with the FMNLO program as detailed in
Ref. [33]. The FMNLO computation is based on a hybrid
scheme of phase-space slicing method and local subtrac-
tion method, and accurate to NLO in QCD. It has been
interfaced to MG5_aMC@NLO [93,94] and made publicly
available [33]. The hard coefficient functions for SIDIS are
calculated with an updated version of the FMNLO program,
which is explained in Appendix D and also publicly
available. We adopt a zero-mass scheme for heavy quarks
consistently with nf ¼ 5 and αSðMZÞ ¼ 0.118 through all
calculations. For theoretical predictions of hadron produc-
tion at SIA with heavy flavor tagged events, we only
include contributions from Feynman diagrams with the
specified heavy quark coupled directly to the Z boson or
photon, which is well justified at NLO. There are ambi-
guities on matching theoretical predictions to the exper-
imental measurements when going beyond NLO, e.g., on
treatment of contributions from gluon splitting into heavy
quarks. Furthermore, the FMNLO program can generate and
store interpolation tables of the coefficient functions, thus
ensuring fast convolution with arbitrary FFs without
repeating the calculations. This approach facilitates effi-
cient exploration of the parameter space of high dimen-
sionality across numerous iterations.
We use the CT14 NLO parton distribution functions [95]

with αSðMZÞ ¼ 0.118 for calculations involving initial
hadrons. The central values for the renormalization and
fragmentation scales (μR;0 and μD;0) are set to the momen-
tum transfer Q for both SIA and SIDIS. The factorization
scale (μF;0) of initial hadrons for SIDIS is also set to Q. In
the case of hadron collisions, the central values for the
factorization scale and renormalization scales are set to
half the sum of the transverse mass of all final state
particles. The central value for the fragmentation scale is
determined as the maximum of the transverse momentum
of all final state particles for inclusive hadron production
and as the transverse momentum of the jet multiplied
by the jet cone size for hadron fragmentation inside the
jet [36]. The covariance matrix of χ2 calculations incor-
porates theoretical uncertainties, assumed to be fully
correlated among points within each subset of the data.

TABLE VI. Similar to Table V, but for the parton-to-Kþ FFs.
There are 20 d.o.f. in total.

Parton-to-Kþ Favored α β a0 a1 a2 d.o.f.

u Y x 4
s̄ ≃ u Y � � � � � � � � � x 1
ū ¼ d ¼ d̄ ¼ s N x 4
c ¼ c̄ N x 4
b ¼ b̄ N x 4
g N F x 3

TABLE VII. Similar to Table V, but for the parton-to-p FFs,
from which the parton-to-p̄ FFs can be determined by charge
symmetry. We have assumed Dp

uðz; Q0Þ ¼ 2Dp
dðz; Q0Þ at the

starting scale Q0. There are 18 d.o.f. in total.

Parton-to-p Favored α β a0 a1 a2 d.o.f.

u ¼ 2d Y x 4
ū ¼ d̄ ¼ s ¼ s̄ N x x 3
c ¼ c̄ N x 4
b ¼ b̄ N x 4
g N F x 3
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These theoretical uncertainties are estimated by the half
width of the envelope of theoretical predictions based on
nine scale combinations: μF=μF;0 ¼ μR=μR;0 ¼ f1=2; 1; 2g
and μD=μD;0 ¼ f1=2; 1; 2g. It is noteworthy that the impact
of different choices of the nominal scales is minimal, given
the inclusion of theoretical uncertainties.

C. 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 log-likelihood function [96],

χ2ðfag; fλgÞ ¼
XNpt

k¼1

1

s2k

�
Dk − Tk −

XNλ

α¼1

βk;αλα

�2

þ
XNλ

α¼1

λ2α;

ð3Þ

where fag are FF parameters, the nuisance parameters fλg
describe sources of correlated errors, which are assumed to
follow standard normal distributions, sk represents the total
uncorrelated systematic and statistical errors, and βk;α
quantifies the sensitivity of the kth measurement to the
αth correlated error source. In our case, the correlated errors
can be either the normalization uncertainties from the
measurements or the theoretical uncertainties estimated
with scale variations.
Minimizing the log-likelihood function χ2ðfag; fλgÞ

with respect to the nuisance parameters leads to the profiled
χ2 function,

χ2ðfagÞ≡ χ2ðfag; fλ ¼ λ̂gÞ

¼
XNpt

i;j¼1

ðTi −DiÞðcov−1ÞijðTj −DjÞ; ð4Þ

where fλ̂g are the best-fit nuisance parameters, and cov−1 is
the inverse of the covariance matrix,

ðcovÞij ≡ s2i δij þ
XNλ

α¼1

βi;αβj;α;

ðcov−1Þij ¼
δij
s2i

−
XNλ

α;β¼1

βi;α
s2i

A−1
αβ

βj;β
s2j

: ð5Þ

Here, the Aαβ is defined as

Aαβ ¼ δαβ þ
XNpt

k¼1

βk;αβk;β
s2k

: ð6Þ

To avoid the D’Agostini bias [97], which can arise from
including multiplicative systematic errors βi;α ≡ σi;αDi in
the covariance matrix, we adopt the “t” definition of the

covariance matrix [98]. This means that the correlated
systematic errors are calculated as σi;αTi instead of σi;αDi.
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 [99]
program. We apply a tolerance criterion of Δχ2 ∼ 2 to
determine parameter uncertainties, as is explained later.
Additionally, we employ the iterative Hessian approach
[100] to generate error sets of fragmentation functions,
which can be used to propagate parameter uncertainties to
physical observables.

IV. THE NPC23 OUTPUT: FFS AND MOMENTS

A. NPC23 FFs as functions of z and Q

In this section, we provide further details of our FFs
to light charged hadrons. Figure 5 presents the FFs in a
similar way as Fig. 1 but at a scale of Q ¼ 100 GeV. The
differences thus reflect effects from DGLAP evolution
on mixing of FFs of different parton flavors and redis-
tribution of hadron momenta in different kinematic regions.
The FFs grow quickly at small-z region, especially for
pions and protons. Various peaks tend into plateaus due to
smearing effects from QCD evolution. For FFs summed
over positively and negatively charged hadrons, contribu-
tions from favored and unfavored quark flavors are mixed.
We further show FFs to positively charged hadrons only at
Q ¼ 5 GeV in Fig. 6 to separate their contributions. FFs
from gluon and heavy quarks are simply half of those
shown earlier in Fig. 1, since we assume they fragment
equally to positively and negatively charged hadrons.
Relative uncertainties increase for FFs from u and d̄ quarks
to πþ compared to π�, as most experimental data only
constrain the sum of production rates of positively and
negatively charged hadrons. They are only sensitive to FFs
summed over quark and antiquark. It is even more evident
that the strange quark shows a much larger FF to πþ
compared to those from ū and d quarks by looking at the
second plot in the top panel. We have performed alternative
fits by enforcing SU(3) flavor symmetry in FFs of unfa-
vored quarks to πþ rather than what has been done in our
nominal fits. The extracted FFs from strange quark to pions
do decrease, but with a penalty of an increase of the total χ2

by a few tens of units mostly from the SIA data.

B. Moments and sum rules of FFs

FFs represent the number densities of hadrons and
satisfy various fundamental sum rules derived from first
principles, including the momentum sum rule and the
charge sum rule. Testing the momentum sum rule based
on our determination of FFs is particularly desirable due to
the suppression of small-z contributions. However, the
momentum sum rule also involves FFs to neutral hadrons,
which are not available in this analysis. Therefore, we focus
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solely on the momentum sum carried by light charged
hadrons below. Another interesting quantity is the jet
charge, which equals moments of the difference of FFs
to positively and negatively charged hadrons at LO in
QCD. For instance, from the flavor dependence of FFs, we
expect jets initiated by u (d) quarks to have a positive
(negative) jet charge.

