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In recent years, several experiments at the e−p collider HERA have collected high precision deep-
inelastic scattering (DIS) data on the spectrum of leading nucleon carrying a large fraction of the proton’s
energy. In this paper, we have analyzed recent experimental data on the production of forward protons and
neutrons in DIS at HERA in the framework of a perturbative QCD. We propose a technique based on the

fractures functions framework, and extract the nucleon fracture functions (FFs) Mðn=pÞ
2 ðx;Q2; xLÞ from

global QCD analysis of DIS data measured by the ZEUS Collaboration at HERA. We have shown that an
approach based on the fracture functions formalism allows us to phenomenologically parametrize the
nucleon FFs. Considering both leading neutron as well as leading proton production data at HERA, we
present the results for the separate parton distributions for all parton species, including valence quark
densities, the antiquark densities, the strange sea distribution, and the gluon distribution functions. We
proposed several parametrizations for the nucleon FFs and open the possibility of these asymmetries. The
obtained optimum set of nucleon FFs is accompanied by Hessian uncertainty sets which allow one to
propagate uncertainties to other observables interest. The extracted results for the t-integrated leading

neutron FLNð3Þ
2 ðx;Q2; xLÞ and leading proton FLPð3Þ

2 ðx;Q2; xLÞ structure functions are in good agreement
with all data analyzed, for a wide range of fractional momentum variable x as well as the longitudinal
momentum fraction xL.

DOI: 10.1103/PhysRevD.97.074013

I. INTRODUCTION

These days, a complete understanding of the nucleon
and nuclear structures in terms of the underlying partonic
and nucleonic constituents is one of the outstanding
challenges in hadron physics. High-energy lepton-proton
and proton-proton scattering provides the most powerful
tools to investigate the hadron structures. In such proc-
esses, contributions to the measured nucleon F2 and
nuclear FA structure functions can be expressed in terms
of the parton distribution functions (PDFs), nuclear
PDFs, and spin-dependent PDFs of the nucleon. Precise

understanding of PDFs will be a key ingredient in
searches for new physics at the Large Hadron Collider
(LHC) through, for example, top-quark and Higgs-boson
coupling measurements [1,2]. In consequence, reliable
extraction of information on the unpolarized PDFs [3–9],
helicity-dependent PDFs [10–17], and global nuclear
PDFs fitting efforts [18–21] from global QCD analyses
of DIS data as well as all related studies [22–44], provides
deep understanding of the structure of hadrons in terms of
their quarks and gluon constituents.
HERA as a e�p collider and unique particle physics data

sets collected by the H1 and ZEUS experiments have
provided opportunities to study high-energy electron-
proton collisions beyond the electroweak scale [2]. The
main process in HERA, which is the DIS, probes the
internal quark structure of the proton via exchanged virtual
photons. The pointlike nature of the virtual photon with
Q2 ≫ ΛQCD ensures that the photon can successfully probe
the inner structure of the nucleon. The high center-of-mass
energy at HERA has provided searches for the rare
processes and physics beyond the Standard Model (SM).
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The advent of the HERA collider made it possible to
explore a much wider region in momentum fraction x and
photon virtuality Q2 than that previously accessible at
fixed target experiments. By applying QCD factorization
[45,46] and employing the well-known Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) [47–50] parton
evolution scheme, the HERA PDFs can extracted from the
high-precision H1 and ZEUS measurements across a large
range in x. The extracted PDFs can be used as input to
calculate predictions for the LHC, Large Hadron Electron
Collider (LHeC) [51] as well as the Future Circular
Hadron Collider [52] at much higher values of Q2.
In addition to the points mentioned above, the produc-

tions of energetic neutrons and protons in electron-proton
collisions have been extensively studied with the H1 and
ZEUS detectors at HERA [53–56] as well as the related
phenomenological studies [57–61]. The H1 and ZEUS
experiments at HERA have studied the production of
forward protons, neutrons, and photons which carry a
large fraction of the longitudinal momentum of the incom-
ing proton [53–56,62–65]. These analyses have demon-
strated that models of DIS are able to reproduce the forward
nucleons’ measurements if contributions from different
production mechanisms are considered, such as one pion
exchange (OPE) [56], diffractive dissociation, elastic scat-
tering of the proton [56,64] as well as the fracture functions
(FFs) formalism [66]. The measurements of leading nucle-
ons also confirm the hypothesis of limiting fragmentation
[67,68], according to which, in the high-energy limit, the
cross section for the inclusive production of particles in the
target fragmentation regions is independent of the incident
projectile energy [53,56].
In this paper, we have extracted the nucleon FFs Mðn=pÞ

2

ðx;Q2; xLÞ from global QCD analysis of DIS data at next-
to-leading order (NLO). We have also shown that the
fracture functions approach, works well in describing
the deep-inelastic leading nucleon (LN) data measured
by the ZEUS Collaborations at HERA. We argued that the
fracture functions could open some new possibilities for
studying hadron structure and open a new window to
predict a variety of hard processes at hadron colliders.
The remainder of the paper is organized as follows: We

begin in Sec. II by reviewing the formalism for the leading
nucleon production including a summary on the several
models which can be used to describe such processes. We
will focus on the fracture functions formalism in Sec. II A
on which our analysis is based. The semi-inclusive cross
section and the corresponding leading nucleon structure
functions have been discussed in Sec. II B. The singlet and
gluon evolution equations for the nucleon FFs are presented
in Sec. II C. The methodology underpinning our global
QCD analysis is presented in Sec. III, where we describe in
detail the parametrizations employed highlighting several
improvements in the methodology compared to that intro-
duced originally in the global analysis of the SKTJ17

neutron FFs [57]. The ZEUS-02 [53] leading neutron, and
ZEUS-06 [55] and ZEUS-09 [64] leading proton (LP)
productions data sets analyzed in this study are summarized
in Sec. III B. The χ2 minimization as well as the treatment
of uncertainties are presented in Sec. III C. Our analysis
results have been discussed in detail in Sec. IV. We
compare our theory predictions with the fitted leading
neutron and leading proton observables finding overall a
good agreement with all data analyzed. Finally, in Sec. V,
we summarize our findings and preview future extensions
of the present analysis.