1. Momentum sum

The key quantity we calculate is the total momentum
carried by a specific hadron or a class of hadrons for various
flavors of partons using the following expression:

hzihi ¼
Z

1

zmin

dzzDh
i ðz;QÞ: ð7Þ

The nonzero lower limit of integration zmin is introduced
since experimental data only cover a finite kinematic
region. The data are only sensitive to FFs with z above
0.01 or even larger, depending on the flavor of the parton
and the hadrons. Varying the lower limit can be used to test
the convergence of the momentum sum, although the
extrapolation to zmin ¼ 0 can be sensitive to the choice
of parametrization forms. The results of hzihi for light

quarks, gluon, and heavy quarks are shown in Table VIII,
where the central values and uncertainties are calculated
from our best-fit and Hessian error FFs. We choose the
lower limit zmin to be 0.01 for g, u, and d quarks, and 0.088
for s, c, and b quarks, based on the kinematic coverage of
relevant data. It is observed that the three charged hadrons
carry approximately 50% to 53% of the momentum of u, d
quarks and gluon. The uncertainties for d quarks are more
than twice as large as those for u quarks and gluon. The
total momentum of the strange quark carried away by light
charged hadrons is 57%, even with a much higher zmin. As
mentioned earlier, one possible reason is that part of the
momentum carried by short-lived neutral hadrons is also
included in the SIA measurements due to the prompt decay
of those hadrons, especially for K0

S decaying into π�.
We further show hzihi as functions of zmin in Fig. 7 for

the sum of light charged hadrons and π� at Q ¼ 5 and
100 GeV, respectively. The total momentum already
saturates at zmin ¼ 0.01 for gluon and u, d quarks at
Q ¼ 5 GeV. For Q ¼ 100 GeV, the FFs have been pushed
toward the small-z region, and the total momentum
stabilizes at a much smaller zmin. The pion contributions
are always dominant in the sum of light charged hadrons.
The total momentum continues to rise rapidly for s, c, and b

FIG. 5. Similar to Fig. 1 but for FFs at 100 GeV.
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quarks around zmin ¼ 0.088. They also show large uncer-
tainties when extrapolating to even smaller zmin values. We
present similar results for K� and p=p̄ in Fig. 8. The total
momentum saturates much earlier in this case at about
zmin ¼ 0.1 for gluon and u, d quarks. Also, they rise slower
at small zmin for s, c, and b quarks compared to the case of
pions. The total momentum of u and d quarks carried by
kaons and protons is similar, while the momentum carried
by kaons is much larger for s and heavy quarks. A test on

the momentum sum rule based on the results of charged
hadrons presented here and scaling to include neutral
hadrons can be found in Ref. [60].

2. Jet charge

Definition of jet charge begins with a clustered jet, for
instance, with the anti-kT algorithm. It involves counting
the total electric charge carried by constituent hadrons
inside the jet in units of the charge of the positron.

TABLE VIII. Total momentum of the partons, including g, u, d, s, c, and b quarks, carried by various charged
hadrons (π�, K�, p and p̄) in the fragmentations. The central values and uncertainties at 68% CL are calculated
from our best-fit and Hessian error FFs at Q ¼ 5 GeV. The last row is the sum over all light charged hadrons.

Mom. gðz > 0.01Þ uðz > 0.01Þ dðz > 0.01Þ sðz > 0.088Þ cðz > 0.088Þ bðz > 0.088Þ
πþ 0.200þ0.008

−0.008 0.262þ0.017
−0.016 0.128þ0.020

−0.019 0.161þ0.013
−0.013 0.130þ0.005

−0.005 0.111þ0.003
−0.003

Kþ 0.018þ0.004
−0.003 0.058þ0.005

−0.004 0.019þ0.004
−0.004 0.015þ0.002

−0.002 0.065þ0.003
−0.003 0.046þ0.002

−0.002

p 0.035þ0.006
−0.005 0.044þ0.004

−0.004 0.022þ0.002
−0.002 0.015þ0.002

−0.002 0.018þ0.002
−0.002 0.012þ0.001

−0.001

π− 0.200þ0.008
−0.008 0.128þ0.020

−0.019 0.299þ0.054
−0.049 0.161þ0.013

−0.013 0.130þ0.005
−0.005 0.111þ0.003

−0.003

K− 0.018þ0.004
−0.003 0.019þ0.004

−0.004 0.019þ0.004
−0.004 0.205þ0.014

−0.013 0.065þ0.003
−0.003 0.046þ0.002

−0.002
p̄ 0.035þ0.006

−0.005 0.019þ0.003
−0.003 0.019þ0.003

−0.003 0.015þ0.002
−0.002 0.018þ0.002

−0.002 0.012þ0.001
−0.001

Sum 0.507þ0.014
−0.013 0.531þ0.015

−0.013 0.506þ0.042
−0.037 0.572þ0.029

−0.028 0.425þ0.013
−0.012 0.338þ0.007

−0.007

FIG. 6. Similar to Fig. 1 but for FFs to πþ; Kþ; p at 5 GeV.
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The electric charge of the hadrons is weighted by a positive
power κ of the transverse momentum of the hadron to
suppress contributions from soft particles. Therefore, the jet
charge QJ can be expressed as [101]

QJ ¼
X
i∈ J

�
pT;i

pT;J

�
κ

Qi; ð8Þ

where i sums over all charged tracks in the jet J, Qi is the
charge of particle i in units of the positron charge, pT;i and
pT;J denote the transverse momenta of the charged track
and the jet, respectively. κ is a positive regularization
parameter. The mean value of QJ over a large sample of
jets can be related to the differential cross sections of
hadron production inside the jet, namely,

hQJi ¼
Z

1

z0

dzhzκh
1

σJ

�
dσhþ

dzh
−
dσh−

dzh

�
; ð9Þ

where σhþ , σh− and σJ denote the cross sections of
positively and negatively charged hadrons and the jet,
respectively. The lower limit z0 is determined by the
experimental threshold on hadron energy or transverse
momentum.
The ATLAS Collaboration at the LHC has conducted

measurements on jet charge over QCD dijet samples at
8 TeV [102]. Jets are clustered using the anti-kT algorithm
with a jet radius of 0.4 and are required to have a pseudo-
rapidity jηjj < 2.1. The associated hadrons are required
to have transverse momentum pT;h > 500 MeV and
jηhj < 2.5. The selections on the two jets are the same

FIG. 7. Average momentum fraction carried by charged hadrons and π� fragmented from various partons including u; d; s; c; b; g as a
function of zmin. The central values and uncertainties at 68% CL are calculated from our best-fit and Hessian error FFs at Q ¼ 5 GeV
and 100 GeV. The vertical lines indicate the kinematic constraints.

FIG. 8. Same as 7 but for K� and p=p̄.
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as the 13 TeV measurement on jet fragmentation discussed
earlier [77]. The two jets are classified as more central jet or
more forward jet according to absolute value of their
rapidities. We have calculated NLO predictions on the
average jet charge and compared them to the ATLAS
measurements in Fig. 9 for both the forward jet and the
central jet as functions of jet pT . We used the CT14 NLO
PDFs and chose a value of κ ¼ 0.7 for which the pre-
dictions are less sensitive to FFs at small z. The error bands
in Fig. 9 represent the scale variations and Hessian
uncertainties of FFs, respectively. The average jet charges
are positive; as for QCD jets production in pp collisions,
the jets are more likely to be from u quarks than d quarks.
They grow with jet pT since the gluon contributions
become smaller at high-pT . Our predictions from best-fit
FFs agree well with the ATLAS measurements on the more
central jet and are higher by 10% ∼ 20% compared to the
ATLAS measurements on the more forward jet. In both
cases, the Hessian uncertainties from FFs are about 30% for
all pT ranges considered, much larger than both the
experimental uncertainties and the scale variations. This
suggests that current or future data from LHC measure-
ments on jet charges can place further stringent constraints
on FFs, which we leave for future investigations.

V. QUALITY OF THE FIT TO DATA

A. Overall agreement

We demonstrate overall agreement of our best-fit with
the data by analyzing the log-likelihood functions χ2 for
each of the measurements. These are summarized in
Table IX, along with the sum of χ2 for each of the four
groups of data and for the global data. The global χ2 is
1231.5 units for a total number of data points of 1370,
resulting in χ2=Npt ¼ 0.90, indicating good agreement
between theory and data. The χ2=Npt values are 0.93,
0.87, 0.90, 0.92 for the groups of data of inclusive hadron

FIG. 9. NLO predictions on average jet charge in QCD dijet production at the LHC 8 TeV, for both the more central and more forward
jets, as functions of jet pT , compared to the ATLAS measurements. The error bands represent the scale variations and Hessian
uncertainties of FFs, respectively.

TABLE IX. The number of data points, χ2, and χ2=Npt for the
global datasets, groups of data from pp collision, from SIA, and
from SIDIS. The values are also shown for individual experi-
ments. Datasets for production of unidentified charged hadrons
are marked with a dagger.

Experiments Npt χ2 χ2=Npt

ATLAS 5.02 TeV γ þ j 6 9.6 1.61
CMS 5.02 TeV γ þ j 4 11.1 2.78
ATLAS 5.02 TeV Z þ h 9 22.2 2.47
CMS 5.02 TeV Z þ h 11 6.2 0.56
LHCb 13 TeV Z þ j 20 30.6 1.53
ATLAS 5.02 TeV inc. jet 63 67.9 1.08
ATLAS 7 TeV inc. jet 103 91.3 0.89
ATLAS 13 TeV dijet 280 191.6 0.68

pp Hadron in jet sum 496 430.5 0.87
ALICE 13 TeV 49 45.0 0.92
ALICE 7 TeV 37 36.3 0.98
ALICE 5.02 TeV 34 37.5 1.10
ALICE 2.76 TeV 27 31.8 1.18
STAR 200 GeV 60 42.2 0.70

pp Inclusive sum 207 192.8 0.93
H1 † 16 12.5 0.78
H1 (asy.) † 14 12.2 0.87
ZEUS † 32 65.5 2.05
COMPASS 06 (D) 124 107.3 0.87
COMPASS 16 (p) 97 56.8 0.59

SIDIS sum 283 254.4 0.90
OPAL Z → qq̄ 20 16.3 0.81
ALEPH Z → qq̄ 42 31.4 0.75
DELPHI Z → qq̄ 39 12.5 0.32
DELPHI Z → bb̄ 39 23.9 0.61
SLD Z → qq̄ 66 53.0 0.8
SLD Z → bb̄ 66 82.0 1.24
SLD Z → cc̄ 66 76.5 1.16
TASSO 34 GeV inc. had. 3 2.7 0.9
TASSO 44 GeV inc. had. 5 4.3 0.86

(Table continued)

GAO, LIU, SHEN, XING, and ZHAO PHYS. REV. D 110, 114019 (2024)

114019-14



production and jet fragmentation in pp collisions, inclusive
hadron production from SIA and SIDIS, respectively. For
individual measurements, only the jet fragmentation in
ATLAS Z þ jet, CMS γ þ jet production, and the ZEUS
unidentified charged hadron production show slightly
worse agreement with χ2=Npt > 2. We achieve very good
agreement with the ALICE and STAR measurements on
single inclusive hadron production because we only fit to
various ratios of cross sections of different hadrons or
different center-of-mass energies. The two measurements
on unidentified charged hadron production from LEP above
the Z pole also show a worse χ2 as compared to other SIA
measurements at or below the Z pole.
We also conduct a detailed investigation into the agree-

ment of our best fit with each of the 138 subsets. To account
for the variation in the number of data points in different
subsets, we introduce an effective Gaussian variable.
Specifically, the sparseness is defined as

SE ¼ ð18NptÞ3=2
18Npt þ 1

�
6

6 − lnðχ2=NptÞ
−
9Npt − 1

9Npt

�
; ð10Þ

which follows a normal distribution if Npt is not too
small [103]. We present histograms of SE for all subsets
in the global data, as well as in each of the four groups of
data in Fig. 10. The number of subsets are 16, 52, 41, and
29 for inclusive hadron production and jet fragmentation in
pp collisions, inclusive hadron production from SIDIS and
SIA, respectively. The majority of the subsets (132 out of
138) have SE values smaller than 2, indicating again good
agreement. The distributions of SE from our best-fit closely
resemble Gaussian distributions, with mean values and
standard deviations shown in the figure and the associated
Gaussian distribution represented by green curves. For
instance, for all subsets in the global data, the mean value
and standard deviation are–0.33 and 1.43, respectively. We
also plot normal distributions in red curves alongside the
histograms for comparisons. Deviation of the histogram
with respect to the normal distribution indicates a possible
underestimation of uncertainties by a factor of 1.43 on
average. This motivates a choice of tolerance of Δχ2 ¼
1.432 ≈ 2 in our determination of uncertainties of the FFs
with the Hessian method [103], as introduced earlier.

B. Description of individual datasets

In this section, we present comparisons of our theoretical
predictions to all data subsets included in our global
analysis. The data have been separated into groups of
inclusive hadron production and jet fragmentation in pp
collisions, as well as inclusive hadron production from
SIDIS and SIA. For each of them, we show our NLO
predictions on the differential cross sections based on the
best-fit FFs and their Hessian uncertainties.

TABLE IX. (Continued)

Experiments Npt χ2 χ2=Npt

TPC 29 GeV inc. had. 12 11.6 0.97
OPAL (202 GeV) inc. had. † 17 24.2 1.42
DELPHI (189 GeV) inc. had. 9 15.3 1.70

SIA sum 384 353.8 0.92
Global total 1370 1231.5 0.90

FIG. 10. Histogram of the effective Gaussian variable SE for a total of 138 subsets of data and subsets of SIA/hadron in jet=pp
inclusive/SIDIS experiments. The green and red curves represent a normal distribution and a Gaussian distributions with mean and
standard deviation calculated from the ensemble of SE.
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1. Hadron collisions

Figure 11 shows a comparison of production cross
sections as functions of hadron momentum fraction, for
unidentified charged hadron from ATLAS inclusive jet
fragmentation measurements at center-of-mass energies
of 5.02 and 7 TeV for typical transverse momenta of the
jet. In each panel of the plots, all results including data are
normalized to our central predictions from the best fit, and
the colored bands represent scale variations and Hessian

uncertainties from our error sets, respectively. Error
bars represent data central values together with total
uncertainties, namely, statistical uncertainties and uncorre-
lated systematic uncertainties adding in quadrature.
Experimental normalization uncertainties, which are fully
correlated among different data points, are not shown. We
find very good agreement between theory and data within
uncertainties, except for slight excesses of data at z ∼ 0.05
for the high jet pT subset of 7 TeV measurements.

FIG. 11. Comparison of predictions and experimental data from ATLAS 5 and 7 TeV measurements on jet fragmentation. The results
are normalized to theoretical predictions. The error bars indicate experimental uncertainty. The light shaded bands indicate scale
uncertainty, obtained by taking the envelope of theory predictions with the nine scale combinations of μF=μF;0 ¼ μR=μR;0 ¼ f1=2; 1; 2g
and μD=μD;0 ¼ f1=2; 1; 2g. The dark shaded bands indicate Hessian uncertainty obtained with Hessian error sets.

FIG. 12. Similar to Fig. 11 but for data from ATLAS 13 TeV central jets.
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The Hessian uncertainties are generally smaller than the
experimental uncertainties. The scale variations are much
larger and can reach 20% ∼ 30% in the highest z region.
However, we assume the theoretical uncertainties to be
fully correlated among different data points in each subset
of data. Figures 12 and 13 show similar comparisons but for
the fragmentation of the central and forward jet in QCD
dijet production at ATLAS 13 TeV. We observe a deficit of
theory predictions at large z, especially in forward jet
production at large pT , presumably due to the fragmenta-
tion of u quarks.

We now compare jet fragmentation measurements in
photon or Z boson tagged events, which are mostly
sensitive to fragmentation from u and d quarks. The
comparisons are shown in Fig. 14 for unidentified hadrons
from Z þ jet production at ATLAS and CMS and in Fig. 15
for unidentified hadrons from γ þ jet production at CMS
and ATLAS. We find reasonable agreement between theory
and data, except for the CMS measurement from γ þ jet
production where the theory predictions are about 20%
lower at large z. The scale variations are much smaller
compared to inclusive jet productions and are at most 10%.