II. THEORY SETUP

In the framework of perturbative QCD, the study of
leading nucleon production in lepton-proton scattering
represents an important field of investigation. Indeed,
leading nucleons carry a significant fraction of the initial
momentum xL > 0.2 and have low transverse momentum
pT < 0.7 GeV; therefore, covering kinematic regions of
the phase space are not accessible from other processes.
However, due to the difficulty of detecting the leading
particles in high-energy physics experiments, the data
available are scarce.
From the theoretical point of view, much successful

phenomenological models have been developed to explain
the leading nucleon production mechanism. An alternative
model to describe the leading nucleon production is based
on the FFs formalism, where the leading particle produc-
tion is described in terms of the structure functions of the
fragmented nucleon [61,66,69]. Another picture is given
by the Regge formalism, in which the leading nucleons are
produced via the exchange of a particle mediating the
interaction. Regge theory [70] gives a good description of
soft hadronic interactions and can explain the leading
nucleon production mechanism [61]. The leading nucleon
production can be explained by the exchange of the
Reggeon trajectory as well as a Pomeron exchange which
produces only leading proton and dominates at xL ∼ 1
[71,72].
Successful descriptions of the available data on the

charge-exchange processes, p → n, in hadron-hadron and
lepton-hadron interactions have been obtained using the
exchange of virtual particles with the quantum numbers
of the π and ρ mesons. In these kind of processes, the
pion, due to its small mass, dominates the p → n
transition amplitude. The OPE model, therefore, can
describe the process in which a leading neutron is
produced. For the leading neutron production in DIS
as well as in dijet photoproduction, the dominating
mechanism for xL > 0.6 is the OPE [56]. Based on the
assumption that at high xL the leading-neutron production
is dominated by the pion exchange mechanism, the

measurements of the FLNð3Þ
2 ðx;Q2; xLÞ can provide impor-

tant information on the pion structure function Fπþ
2 [56].
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It is worth noting here that the present global QCD
analysis is based on the fracture functions approach
which can provide a QCD-based description of semi-
inclusive DIS in the target fragmentation region [61,66,69].
This formalism, where the leading particle production is
described in terms of structure functions of the fragmented
proton, has been successfully used to describe leading
nucleon production from the H1 and ZEUS Collaborations
[57–60].

A. The fracture functions

The fracture functions approach [61,66,69] has been
introduced to extend the usual QCD-improved parton
description of semi-inclusive DIS to the low transverse-
momentum region of phase space, where the target
fragmentation contribution becomes important. In the
QCD parton model, experimental cross section can be
computed by convoluting some incalculable process-
independent quantities with calculable process-dependent
elementary cross sections. Let us consider a semi-
inclusive deep-inelastic lepton hadron scattering process,
lþ A → l0 þ hþH þ X. In the final state, the hadronic
systems X and H are originated from the target fragmen-
tation and from the hard interaction, respectively, and h is
a singled out hadron. This kind of process can receive
contributions from two well separated kinematical regions
for the produced hadron h. Thus, one can write

σðlþ A → l0 þ hþH þ XÞ
¼ σðlþ A → l0 þ ðhþHÞ þ XÞ
þ σðlþ A → l0 þH þ ðhþ XÞÞ: ð1Þ

The first term known as σcurrent which, arising from the
target structure function and only knowing the perturba-
tively incalculable fragmentation function Dh

i , is needed.
Such contributions have been widely discussed in the
literature (see, e.g., [17,22,73,74] for a clear review).
The second term in Eq. (1) which is known as σtarget

requires a new nonperturbative (but measurable) quantity,
a fragmentation structure, or nucleon FFs. The σtargetðxLÞ
is given by [66,69,75,76]

σtargetðxLÞ ¼
X
i

Z
1−xL

0

dx
x
Mn=h

i ðx;Q2; xLÞσhardi ðx;Q2Þ:

ð2Þ

Here n refers to the detected leading nucleon in the final
state andMn=h

i ðx;Q2; xLÞ are the ordinary nucleon fracture
functions which cannot be computed in perturbative QCD
and, like PDFs, one needs to determine it from the fit to
the leading nucleon data. They are expected to give the
dominant contributions to the cross sections for the
production of leading hadrons and they can be thought

as an ingredient of the perturbative QCD treatment. They
refer to the nonperturbative parton distributions of a
incoming hadron fragmented into a forward nucleon.
Hence, they contain information about partons inside the
detected leading nucleon in the final state. σhardi ðx;Q2Þ in
Eq. (2) is the particular hard lepton-parton cross section we
are interested in. Indices i in Eq. (2) stand for the active
parton, which interacts with the incoming virtual photon;
therefore, the other partons in the incoming hadron would
be the spectators. As we mentioned, the kinematical
variable x is the momentum fraction of struck parton,
and xL is defined as the longitudinal momentum fraction
which is carried by the final state leading nucleon. It it
worth noting here that 1 − xL is the maximum available
fractional momentum of the parton participating in the hard
scattering, and hence, in Eq. (2), one needs to consider the
maximum available fractional momentum in the integra-
tion. We should stress here that Eq. (2), for the semi-
inclusive DIS cross section at low transverse momentum, is
valid up to power corrections in QCD and to all orders in
perturbation theory [75–78].
On the theory side, there has been great progress in the