FIG. 13. Similar to Fig. 11 but for data from ATLAS 13 TeV forward jets.

FIG. 14. Similar to Fig. 11 but for data from ATLAS and CMS Z tagged jets.
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Lastly, in Fig. 16, we show a comparison to measurements
on identified charged hadrons from LHCb Z þ jet produc-
tion at 13 TeV. For subsets with low jet pT (30–50 GeV),
we observe poor agreement of our predictions with LHCb
data. However, the experimental uncertainties can be larger
than 30% in the high-z bins.

Figure 17 shows a comparison to data on ratios of
inclusive production cross sections of different charged
hadrons as functions of hadron transverse momentum, from
ALICE measurements at center-of-mass energies of 2.76,
5.02, and 13 TeV. We find good agreement for ratios of
kaons to pions. The scale variations are small for such ratio

FIG. 15. Similar to Fig. 11 but for data from ATLAS and CMS γ tagged jets.

FIG. 16. Similar to Fig. 11 but for data from LHCb 13 TeV Z-tagged jets.

FIG. 17. Similar to Fig. 11 but for data from ALICE.
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observable and are only significant at low-pT region of
hadrons. There are notable slopes in data normalized to
theory predictions for ratios of protons to pions at all three
energies, especially at low-pT region of hadrons. We also
show a comparison to data on ratios of inclusive production
cross sections at 13 TeV to those at 7 TeV. There is a trend
of normalization difference for all three charged hadrons,
though within experimental uncertainties in general.
Figure 18 shows a similar comparison to STAR measure-
ments on inclusive hadron production at a center-of-mass
energy of 0.2 TeV, which are also sensitive to separation on
electric charges of hadrons. Our theory predictions agree
well with the data, except for the measurement on the
ratio p̄=π−. The central values of data are 2–4 times the
theory predictions but with rather large uncertainties of
about 50%.

2. SIDIS

Figure 19 shows a comparison to production cross
sections of unidentified charged hadrons measured by
ZEUS and H1 at various Q2 bins as functions of hadron
momentum fraction z. Our theory predictions overshoot the
ZEUS data by about 20% at relatively low Q2 region, but
they agree with the H1 data for similar Q2 values. Scale
variations can reach 10% for large z values. Additionally,
we compare our predictions to the charge asymmetry data
from H1 in Fig. 20, and they agree within the large
experimental uncertainties.
Comparison to the COMPASS measurements of SIDIS

on isoscalar and proton targets are shown in Figs. 21 and
22, respectively. We find good agreement with the
COMPASS06 data on the production of pions and kaons

FIG. 18. Similar to Fig. 11 but for data from STAR 0.2 TeV datasets.

FIG. 19. Similar to Fig. 11 but for data from ZEUS and H1 datasets.
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for both two bins in Bjorken-x. However, for the uniden-
tified charged hadrons, our theory predictions consistently
overshoot the data by 10%–20%. This discrepancy can
be attributed to our predictions on the cross sections of

proton production, which are overestimated due to the
absence of hadron mass corrections and the low-Q2 values
of COMPASS measurements. For the comparison to
COMPASS16 data, we observe a slight slope in data

FIG. 20. Similar to Fig. 11 but for data from H1 charge asymmetry datasets.

FIG. 21. Similar to Fig. 11 but for data from COMPASS06 datasets.

FIG. 22. Similar to Fig. 11 but for data from COMPASS16 datasets.
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normalized to theory predictions for pion production. Our
theory predictions on ratios of production cross sections of
antiproton to proton agree well with the data since the
effects of hadron mass largely cancel in ratios. The Hessian
uncertainties are also large for proton ratios due to our poor
constraint on FFs to proton at large z values.

3. SIA

Figure 23 shows a comparison to the majority of the
SIA data on identified charged hadron production at the Z
pole from DELPHI, ALEPH, SLD, and OPAL. The theory
predictions are fully correlated for the above measurements
on the same charged hadron. Our predictions agree well
with data, in general, especially for lower z values where the
data are very precise. However, significant discrepancies are

seen for the comparison to SLD pion measurements at the
large-z region. This could be due to the underestimation of
experimental uncertainties, as the predictions agreewell with
data from other measurements in the same region. For kaons
and protons, our predictions agree very well with the SLD
data in the entire kinematic region.
Figure 24 shows a comparison to SIA data below the Z

pole on identified hadron production from TPC and
TASSO, and above the Z pole on identified hadron
production from DELPHI and unidentified hadron produc-
tion from OPAL. The experimental uncertainties are large,
except for the OPAL measurement. Our theory predictions
generally agree with data within uncertainties. Finally,
Fig. 25 shows a comparison to SIA data at the Z pole
on light charged hadron production with heavy-flavor
tagging from DELPHI (b quark) and SLD (b or c quark).

FIG. 23. Similar to Fig. 11 but for data from SIA experiments at Z pole including DELPHI, ALEPH, SLD, OPAL.

FIG. 24. Similar to Fig. 11 but for data from SIA experiments from different energy scale including TPC, TASSO, DELPHI, OPAL.
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We find very good agreement between theory and data, and
also consistency between DELPHI and SLD measure-
ments. The Hessian uncertainties blow up at large z values
due to the rapid increase of experimental uncertainties, as
these data provide the only direct constraint on fragmenta-
tion from heavy quarks.

VI. ALTERNATIVE FITS

Our best fit of the global analysis presented so far is
based on a combination of choices regarding the exper-
imental datasets and theoretical predictions. In this section,
we explore various alternative fits to assess the impact of
individual datasets and the effects of different choices for
kinematic cuts and theoretical uncertainties on the extracted
FFs. By comparing these alternative fits to our baseline best
fit, we aim to reveal possible tension between different
datasets and potential systematic uncertainties in addition
to Hessian uncertainties presented earlier.

A. Dataset subtraction

To assess the influence of specific datasets on distinct
fragmentation processes, we conduct alternative fits by
systematically excluding one dataset at a time and re-
fitting the FFs at NLO. When referring to a single dataset,
we consider the full dataset listed in Table IX, including
measurements on all possible hadrons. These alternative
fits solely consider the central values, with Hessian sets
disabled. Throughout the fitting process, we maintain all
other variables consistent with the baseline fit, including
the kinematic cuts and the treatment of theoretical
uncertainties. The preference of a single dataset can thus
be seen as opposite to the shift of the resulting FFs

compared with the baseline fit, namely the best-fit of the
global data.
The comparison between alternative fits and the baseline

fit atQ ¼ 5 GeV is depicted in Figs. 26–28. For brevity, we
only include a comparison of the FFs to pions here, while
those for kaons and protons can be found in Appendix B.
The figures are organized based on the processes in which
the respective datasets are involved: hadron collisions,
SIDIS, and SIA. Each plot illustrates FFs of different
partons fragmenting into πþ. The momentum fraction
spans from 0.01 to 1. In the upper panel, zDðzÞ is presented
for various subtractions, while the lower panel displays all
results normalized to the baseline fit value. Labels indicate
the removed dataset, and the colored band represents the
Hessian uncertainty at 68% confidence level for the base-
line fit.
The figures reveal that the majority of the alternative fits

lie within or close to the error bands of the baseline fit,
suggesting no significant bias toward particular sets. In the
case of processes in hadron collisions, the FFs to πþ from
unfavored quarks; namely, ū, s, c, and b, are rather stable
after removal of a single dataset. That stability is expected
since they are mostly constrained by datasets from SIDIS
and SIA. The ATLAS 13 TeV data on jet fragmentation and
the STAR data on inclusive hadron production show a large
impact on FFs from favored quarks. After the removal of
either of the three datasets, the FFs of πþ from u quark
decrease for z around 0.1 or smaller. The FFs from d̄ quark
decrease (increase) for the removal of the ATLAS (STAR)
datasets. For the FFs from the gluon, apart from the ATLAS
13 TeV data, the ALICE 13 TeV data on inclusive hadron
production and ATLAS 5 TeV data on jet fragmentation
also show strong pulls. Both of the ATLAS 13 TeV data

FIG. 25. Similar to Fig. 11 but for data from SIA experiments of b, c quark fragmentation on DELPHI and SLD.
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FIG. 26. Comparison of the global fit for the πþ fragmentation function and a refitted version by excluding a specific group of subsets
from pp collisions. The legend indicates the subsets that were removed for the refit. The colored band represents the Hessian uncertainty
at a confidence level of 68%.