last few years for the factorization hypothesis in lepton-
nucleon collisions. There was also great progress for
applying the perturbative QCD to the description of the
semi-inclusive DIS, in particular, for the QCD factoriza-
tion for the SIDIS process. Unlike the inclusive DIS,
SIDIS is more involved because of additional hadron
measurements in the final state. For the SIDIS process,
one needs to integrate out the transverse momentum (pT)
of the final state hadrons, and similar to the case of
inclusive DIS, a collinear factorization is applicable. The
cross section for the SIDIS process can be written as a
convolution of the integrated PDFs and the hard partonic
cross sections which can be calculated from perturbative
QCD. For the low transverse-momentum hadron produc-
tion, in which a collinear factorization approach may not
be applicable because the transverse momentum (pT) of
the final state hadron is small compared to the hard scale
quantity, Q, one needs to introduce a new factorization
theorem, involving the transverse-momentum (pT) de-
pendent PDFs. It is instructive to demonstrate this
factorization, but it is beyond the scope of our analysis.
We refer the reader to the detailed discussions in which
can be found in Refs. [75,77].
Equation (2) states that the factorization describes the

full target fragmentation in terms of the fracture functions,
without separating the contributions of the active parton
which contributes in the hard-scattering interactions and
that of the spectators. Consequently, the fracture functions
tell about the structure functions of the target hadron once
it has fragmented into a specific final state hadron h.
Mn=h

i ðx;Q2; xLÞ measures the conditional probability of
finding a parton i with momentum fraction x of the
incoming hadron momentum A, while a hadron h with
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longitudinal momentum fraction xL is detected in the final
state. At the phenomenological level, it has been shown that
the fracture functions can well produce the HERA dif-
fractive structure functions [60] as well as leading neutron
data [57,58], thus convalidating a common perturbative
QCD approach to these particular classes of semi-inclusive
processes. Hence, the fracture functions approach provides
an alternative tool in the framework of QCD to describe the
leading nucleon production mechanism.

B. Leading nucleon structure functions
and observables

In comparison to the DIS and diffractive DIS formalism,
the cross section of leading nucleon production d4σLBð4Þ

dxdxLdQ2dp2
T

can be expressed in terms of leading-baryon structure

functions FLBð4Þ
2 [71,72]

d4σLBð4Þ

dxdxLdQ2dp2
T
¼ 4πα2

xQ4

�
1 − yþ y2

2

�
FLBð4Þ
2 ðx;Q2; xL; p2

TÞ

× ð1þ ΔLBÞ; ð3Þ

where xL ∼ EB
Ep

is the energy fraction carried by the

produced baryons or equivalently the longitudinal momen-
tum fraction of the detected baryons (B) in the final state,
and ΔLB takes into account the effect of the longitudinal

structure functions FLBð4Þ
L ðx;Q2; xL; p2

TÞ. The transverse
momentum of the nucleons is given by pT ≃ xLEpθn ¼
0.656xL GeV for the ZEUS-02 experiment [53], and p2

T <
0.5 GeV2 for the ZEUS-06 [55] and ZEUS-09 [64] experi-
ments. In the OPE approach, the so-scaled fractional
momentum variable β is defined by

β ¼ x
1 − xL

; ð4Þ

and x is the Bjorken scaling variable. The quantity βmay be
interpreted as the fraction of the exchange object’s momen-
tum carried by the gluon or quarks interacting with the
virtual photon. In term of these variables, the squared four-
momentum transfer from the target proton is given by

t ≃ −
p2
T

xL
− t0 ¼ −

p2
T

xL
−
ð1 − xLÞ2

xL
m2

p: ð5Þ

In the measurements presented by the H1 and ZEUS
Collaborations, p2

T is not measured. The integration over
the measured range of dp2

T up to the maximum exper-
imentally accessible range of θmax

n , corresponding to a pmax
T ,

gives

FLBð3Þ
2 ðx;Q2; xLÞ ¼

Z
p2max
T

0

FLBð4Þ
2 ðx;Q2; xL; p2

TÞdp2
T: ð6Þ

It is sometimes more convenient to discuss the mea-

surements in terms of the reduced eþp cross section σLBð3Þr

which can be written as

σLBð3Þr ðx;Q2; xLÞ ¼ FLBð3Þ
2 ðx;Q2; xLÞ

−
y2

1þ ð1 − yÞ2 F
LBð3Þ
L ðx;Q2; xLÞ; ð7Þ

where FLBð3Þ
2 is the leading-baryon transverse and FLBð3Þ

L is
the longitudinal structure function [56,58]. We have to
mention here that, based on hard-scattering factorization
and similar for the case of diffractive DIS [79], the leading-
baryon structure functions can be written in terms of the
fragmentation structure or nucleon “fracture” function and
hard-scattering coefficient functions [58,77] as

FLBð4Þðx;Q2; xL; p2
TÞ ¼

X
i

Z
1

x

dξ
ξ
MB

i=pðx; μ2F; xL; p2
TÞ

× Ci

�
x
ξ
;
Q2

μ2F
; αsðμ2RÞ

�
þO

�
1

Q2

�
:

ð8Þ

The index i runs on the flavor of the interacting parton
and the Wilson coefficient functions, and Cq and Cg, are
the same as in fully inclusive DIS [80]. The pT-unin-
tegrated leading nucleon FFs appearing in Eq. (8) obey the
standard DGLAP evolution equations [58]. As one can see
from Refs. [53,54,56,64,81] as well as what we discussed
in Sec. II, in order to describe the leading-baryon
production, two more variables in addition to the DIS
kinematical variables are also needed, which are xL and
t ¼ ðpp − pBÞ2. One can conclude that the Mi in Eq. (8)
is the t- or pT-dependent fracture functions of Eq. (2). In
the limit of t ≪ Q2, the dominant mechanism is target
fragmentation and this expansion holds up to corrections
suppressed by the powers of 1

Q2 [77]. The relation between

ordinary fracture functions Mh=A
i ðx;Q2; xLÞ and the

extended fracture functions MB
i=pðx; μ2F; xL; p2

TÞ consid-
ering ϵ < 1 can be written as [69,77]

Mh=A
i ðx;Q2; xLÞ ¼

Z
ϵQ2

dp2
TM

B
i=pðx; μ2F; xL; p2

TÞ: ð9Þ

The above ordinary fracture function has been obtained
by integral over pT up to a cutoff of order Q2, e.g., ϵQ2.
In the leading nucleon production, the pT of the leading
nucleon is integrated up to some pT;max. We will return to
this issue in Sec. III B.
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C. Evolution of the nucleon FFs

As we mentioned earlier, fracture functions can provide
a QCD-based description of semi-inclusive DIS in the
target fragmentation regions. This approach has been used
to describe the leading nucleon production data [59,60]
and to extract the neutron FFs [57,58]. Like for the DIS
structure function, QCD cannot predict the shape of the
nucleon FFs. As for the global analysis of the PDFs, the
nonperturbative nucleon FFs can be parametrized at a
given initial scale Q2

0. Having at hand the input functional
form for the nucleon FFs and the QCD evolution as well as
the corresponding observable, one can extract the nucleon
FFs from a global analysis of the DIS leading nucleon
production data. The extracted nucleon FFs can be used to
describe the leading nucleon production. These kinds of
studies can open a new window to predict a variety of hard
processes at hadron colliders in which suitable hadronic
triggers are used. The presence of leading nucleons in the
final state indicates the long distances’ processes while the
short distances are probed by high photon virtuality Q2.
In consequence, the study of leading nucleon productions
provides information on the relationship between the soft
and hard aspects of the strong interaction. These state-
ments and the corresponding discussions can be found in
Refs. [72,82].
In Refs. [53,56,81] it has been shown that the leading

neutron structure function FLNð3Þ
2 and inclusive DIS struc-

ture functions Fp
2 have a similar ðx;Q2Þ behavior as

expected from the hypothesis of limiting fragmentation
[67,68], which states that the production of the leading
neutron in the proton fragmentation region is independent
of x and Q2. The results demonstrated the similarity

between the Q2 evolution of FLNð3Þ
2 and the Q2 evolution

of Fp
2 . Therefore, as in the inclusive case, the Q2 evolution

of the semi-inclusive multiparticle distributions can be
predicted in perturbative QCD. Since the scale dependence
of the cross section in forward particle production in DIS
can be calculated within perturbative QCD [66], the
nucleon FFs also obey the standard DGLAP evolution
equations [57,58,69,83]. The evolution equations of
nucleon FFs are easily obtained by the DGLAP evolution
equations [57,66,69] as

Q2
∂Mn

Σ=Pðx;Q2; xLÞ
∂Q2

¼ αsðQ2Þ
2π

Z
1

x

du
u
Pj
ΣðuÞMn

Σ=P

×

�
x
u
; xL;Q2

�
; ð10Þ

Q2
∂Mn

g=Pðx;Q2; xLÞ
∂Q2

¼ αsðQ2Þ
2π

Z
1

x

du
u
Pj
gðuÞMn

g=P

×

�
x
u
; xL;Q2

�
; ð11Þ

where Mn
Σ=Pðx; xL;Q2Þ and Mn

g=Pðx; xL;Q2Þ are the sin-
glet and gluon distributions, respectively. PΣ and Pg are the
common NLO contributions to the splitting functions
which are perturbatively calculable as a power expansion
in the strong coupling constant αs. They are the same as in
the case of fully inclusive DIS [84,85]. We have para-
metrized these nonperturbative distributions, nucleon FFs,
at an input scale Q2

0 < m2
c. Their evolution to the higher

scale, Q2 > Q2
0, has been described by using the DGLAP

evolution equation within the zero-mass variable flavor
number scheme at the NLO accuracy of perturbative QCD.

III. OUTLINE OF THE ANALYSIS

In this section, we present the method of global QCD
analysis of STKJ17 nucleon FFs. The need for well-
constrained nucleon FFs has recently been highlighted in
global analyses of leading neutron production [57,58].
Differences between these nucleon FFs determinations
come from a variety of sources, including different data
sets used in the analyses, the choice of parametrization for
the nucleon FFs, assumptions about nucleon FFs that are
not well constrained by data, or even the method of
minimizations. Most of the analyses to date have been
performed at leading-order (LO) [60] and NLO [57,58]
accuracy in the strong coupling constant.
Note that our aim in this analysis is a definitive

determination of nucleon FFs and to explore the appli-
cation of the fracture functions approach to determine
the maximal information that can be extracted from the
HERA leading nucleon production processes. We will try
to propose several parametrizations to consider the asym-
metric parton densities which require the inclusion of
most of the possible processes that have sensitivity to
nucleon FFs.