FIG. 27. Similar to Fig. 26 but for FF of πþ and subtractions from SIDIS processes.
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prefer smaller FFs from the gluon, while the ATLAS 5 TeV
data prefers smaller (larger) FFs from the gluon for z
below (above) 0.1. We observe different preferences on the
best-fit FFs from the ATLAS 13 and 5 TeV measurements.
However, it is important to note that the ATLAS 13 TeV
data place a dominant constraint on FFs from the gluon at
the large z region. After their removal, we expect much
larger Hessian uncertainties on FFs from the gluon as well.
The ALICE 13 TeV data also prefer smaller FFs from the
gluon for z in the range 0.1–0.6.
For datasets from SIDIS, their preference for FFs to

pions is mostly consistent with our best-fit of the global
data. In the dataset subtraction, we further split the 2016
COMPASS measurements into a subset on the proton to
antiproton ratios and a subset on pion and kaon production.
The 2016 COMPASS data prefer larger FFs to πþ from
the u quark in the region with z > 0.2 covered by the
measurement. The FFs from the u quark at small z values
also increase after the removal of the 2016 COMPASS data.
The trends are opposite for the same data on FFs to πþ from
the ū quark. The ZEUS data on unidentified hadron
production also show large pulls with a preference for
larger FFs from the d̄ quark and smaller FFs from the ū
quark. The FFs from s, c, and b quarks, or gluon are almost
unchanged since they are not directly constrained by
SIDIS data.
Finally, the impact of SIA data is shown in Fig. 28. As

mentioned before, the SIA data place constraints on FFs
from heavy quarks either indirectly via the inclusive

measurements or directly from the heavy-flavor tagged
measurements. Especially, the c-tagged measurement from
SLD is unique in the separation of FFs from c and s quarks.
We thus further split the SLD data into a subset for c- and
b-tagged measurements and a subset for the rest from SLD.
Notably, the SLD c& b subset exerts a substantial impact
on the FFs to pions from c and s quarks. Their removal
leads to a large increase in the FFs from the c quark and an
associated decrease in the FFs from the s quark. Due to the
lack of constraints on flavor separation, the fits become
unstable and have large uncertainties. The FFs from the b
quark are less affected because of the constraints placed by
a similar measurement from DELPHI. The rest subset from
SLD also show significant pulls on FFs from the d̄ and s
quarks due to the large number of data points and high
precision. The remaining dataset from SIA is very much
consistent with the global data.

B. Kinematic cuts and theoretical uncertainties

In our nominal fit, we apply a uniform kinematic cut of
4 GeVon either the transverse momentum or energy of the
hadrons. We perform alternative fits with cutoff choices of
3, 5, and 6 GeV to investigate potential bias by our default
choice. Furthermore, we conduct alternative fits without
including the theoretical uncertainties. All resulting FFs are
compared to the baseline fit and summarized in Figs. 29–31
for FFs to πþ, Kþ and p, respectively.
We begin with the FFs to πþ shown in Fig. 29. The FFs

from u, d̄, and b quarks to πþ increase monotonically with

FIG. 28. Similar to Fig. 26 but for FF of πþ and subtractions from SIA processes.
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the increasing cutoff for most of the z values shown.
Conversely, the FFs from gluon and other quarks exhibit
the opposite trend. The variations are generally within the
Hessian uncertainties of the baseline fit, except for the FFs
at small z values from gluon, s, and b quarks. For s and b
quarks, the large variations are mostly due to the shrink of
kinematic coverage of the heavy-flavor tagged measure-
ments. Excluding theoretical uncertainties can also have a

certain impact, especially for the ū quark, but this would
significantly increase the χ2 of the global data. On the other
hand, the FFs from u, s̄, and ū quarks to Kþ decrease
monotonically with the increasing cutoff for most of the z
values shown. The variations in FFs to Kþ due to the
kinematic cutoff are well within uncertainties for gluon and
light quarks. The variations in FFs to p due to the kinematic
cutoff are small, considering the large Hessian uncertainties

FIG. 29. Comparison of the global fit for the πþ fragmentation function with different choices of pT cut. The colored bands indicate
the 68% confidence level Hessian uncertainty of this work (pT ¼ 4 GeV).

FIG. 30. Similar to Fig. 29 but for Kþ fragmentation function.
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for gluon and light quarks. The FFs toKþ or p from c and b
quarks are again unstable for the same reason as for FFs to
pions. The impact of the theoretical uncertainties is gen-
erally within Hessian uncertainties for FFs to kaons and
protons.

VII. DISCUSSION AND CONCLUSIONS

Determining various nonperturbative inputs of QCD is
essential for precision programs at the LHC and upcoming
electron-ion colliders, as well as for understanding QCD
confinement. For the simplest form that includes the unpo-
larized collinear fragmentation functions and parton distri-
bution functionswithin the framework ofQCD factorization,
we present a joint determination of fragmentation functions
to light charged hadrons from global analysis at next-to-
leading order in QCD (NPC23), including estimations of
uncertainties. We find very good agreement between our
best-fit predictions and variousmeasurements of SIA, SIDIS,
and hadron collisions after careful selection of the kinematics
of themeasurements.Avariety of precisionmeasurements on
fragmentation from theLHChave been included in the global
analysis and have led to significant constraints on FFs
especially of gluons. Our work introduces several advances,
apart from the new data and selections of kinematics. Our
joint determination allows a flexible parametrization form
while taking into account correlations between experimental
measurements and theoretical predictions on different
hadron species. We are able to include theoretical uncer-
tainties as estimated with residual scale variations into the
analysis due to the development of associated theoretical
tools and improvements in the efficiency of the calculations.
Furthermore, measurements on jet fragmentation at the LHC
have been included in the global analysis of FFs on light
charged hadrons for the first time. A tolerance condition is
applied in the estimation of the Hessian uncertainties based

on the investigation of the agreement of theoretical predic-
tions to individual datasets. TheFFs to chargedpions arewell
constrained, in genera,l formomentum fractions of hadrons z
from 0.01 to 0.8, especially for gluon and constituent quarks.
The FFs to charged kaons and protons are also determined
with reasonable precision for z between 0.1 and 0.7 for most
flavors of partons.We calculate the total momentum fraction
of each parton carried by various charged hadrons as
functions of the lower limit on the momentum fractions,
which are relevant for testing the momentum sum rule once
FFs to neutral hadrons can be determined with similar
precision. We also conduct a series of alternative fits to
investigate pulls from each dataset in the global analysis and
the impact of various choices of parameters in the global
analysis. The extracted FFs are found to be stable, with
variations within Hessian uncertainties of our nominal fit in
general. Comparing our results with previous determina-
tions, as shown in Appendix A, we find significant
differences, especially in the fragmentation functions to
kaons and protons. Discrepancies are also observed for
the fragmentation functions of nonconstituent quarks and
gluon to charged pions. In the future, benchmark exercises
involving different groups of global analysis will be needed
for clarification on the differences observed. The grids for
NPC23FFs inLHAPDF6formatarepubliclyavailable [104],
with details given in Appendix E.
There are several important observations and questions

raised by our analysis of the experimental measurements.
So far, we have not distinguished between the experimental
definitions of unidentified charged hadrons and charged
tracks. In order to maximize available experimental data,
we simply assume both of them equal to the sum of
the three light charged hadrons, which, in principle, should
be a good approximation. However, the exact differences
between them are usually not explained and quantified
in publications of experimental analyses. Even for the

FIG. 31. Similar to Fig. 29 but for p fragmentation function.
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measurements of identified charged hadron production, we
notice that their exact definition can still differ between
different experiments. For instance, contributions from
decays of short-lived hadrons, e.g., K0