A. Input parametrizations

In this section we describe STKJ17 nucleon FFs at the
input scale Q2

0 ¼ 2 GeV2. In choosing a functional form for
the nucleon FFs at the input scale, it is important to note
that the current leading nucleon production observables are
sensitive only to the singlet and gluon distributions. In our
previous analysis we therefore seek only to extract the
singlet xMn

Σ=P and gluon xMn
g=P distributions, and do not

attempt to separate quark and antiquark FFs [57]. This
would require another kind of parametrizations as well as
additional data to provide a filter on the quark and antiquark
flavors.
It is worth noting that the quark distributions for the

nucleon FFs at large values of β ¼ x
1−xL

could show
valencelike structures for some quark-flavor combina-
tions. Although, the accessible values of β or equivalently
x in the analyzed experimental data on leading nucleon
production are quite low. We should emphasized again
that, using hypothesis of limiting fragmentation [67,68],
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the structure functions for the leading-baryons production
are given by [81]

FLBð4Þðx;Q2; xL; p2
TÞ ¼ fðxL; p2

TÞFLBð2Þðx;Q2Þ: ð12Þ

As one can see, the first term relates to baryon variables,
fxL; pTg, and the second term relates to Lepton variables,
fx;Q2g. In view of this fact, and in order to account for
the light quark decomposition, one can assume the
following general initial functional form for the singlet
xMN

Σ=Pðx;Q2
0; xLÞ and gluon xMN

g=Pðx;Q2
0; xLÞ distribu-

tions at the input scale of Q2
0 ¼ 2 GeV2:

xMn
Σ=Pðx;Q2

0; xLÞ ¼ WqðxLÞxfGJR08q ðx;Q2Þ;
xMn

g=Pðx;Q2
0; xLÞ ¼ WgðxLÞxgGJR08ðx;Q2Þ; ð13Þ

where n refers to the nucleon and the singlet WqðxLÞ and
the gluon WgðxLÞ weight functions are defined as

WqðxLÞ ¼ N qx
Aq

L ð1 − xLÞBqð1þ Cqx
Dq

L Þ;
WgðxLÞ ¼ N gx

Ag

L ð1 − xLÞBgð1þ Cgx
Dg

L Þ: ð14Þ

The labels of Σ=P and g=P correspond to the singlet and
gluon distributions inside the proton, respectively. The xL
dependence of the nucleon FFs is encoded in the weight
function WiðxLÞ. We parametrized only the WqðxLÞ and
WgðxLÞ which are related to the baryon variables. For the
xfq and xgðx;Q2Þ we have used the GJR08 PDFs [86],
and hence, this method allows the consideration of the
asymmetry of leading nucleon FFs. The initial scale,
Q2

0 ¼ 2 GeV2, is chosen at the lowest possible value
where a perturbative QCD description can be applied.
xfGJR08q ðx;Q2Þ and xgGJR08ðx;Q2Þ are the GJR08 parton
densities for singlet and gluon distributions [86]. We have
selected the GJR08 PDF set because we have used the
inclusive structure functions Fp

2 ðx;Q2Þwhich are obtained
from the GJR08 parametrization to account for the ZEUS
data for the cross section ratio rLPð3Þðx;Q2; xLÞ. This
selection helps us to avoid inconsistencies between the
theoretical formalism and the data.
We have also considered a “MRST-type” [87] or old

“GRV-type” [88] instead of GJR08, and found consistent
results. We have also tested our analysis by considering
an independent parametrization for the x dependence of
xfqðx;Q2Þ and xgðx;Q2Þ. The functional forms in
Eqs. (13) and (14) state that the dependence of the input
parametrizations on the lepton variables, x and Q2, should
be independent of the leading neutron variables xL.
Considering Eqs. (13) and (14), one can also apply quark

and antiquark asymmetries and present the results for the
separate parton distributions for all parton species, includ-
ing valence quark densities, the antiquark densities, the

strange sea distribution functions, and the gluon distribu-
tion. We proposed the following parametrizations for the
nucleon FFs and open the possibility of these asymmetries.
The STKJ17 nucleon FFs at input scale reads

xMn
uv=P

ðx;Q2
0; xLÞ ¼ WuvðxLÞxuGJR08v ðx;Q2Þ;

xMn
dv=P

ðx;Q2
0; xLÞ ¼ WdvðxLÞxdGJR08v ðx;Q2Þ;

xMn
Δ=Pðx;Q2

0; xLÞ ¼ WΔðxLÞxΔGJR08ðx;Q2Þ;
xMn

ðd̄þūÞ=Pðx;Q2
0; xLÞ ¼ Wðd̄þūÞðxLÞxðd̄þ ūÞGJR08ðx;Q2Þ;

xMn
ðs¼s̄Þ=Pðx;Q2

0; xLÞ ¼ Wðs¼s̄ÞðxLÞxðs ¼ s̄ÞGJR08ðx;Q2Þ;
xMn

g=Pðx;Q2
0; xLÞ ¼ WgðxLÞxgGJR08ðx;Q2Þ; ð15Þ

where n refers to the nucleon and the weight functions
WqðxLÞ and WgðxLÞ are now defined as

WuvðxLÞ¼N uvx
Auv
L ð1−xLÞBuv ð1þCuvx

Duv
L Þ;

WdvðxLÞ¼N dvx
Adv
L ð1−xLÞBdv ð1þCdvx

Ddv
L Þ;

WΔðxLÞ¼N Δx
AΔ
L ð1−xLÞBΔð1þCΔx

DΔ
L Þ;

Wðd̄þūÞðxLÞ¼N ðd̄þūÞx
Aðd̄þūÞ
L ð1−xLÞBðd̄þūÞ ð1þCðd̄þūÞx

Dðd̄þūÞ
L Þ;

WsðxLÞ¼W s̄ðxLÞ¼
1

4
×Wðd̄þūÞðxLÞ;

WgðxLÞ¼N gx
Ag

L ð1−xLÞBgð1þCgx
Dg

L Þ; ð16Þ

where pi ¼ fN i; Ai; Bi; Ci; Dig are the free parameters to
be fitted. The total number of free parameters for all the
neutron FFs is 30. However, we have to fix by hand certain
shape parameters that are difficult to constrain by data in
order to obtain a reasonable QCD fit. With the available
leading nucleon data sets, for example, the fit cannot
constrain distinct strange-quark fracture functions. We
therefore assume a symmetric strange-quark distribution.
The GJR08 PDFs considered a symmetric strange
distributions which is xsGJR08ðx;Q2Þ ¼ xs̄GJR08ðx;Q2Þ ¼
kðxd̄GJR08ðx;Q2Þ þ xūGJR08ðx;Q2ÞÞ with k ¼ 1=4.
Following that, we apply WsðxLÞ¼W s̄ðxLÞ¼1

4
×Wðd̄þūÞ

ðxLÞ in our analysis. Therefore, our strange densities can
be obtained from this assumption and are directly sensi-
tive to the ū-type from d̄-type distributions. We should
mentioned here that, one could also consider standard
“MSTW-type” parametrizations for the total light sea
quark distribution as xS ¼ 2ūþ 2d̄þ sþ s̄ as [89]

xS ¼ xaSð1 − xÞbSð1þ cS
ffiffiffi
x

p þ dSxÞ: ð17Þ

However, in our analysis we prefer to consider the GJR08
NLO parton sets.
As can be seen from Eq. (16), we consider standard

“GJR-type” parametrizations for the up and down valence
quark distributions. Since we have used both the LP and
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LN data in our analysis with a possible separation of the u
and d densities, we believe that these data sets can provide
the possibility to determine valence quark distributions.
The distributions of nucleon FFs in the quark sector at
large x may show valencelike structures for some quark-
flavor combinations [58]. Since the accessible values of x
and xL in the experimental data are quite wide, these data
sets can constrain the up and down valence quark
distributions well enough. The kinematical coverage of
our analyzed data sets can be found in Figs. 1, 2, and 3.
Finally, note that the nucleon FFs parametrizations
adopted in this analysis are intrinsically more flexible
than those used in our previous global analysis. We will
show that the above parametrizations will provide us with
enough flexibility to extract the nonsinglet, valencelike,
and gluon densities.
The effects of heavy quark masses (mc, mb) in hard

processes and the appropriate definition of parton densities

for these quarks have been very actively studied in recent
years. When heavy quarks participate in hard processes, the
simplest and easiest choice is to treat these particles as
massless throughout the calculation, rather than appeal to
the more conventional massive parton approximation.
However, in most modern global QCD analysis of data,
the so-called general mass variable flavor number scheme
[89] for parton densities are used which is the actual
relevance of heavy quark mass corrections. For the case of
leading nucleon production at collider DIS as well as
hadron collider, a little attention has been paid to the heavy
quark contributions. Our analysis in this work has been
performed at NLO accuracy in perturbative QCD in the MS
scheme. For the heavy quarks c and b we have used the
zero-mass variable flavor scheme and activate the heavy
quarks at their mass thresholds, mc ¼ 1.43 GeV and
mb ¼ 4.5 GeV. The strong coupling has been fixed on
the world average value of αsðM2

ZÞ ¼ 0.118 [90].

B. Selection of data sets

Measurements of the cross sections for the production
of leading nucleon at very small angles with respect to the
proton beam direction in deep-inelastic electron-proton
scattering at HERA have been presented as a function of
the scale variables β, xL and the photon virtuality Q2.
In this section, we review the experimental results from
the H1 and ZEUS Collaborations on the production of the
leading nucleon in neutral current eþp collisions. The rate
of leading nucleon production depends only logarithmi-
cally on the virtuality of exchanged photon Q2 and the
momentum fraction of the incoming proton carried by
struck quarks, β ¼ 1=ð1 − xLÞ. These leading nucleons
carry a large fraction of the incoming proton’s energy
xL ≥ 0.2 and produce with low transverse momentum
pT ≤ 0.7 GeV. The data from HERA collider cover a
large kinematic range of photon virtuality Q2, and scale

FIG. 3. Typical kinematical coverage in the (x, Q2) plane for the
ZEUS-09 data sets included in our global QCD fits for four
selected bins of xL ¼ 0.495, 0.820, 0.845, and 0.870.

FIG. 1. Nominal coverage of the ZEUS-02 [86] data sets used
in our global QCD fits for one selected bin of xL ¼ 0.24.