S and Λ, are excluded
in the ALICE measurements but very likely not for all the
SIA measurements. This inconsistency between experi-
ments can have an impact and also lead to ambiguities in
the extracted FFs of strange quarks to charged pions and to
protons. We hope that all of these valid points can be
clarified in future experimental analyses. Additionally, we
noticed significant impact of the heavy-flavor tagged
measurements on quark flavor separation of FFs. More
measurements of such kind, in addition to the only few
from SLD and DELPHI, would be desirable. Further more,
we find that the LHC measurements on jet fragmentation
have a wide kinematic coverage and great potential for
further improvements. We would encourage future LHC
analyses dedicated to identified hadrons or distinguishing
the sign of charges of unidentified hadrons.
We demonstrate the broad applications of the NPC23 FFs

when combined with the FMNLO program. For instance, we
calculate the average jet charges for QCD inclusive dijet
production at the LHC and find good agreement with the
experimental measurements. Additionally, we present pre-
dictions on Z-tagged jet fragmentation inPbPb collisions at
the LHC while neglecting final state medium effects, with
more information given inAppendixC.Meanwhile, we have
published version 2.0 of the FMNLO program [105], which
now includes amodule for calculations of hadron production
in SIDIS at next-to-leading order in QCD. Details of the
module and benchmark comparisons to existing results are
also provided inAppendixD.All theoretical predictions used
in this analysis, including those for hadron collisions, SIDIS,
or SIA, can be reproduced with this program. Upon the
completion of NPC23 for charged hadrons, an immediate
follow-up study would be a global analysis of FFs to neutral
hadrons. In a longer term,we areworking on implementation
of hard coefficient functions at next-to-next-to-leading order
in QCD in the FMNLO program, especially given recent
progresses on calculations of SIDIS coefficient functions
[25,26]. This will pave the way toward a global analysis of
FFs at NNLO in QCD.
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APPENDIX A: COMPARISON TO OTHER
GROUPS

In this section, we present a comparative analysis of our
fit results with those fragmentation functions from the
DSS, NNFF, JAM, and MAP groups. The comparisons of
NLO fragmentation functions at 5 GeV summed over
charges are depicted in Figs. 32–34. To illustrate the
difference between fragmentation from favored and unfa-
vored quarks, we also show the FFs from different groups
for positively charged hadrons in Figs. 35 and 36.
The DSS fits, sourced from DSS21 [48], DSS17 [47],

DSS14 [46], and DSS07 [45], provide fragmentation
functions for π�; K� and p=p̄. Note that DSS only
publishes FFs with momentum fraction z > 0.05. For the
uncertainties, the DSS21 release includes Monte Carlo
uncertainties, while the DSS17 and DSS14 release incor-
porate Hessian uncertainties. Correspondingly, the NNFF
sets used are from NNFF1.0 [54]. For NNFF sets, the
uncertainties are estimated by the Monte Carlo method with
FF replicas. For JAM [53] and MAP [52] FF sets,
uncertainties are estimated with Monte Carlo method as
well. The error band of NPC23 is estimated using the
Hessian method at a 68% confidence level. As evident from
Figs. 32–34, the uncertainties of NPC23 are notably
smaller than those from NNFF due to the inclusion of a
large variety of LHC data as well as the SIDIS data, which
impose significant constraints on the FFs.

1. Fragmentation to π�

For fragmentation of pions, NNFF assumes isospin
symmetry, resulting in coinciding results for π� from u
and d quarks. Both DSS and our fit allow for different
normalization of the two constituent quarks, and our results
show a moderate violation of isospin symmetry, though
within uncertainties. Overall, our results agree well with
those of DSS for constituent quarks to pions FFs but differ
with those of NNFF, especially in high-z regions, where the
differences can be larger than the uncertainties. The NNFF
determination exhibits notably larger uncertainties com-
pared to both NPC23 and DSS, particularly in the gluon
and strange quark channels at low-z region. Both DSS and
NPC23 show relatively smaller and comparable uncertainty
bands, suggesting more constrained determinations. For s
quark fragmentation, FFs from NNFF and DSS are close,
while the central value of NPC23 is much larger, with a
discrepancy of about 50% ∼ 60%. This difference becomes
less significant when uncertainties are taken into account.
In low-z regions, our result and NNFF show different
trends, with NPC23 showing an increasing then decreasing
pattern and NNFF displaying a continuously decreasing
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FIG. 32. Comparison of our NLO fragmentation functions to pion with those from NNFF and DSS atQ ¼ 5 GeV. The DSS results are
calculated by using DSS21 sets [48]. The NNFF results are from NNFF1.0 [54].

FIG. 33. Same as Fig. 32 but for FFs to K�. The DSS results are calculated by using DSS17 sets [47].
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FIG. 34. Same as Fig. 32 but for FFs to p=p̄. The DSS results are calculated by using DSS07 sets [45].

FIG. 35. Same as Fig. 32 but for FFs to πþ. The JAM20 [53] and MAPFF10 [52] sets are used, respectively.
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trend. For gluon fragmentation, FFs differ significantly in
low-z regions, especially where NNFF shows large oscil-
lations with a substantial uncertainty that even dips below
zero. However, at z > 0.3, NNFF and NPC23 agree well,
while DSS exhibits larger values. For heavy quark frag-
mentations (c, b), FFs from different fits agree well for
z > 0.1 and differ notably at low-z regions, accompanied
by large uncertainties.

2. Fragmentation to K�

Fragmentation to K� from the u quark is similarly
described by fits from NPC23 and DSS, while NNFF
displays a large discrepancy. The error bands of NPC23 and
DSS overlap in intermediate-z region (0.1 < z < 0.7). Note
that NNFF assumes symmetry between DK�

u and DK�
s .

Fragmentation from the s quark slightly deviates, but
NPC23 and DSS show a similar trend with a peak in
the middle. The peak locations are close. For u quark
fragmentation to K�, DSS and NPC23 analyses show
agreement in most regions. In contrast, NNFF diverges
significantly in intermediate-z regions, displaying a much
larger peak in the middle. For fragmentation from the d
quark, NPC23 aligns well with DSS and the error bands
encompass DSS curve in most regions. NPC23 and NNFF
are close in the low-z region (z < 0.05), after which NNFF
starts oscillating and even becomes negative. For gluon

fragmentation, DSS and NPC23 agree at z ∼ 0.5, with
significant discrepancies in other regions, and NNFF
consistently shows a large discrepancy. For fragmentation
from c quark, the three results are quite different, with DSS
being the largest, NPC23 in between, and NNFF being the
smallest. But there are still slight overlaps between NPC23
and DSS in region z < 0.4. For fragmentation from b
quark, results from three analyses are close, and the error
bands overlap in region z > 0.2. But in low-z region
discrepancies persist.

3. Fragmentation to p=p̄

For fragmentation to p=p̄ from the d quark, the three
results are close at z > 0.2, but error bands of NPC23 and
NNFF do not overlap. For fragmentation from u, s quarks
and g, the three results differ significantly in all regions. For
fragmentation from the c quark, DSS and NNFF are close
at z > 0.2, while NPC23 is much larger. For fragmentation
from the b quark, NPC23 and NNFF are close at z > 0.2,
with NNFF differing significantly. Overall, fragmentation
functions to p=p̄ from different fits show the least
agreement.

4. Fragmentation to π + , K +

In Figs. 35 and 36, a comparative analysis of fragmen-
tation functions to positively charged hadrons is presented.

FIG. 36. Same as Fig. 32 but for FFs to Kþ. The JAM20 [53] and MAPFF10 [52] sets are used, respectively.
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The fragmentation functions derived from NPC23, JAM
[53], and MAP [52] analyses exhibit varying patterns of
agreement and tension across different parton flavors for
both πþ and Kþ at Q ¼ 5 GeV. For favored quarks, JAM
consistently predicts higher fragmentation probabilities
compared to both NPC23 and MAP, with this feature
being particularly pronounced in the pion sector. In con-
trast, the unfavored quark channels show better agreement
among the three analyses, especially notable in the ū → Kþ
fragmentation. The gluon fragmentation functions demon-
strate significant differences across all analyses for both
mesons in terms of shape and magnitude, with MAP
showing more pronounced fluctuations in the intermedi-
ate-z region. For heavy quarks, all three analyses converge
well within their uncertainties, particularly in the high-z
region, although some tension persists in the low-z domain
where JAM typically exhibits larger uncertainty bands.
While the analyses show reasonable agreement in the high-
z region across most parton species, significant differences
in both central values and uncertainty estimates remain in
the low-z region.