FIG. 2. Nominal coverage of the ZEUS-06 [55] data sets used
in our global QCD fits for two selected bins of xL ¼ 0.575
and 0.89.
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variables of β and xL. These leading nucleon production
measurements include both semi-inclusive DIS ep → enX
[53,54,56,62,64,65,81,91] as well as the semiexclusive
production of dijet with high transverse energy ep →
enjjX [92–94].
In our previous analysis [57], we have used the leading

neutron productions data from the ZEUS-02 [53] and
H1 [56] Collaborations. The H1 semi-inclusive DIS

structure function FLNð3Þ
2 ðβ; Q2; xLÞ is measured within

the DIS kinematic ranges of 6 < Q2 < 100 GeV2, and
1.5 × 10−4 < x < 3 × 10−2, and 0.02 < y < 0.6, and neu-
tron transverse momentum pT < 0.2 GeV. The ratios of

the measured FLNð3Þ
2 ðβ; Q2; xLÞ to the inclusive Fp

2 ðx;Q2Þ
presented in the H1 measurement [56] show that these
two structure functions have a similar ðx;Q2Þ behavior.
This result suggests the validity of the hard-scattering
factorization presented in Eq. (8) and scale dependence of
the nucleon FFs in Eq. (10).
As we mentioned, our analysis is based on leading

proton ep → epX and leading neutron ep → enX pro-
ductions in semi-inclusive DIS at HERA. In Table I, we
list all data sets included in the STKJ17 global analysis
along with the corresponding references, the kinematical
coverage of xL, x and Q2, the number of data points,
and finally the normalization shifts N n obtained in the
QCD fit.
In next section, we briefly summarize the selection of

data sets and the cuts imposed on them, and the treatment of
experimental normalization uncertainties.

1. ZEUS-02 data on leading neutron production

As we summarized in Table I, we have used three data
sets in our QCD fit. For the leading-neutron production in
eþp collisions, we have used the data from the ZEUS
Collaboration [53]. At the ZEUS experiment, a forward
neutron calorimeter detected leading neutrons with the
energy resolution of σ=E ¼ 65%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðGeVÞp

, covering
0� 0.8 mrad. In order to reduce the systematic uncertain-
ties, the neutron-tagged cross section, ep → enX, is mea-
sured relative to the inclusive DIS cross section, ep → eX.
Leading neutron production has been studied for xL > 0.2,
production angle of the neutron θn < 0.8, and the photon

virtuality up toQ2 ∼ 104 GeV2. The transverse-momentum
acceptance of the leading neutron in the ZEUS experiment
has been set to pT ≈ xLEpθn ¼ 0.656xLðGeVÞ.
In order to minimize the systematics uncertainties, the

ZEUS Collaboration at HERA studied the relationship
between the leading neutron production and the inclusive
eþp scattering in terms of the ratio of the cross sections.
The corresponding ratio rLNð3Þ in bins of width ΔxL is then
defined as [53]

rLNð3Þðx;Q2; xLÞð1þ ΔÞ ¼ FLNð3Þ
2 ðx;Q2; xLÞ
Fp
2 ðx;Q2Þ ΔxL; ð18Þ

where the correction term Δ is small and can be neglected,
Fp
2 ðx;Q2Þ is the inclusive DIS structure function, and

the neutron-tagged structure function FLNð3Þ
2 ðx;Q2; xLÞ is

obtained by the integration over p2
T from Eq. (6). In our

analysis, we have used the inclusive DIS structure
function of GJR08 at NLO approximation [86].
Multiplying the rLNð3Þ ratios by a fit to the inclusive
Fp
2 , the ZEUS Collaboration was also able to measure the

neutron-tagged structure function FLNð3Þ
2 ðx;Q2; xLÞ values

for various bins of x, xL, and Q2.
In our global analysis, we have considered both leading

neutron and leading proton production data. For the
ZEUS-02 [53] experiment, we have used the semi-
inclusive cross section σLNð3Þr ðx;Q2; xLÞ. Our theory setup
also includes the negligible contributions from the longi-

tudinal structure functions FLNð3Þ
2 . Since, in the ZEUS-02

experiment, the cross section for the production of
leading neutrons has been determined as a ratio
rLNð3Þðx;Q2; xLÞ relative to the inclusive neutral current
cross section, we have used Eq. (18) to account for this
data. The values of inclusive structure functions
Fp
2 ðx;Q2Þ are obtained from the GJR08 parametrization

of the parton density [86].
In Fig. 1, we plot the nominal coverage of the ZEUS-02

leading neutron data sets used in STKJ17 QCD fits for one
representative bin of xL ¼ 0.24. The plot nicely summa-
rizes the universal x, xL, and Q2 dependence of the leading
neutron production at HERA.

TABLE I. List of all the leading neutron and leading proton production data points above Q2 ¼ 2.0 GeV2 used in the STKJ17 global
analysis. For each data set we provide the references; the kinematical coverage of xL, x, andQ2; the number of data points; and the fitted
normalization shifts N n obtained in the fit.