APPENDIX B: DATASET SUBTRACTION
FOR K� AND p=p̄

In this section, we continue the description of the effects
of data subtraction on FFs. The comparison between
alternative fits and the baseline fit for kaons is depicted
in Figs. 37–39, and for protons in Figs. 40–42. The figures,

labels, observables, etc. are organized similarly to those for
pions. For subtractions of datasets from pp collisions,
FFs to Kþ closely align with the baseline fit except for FFs
from gluons. After removal of the ALICE 13 TeV dataset,
the gluon FF goes slightly outside the error band for
0.2 < z < 0.5. In the large z region (>0.4), after removal of
the ATLAS 13 TeV dijets data, the gluon FF increases
considerably similar to that for pions, since they contain
most data points and provides dominant constraints for
gluon FF.
In the case of SIDIS datasets, for FFs to kaons from

favored quarks, only the COMPASS16 dataset shows a
pull for z at 0.1 or below which is well within the
uncertainties. After removal of COMPASS06 data, FFs
from ū quark increase significantly at z > 0.4 as the SIDIS
data provides dominant constraints for fragmentation
from unfavored quarks. The impact of subtraction of
SIDIS data are negligible for kaon FFs from gluon and
heavy quarks as expected. In the case of SIA processes,
the most significant pulls are from heavy flavor tagged
data similar to the case for pions discussed earlier.
Notably, after removal of SLD c and b datasets, FFs to
kaons from c quark increase largely and become almost
unconstrained. As a result, FFs from s quarks decrease
accordingly in order to maintain description of the
inclusive SIA data. Subtraction of other SIA datasets
only lead to small variations within uncertainties.
For FFs to protons, in the case of pp collisions, after

dataset removal, variations for FFs from quarks are within

FIG. 37. Similar to Fig. 26 but for FF of Kþ and subtractions from pp collisions.
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uncertainties, in general. Variations due to subtraction of
ATLAS 13 TeV dijet data are slightly larger, since they
contain most data points. For FFs from gluon, variations for
ATLAS 5.02 TeV jet data, 13 TeV dijet data, or ALICE
13 TeV data can fall outside the error bands. After removal
of ATLAS 5.02 TeV jet data, FFs are lowered. But for
ALICE 13 TeV data, ratios to baseline fit continuously
increase, from less than 1 in small z region to larger than 1,

and the turning point is between 0.2 and 0.3. For removal of
SIDIS datasets, FFs from alternative fits lie very close with
the exception of COMPASS16 proton to antiproton ratio
dataset. It lowers the FFs from u and d quarks while raising
the FFs from ū quark, and the variations gradually fall
outside of the error bands after z > 0.1. For SIA datasets,
SLD c and b datasets still have the strongest impact. After
its removal, the FFs from c and b quarks raise significantly.

FIG. 38. Similar to Fig. 26 but for FF of Kþ and subtractions from SIDIS processes.

FIG. 39. Similar to Fig. 26 but for FF of Kþ and subtractions from SIA processes.
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FIG. 40. Similar to Fig. 26 but for FF of p and subtractions from pp collisions.

FIG. 41. Similar to Fig. 26 but for FF of p and subtractions from SIDIS processes.
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Meanwhile, FFs from u and d quarks decrease in the full z
region, while FFs from ū quark decrease for z < 0.3 and
increase for z > 0.4.

APPENDIX C: ADDITIONAL COMPARISON
TO DATA

Apart from the datasets included in our global analysis,
we also provide predictions and compare them to additional
data which are either not directly used or excluded by our
kinematic selections. In Fig. 43, we show a comparison of
our predictions to the inclusive charged pion production
cross sections measured at ALICE 2.76 TeV and STAR.
Note that we only include ratios of identified charged
hadron cross sections in our global analysis rather than the

cross sections themselves. In the comparison, we have
normalized our predictions by an overall factor to align
with data of the highest pT due to the unknown normali-
zation appearing in denominator of the measured cross
sections. Our predictions undershoot the data at low pT ∼
4 GeV by almost 50% which is a common feature observed
in predictions from all existing FFs as shown here for
predictions from DSS [45] and NNFFs [54]. This gap could
be filled by contributions from production mechanisms
other than the hard scattering processes described by
FFs. In Fig. 44, we show comparison of our predictions
to those measurements from SIA at Z pole that are excluded
by our kinematic selections, with z ∼ 0.05–0.088. We find
very good agreement for all charged hadrons down to
z ¼ 0.05 even though the data are not included in our fit.

FIG. 42. Similar to Fig. 26 but for FF of p and subtractions from SIA processes.

FIG. 43. Comparison of predictions from various fragmentation functions (FFs) for π� and experimental data at ALICE with a center
of mass energy of 2.76 TeV. The theoretical results are renormalized by a factor to align with the experimental data in the last bin. In the
lower panel, the ratio to experimental data is presented. The green bars represent experimental errors, while the light and dark green
bands indicate scale uncertainties and Hessian uncertainties, respectively.
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That indicates the QCD factorization and perturbative
calculations are still valid for SIA data with z ∼ 0.05.
Similarly, in Fig. 45, we summarize comparison of our
predictions to measurements from H1 and ZEUS that are
excluded by our kinematic selections, with Eh ∼ 2–4 GeV.
Again we find consistency when extending into smaller z
values for SIDIS as can be seen from the few data points on
the left of each plot. Besides, we find the Z-tagged jet
fragmentation data from LHCb at 8 TeV [106] not con-
sistent with the LHCb 13 TeV measurement, which thus
are not included in our analysis. Also the OPAL and TPC

measurements on fragmentation to protons are excluded
due to tension with other measurements from SIA.
Measurements on jet fragmentation have been widely

used as a probe of final state medium effects in heavy-
ion collisions. The probability and pattern of parton
fragmentation in jet are supposed to be modified via
medium induced radiations and medium response, see,
e.g., [107,108]. Jet transport coefficients can be extracted
by comparing measured hadron production cross sections
in heavy-ion collisions to reference cross sections, namely,
those would be without final state medium effects, see,

FIG. 44. NLO predictions on cross sections of single inclusive hadron production in SIA comparing to various measurements at Z pole
from DELPHI, ALEPH, SLD, and OPAL, for kinematic region with z ∼ 0.5–0.088.

FIG. 45. NLO predictions on cross sections of single inclusive hadron production in SIDIS comparing to various measurements from
H1 and ZEUS, for kinematic region with Eh > 2 GeV.
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e.g., [109]. We show predictions on the reference cross
sections at NLO in QCD for Z-tagged jet fragmentation in
PbPb collisions at 5.02 TeV and compare to the CMS and
ATLASmeasurements [72,73] in Fig. 46. We use nCTEQ15
PDFs [110] for PDF inputs of Pb nucleus. Experimental
setup of the measurements are the same as those of pp
collisions included in our global analysis. Each plot show
measurements from different centrality classes in PbPb
collisions and measurements from pp collisions as we used
previously. First, we can see the PbPb reference cross
sections are almost the same as predictions on pp cross
sections since the changes in PDFs only lead to small
corrections on flavor composition of final state jets. For
centralPbPb collisions, themeasured jet fragmentation cross
sections are clearly suppressed as compared to the reference
cross sections, by almost 50%. For peripheral collisions
shown in the CMS plot, the measurements are in consistent
with the reference cross sections within uncertainties.

APPENDIX D: SIDIS CALCULATION IN FMNLO

1. Program

In this study, we have developed v2.0 of the FMNLO

program. Instructions on installation and usage of FMNLO

can be found in Appendix A of Ref. [33]. Here, we
highlight only the usage of the SIDIS component, which
has been available since v2.0. We take the module used for
the calculation of muon on proton target at the COMPASS
experiment as an example of the usage of the SIDIS
component. This module, named A4001, is one of the
default examples available in the FMNLOv2.0 package. The
parameter card for this module corresponds to the file
FMNLO/mgen/A4001/proc.run, and reads
sidis A4001
# subgrids with name tags
grid compass16x6y4

pdfname ’CT14nlo’
etag ’e+’
htag ’p’
obs 1
zdef 2
cut 0.02
q2d 10.0
q2u 100000.0
xbjd 0.14
xbju 0.18
yid 0.3
yiu 0.5
pdfmember 0
sqrtS 17.334
Rscale 1.0
Fscale 1.0
ncores 30
maxeval 1000000
iseed 13
end
where
(i) sidis specifies the name of the directory that

contains the module to be loaded.
(ii) grid is a string indicating the name of the run-

ning job.
(iii) pdfname and pdfmember specifies the proton

PDFs to be used, which should be available in
LHAPDF.

(iv) etag is the flavor of the lepton, can be either “e−”
or “eþ.” Note we always include contributions from
the exchange of the Z boson.

(v) htag specifies the target, which can be “p” for the
proton, “iss” for isoscalar nuclei. In the case of
isoscalar, the nuclear PDFs are obtained from proton
PDFs by assuming free nucleons with isospin
symmetry.

FIG. 46. Comparison of theoretical predictions for pp and PbPb collisions with experimental data on pp collisions and PbPb
collisions at more central and more peripheral regions. Experimental uncertainties are represented by error bars. The scale uncertainties
and Hessian uncertainties are represented by shaded bands obtained similarly to those in Fig. 11.
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(vi) obs specifies different distributions to be calcu-
lated: currently only 1 is available for distribution in
hadron scaled momentum.

(vii) zdef indicates exact definition of the scaled mo-
mentum, 1 for using xp and 2 for using z.

(viii) cut gives the slicing parameter λ, and a value of
0.02 is recommended.

(ix) q2d and q2u: lower and upper limit of Q2, in unit
of GeV2.

(x) xbjd, xbju, yid, and yiu: lower and upper limits
of the DIS variables x and y.

(xi) sqrtS: the c.m. energy
ffiffiffi
s

p
in GeV.

(xii) Rscale, Fscale: ratios of the renormalization
and factorization scale with respect to our nominal
choices.

(xiii) ncores, maxeval, iseed indicate technical
parameters of numerical calculations, including the
number of CPU cores used, the maximum number of
integrand evaluations, and seed for pseudo-random-
number generation.

2. Comparison to analytic results

In this section, we show the FMNLO predictions for SIDIS
measurements. In Fig. 47, we present comparison of the
FMNLO results on the charged hadron multiplicities to those
obtained using analytic predictions, corresponding to the
settings of the COMPASS measurements [82–84]. The
multiplicity differential in scaled momentum z for a hadron
of type h is defined in Eq. (1). As an example, we consider
the COMPASS data bin with highest inelasticity, constrained
by the kinematic cuts x∈½0.18;0.4�;y∈½0.3;0.5�, at s ¼
300 GeV2. We use the proton PDF from CT14NLO [95]
and the unidentified charged hadron FFs from NPC23. The
SIDIS cross section neglecting Z boson contributions is
given by

d3σh

dxdydz
¼ 4πα2e

Q2

�
1þ ð1 − yÞ2

2y
F h

Tðx; z; Q2Þ

þ 1 − y
y

F h
Lðx; z; Q2Þ

�
; ðD1Þ

where F h
T=Lðx; z; Q2Þ is related to the standard structure

functions by F T ¼ 2F1, FL ¼ FL=x. The latter can be
factorized into PDFs f, FFs Dh

i , and partonic coefficient
functions as

F h
i ðx; z; Q2Þ ¼

X
f;f0

Z
1

x

dx̂
x̂

Z
1

z

dẑ
ẑ
f

�
x
x̂
; μF

�
Dh

f0

�
z
ẑ
; μD

�

ðD2Þ

× Cif0f

�
x̂; ẑ;

Q2

μ2R
;
Q2

μ2F
;
Q2

μ2D
; αsðμRÞ

�
: ðD3Þ

The partonic coefficient functions have been calculated at
NLO in QCD [19–24], and at NNLO in QCD recently
[25,26]. We find very good agreement between the FMNLO

results and the analytic predictions as shown in Fig. 47, and
the NLO corrections are around 10%–40%.
In Fig. 48, we further present the LO andNLO predictions

from FMNLO for the hadron multiplicity differential in scaled
momentum xp for SIDIS at

ffiffiffi
s

p ¼ 318 GeV,with the photon
virtuality limited to 2000 < Q2 < 8000 GeV2, correspond-
ing to the one of the highQ2 bin of theH1measurement [79].
Analytical results on hadronmultiplicity differential in xp are
not available. We again use the unidentified charged hadron
FFs from NPC23 while also include results using FFs from
NNFF1.1 as well as the experimental data for comparisons.

FIG. 47. Comparison of FMNLO results to the analytic predic-
tions of the charged hadron multiplicities.

FIG. 48. LO and NLO predictions for the hadron multiplicity
differential in scaled momentum xp for SIDIS at

ffiffiffi
s

p ¼ 318 GeV,
in the photon virtuality 2000 < Q2 < 8000 GeV2. We show the
predictions of the central FF from our fit and NNFF1.1.
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The NLO corrections are about 40% in the large xp region.
The NLO predictions using of NNFF1.1 overshoot the data
by 20% or more, in general.

APPENDIX E: LHAPDF6 GRID

In this section, we provide a concise overview on the data
base of our fragmentation functions. Interpolation tables of
NPC23 FFs are formatted in LHAGRID1 format [111], the
same format employed in PDF grid files. Access to the FFs is
facilitated through the unified interface of LHAPDF6, acces-
sible via Fortran, CPP, and Python code. To utilize these sets, one
can extract the FF sets into the LHAPDF data directory,
accessible through the lhapdf –datadir command or
direct download from the website [112].
The FFs we have fitted correspond to various partons

fragmenting into πþ; Kþ; p. They are named NPC23_
PIp_nlo, NPC23_KAp_nlo, and NPC23_PRp_
nlo, respectively. The FFs for negative charge hadrons
are obtained through charge conjugation, such as Dπþ

u ¼
Dπ−

ū . They are released as NPC23_PIm_nlo, NPC23_
KAm_nlo, NPC23_PRm_nlo. Additionally, FFs for
π�; K�; pðp̄Þ combined are available as NPC23_PIsum_
nlo, NPC23_KAsum_nlo, NPC23_PRsum_nlo,
obtained by summing the fragmentation to positively
and negatively charged hadrons. Finally, FFs to positively,
negatively charged hadron and unidentified charged
hadrons are released as NPC23_CHHAp_nlo, NPC23_
CHHAm_nlo, NPC23_CHHAsum_nlo.
Each of above fragmentation functions consist of 127

subsets, with one central set and 126 Hessian error sets

corresponding to the positive and negative directions of 63
orthogonal directions. For estimation of FFs uncertainties
of any observable X, the following formula for asymmetric
errors is employed [113]:

δþX ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXNd

i¼1

½max ðX2i−1 − X0; X2i − X0; 0Þ�2
vuut ;

δ−X ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXNd

i¼1

½max ðX0 − X2i−1; X0 − X2i; 0Þ�2
vuut : ðE1Þ

Here, X0 represents prediction obtained with the central set
of FFs, and X2i−1ðX2iÞ represents prediction obtained with
the error set for the ith eigenvector in positive (negative)
direction. Note when the observable involves FFs of
different hadrons, one should take into account their
correlations. For instance, for ratios of pion and kaon
FFs, one should first calculate the ratios using consistent
error sets of pions and kaons, and then apply Eq. (E1) for
estimation of the uncertainties.
The interpolation tables of FFs utilize nodes at different

momentum fraction z and different fragmentation scale Q.
z ranges from 0.003 to 1 with 99 nodes, whileQ spans from
4 to 4000 GeV with 32 nodes in total. The grids also
provide numerical values of αS with αSðMZÞ ¼ 0.118 and
two-loop running. The number of active quark flavors is
always fixed to 5. The interpolator is set to use the default
logcubic method, and the FFs are frozen when going out of
ranges of z or Q specified above.
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