Experiment Observable [xmin
L , xmax

L ] [xmin, xmax] Q2½GeV2� No. of Points N n

ZEUS-02 [53] FLNð3Þ
2 ðx;Q2; xLÞ [0.24–0.92] [1.1 × 10−5–3.20 × 10−3] 7–1000 300 0.9974

ZEUS-06 [55] rLPð3Þðx;Q2; xLÞ [0.575–0.890] [8.5 × 10−5–8.29 × 10−2] 3.4–377 226 1.0012
ZEUS-09 [64] rLPð3Þðx;Q2; xLÞ [0.370–0.895] [9.6 × 10−5–3.25 × 10−2] 4.2–237 168 1.0004

Total Data 694
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2. ZEUS-06 data on leading proton production

In addition to the ZEUS-02 data on leading neutron
production, we also include the ZEUS-06 data on leading
proton production [55]. Events of the type eþp → eþpX
with a final-state proton with xL > 0.6 have been studied
in eþp collisions at HERA using the ZEUS detector
[54,55], emphasizing the nondiffractive region. The high-
energy leading protons with low transverse momentum
carrying at least 60% of the incoming-proton momentum
are measured in the ZEUS leading proton spectrometer.
The ZEUS-06 data were taken during 1994–1995 using
the HERA collider at DESY in which the Ee ¼ 27.5 GeV
positron collided with the Ep ¼ 820 GeV protons corre-
sponding to the center-of-mass energy of

ffiffiffi
s

p ¼ 301 GeV.
The following data with different photon virtualities
were used: Q2 < 0.02 GeV2, 0.1 < Q2 < 0.74 GeV2,
and 3 < Q2 < 254 GeV2, corresponding to the total
integrated luminosity of L ¼ 0.9, 1.85, and 3.38 pb−1.
The ratio of the cross section for leading proton produc-
tion to the inclusive eþp cross section is given as a
function of x, xL, Q2, and p2

T . The ratio r
LPð3Þðx;Q2; xLÞ is

given by

rLPð3Þðx;Q2; xLÞ ¼
FLPð3Þ
2 ðx;Q2; xLÞ
Fp
2 ðx;Q2Þ : ð19Þ

The contributions from the longitudinal structure func-
tion FL is assumed to be the same for the inclusive DIS and
the proton-tagged reactions. For the inclusive DIS structure
function, Fp

2 ðx;Q2Þ, we have used the results of GJR08
[86]. Figure 2 shows the distribution of the leading proton
production data in the Q2 and x planes for two represen-
tative bins of xL ¼ 0.575 and 0.89. We can see that the
ZEUS-06 data set provides a rather wide coverage in the
(x; Q2) plane.
As we already mentioned, the ZEUS-06 leading proton

production has been measured in several x and Q2 bins for
p2
T < 0.50 GeV2 which is different from the ZEUS-02

leading neutron production which is measured in neutron
transfer momentum of p2

T < 0.43x2LðGeVÞ. However the
ZEUS-06 data cover the ZEUS-02 range in xL, and the
distribution of the protons in ZEUS-06 is integrated up to
pmax
T ¼ 0.70 GeV. Hence, for different values of xL, the

ZEUS-06 values must be reduced to account for the pT
range measured by ZEUS-02. For the leading neutron
production at the ZEUS experiment [53], distributions in
pT are often parametrized by exponential e−bðxLÞp2

T with a
characteristic slope bðxLÞ ¼ ð16.3xL − 4.25Þ GeV−2. For
the leading proton production at the ZEUS experiment
[54,55], the values of the slope parameter b is independent
of Q2 and xL and the mean value of b is b ¼ 6.6�
0.6ðstat:Þ � 0.8ðsyst:Þ GeV−2 for 0.6 < xL < 0.97.

3. ZEUS-09 data on leading proton production

In addition to the mentioned data sets, we also have
used the recent ZEUS data on leading proton production
in the semi-inclusive reaction eþp → eþpX [64]. The
leading proton production cross section and its ratio to
the inclusive DIS cross section were studied with the
ZEUS detector at HERAwith an integrated luminosity of
12.8 pb−1. In this experiment, leading protons carried
a large fraction of the incoming proton energy, xL > 0.32,
and its transverse-momentum squared satisfied p2

T <
0.5 GeV2. An approximately 24% of DIS events in this
measurement have a leading proton. In Fig. 3 we show the
kinematic coverage in the (x; Q2) plane of the ZEUS-09
data sets included in our global analysis. The plot nicely
summarizes the universal x, xL, and Q2 dependence of
the leading proton productions using the ZEUS detector at
the HERA collider.

C. χ 2 analysis and uncertainties of nucleon FFs

The total χ2 is calculated in comparison with the leading
nucleon data for the nucleon FFs in Eq. (15). The
theoretical functions should be obtained at the same
experimental x, xL, and Q2 points for calculating χ2. As
we explained in Sec. II C, the Q2 evolution is calculated by
the DGLAP evolution equations of Eq. (10). The simplest
method to calculate the total χ2ðfζigÞ for independent sets
of unknown fit parameters fζig is as follows:

χ2ðfζigÞ ¼
Xndata
i

ðDdata
i − T theory

i ðfζigÞÞ2
ðσdatai Þ2 ; ð20Þ

where Ddata
i and T theory

i are experimental and theoretical
values of leading nucleon observables, respectively, at the
same experimental x, xL, and Q2 points. The experimental
errors are calculated from systematic and statistical errors
added in quadrature, σdatai ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðσsysi Þ2 þ ðσstati Þ2

p
. The

unknown parameters are determined so as to obtain the
minimum χ2. The optimization of the functions is done by
the CERN program MINUIT [95].
Since most experiments come with additional informa-

tion on the fully correlated normalization uncertainty
ΔN n, the simple χ2 definition in Eq. (20) needs to be
modified in order to account for such normalization
uncertainties. In this case and in order to determine the
best fit parameters of Eq. (15), we need to minimize the
χ2globalðfζigÞ function with the free unknown parameters.
This function is given by

χ2globalðfζigÞ ¼
Xnexp
n¼1

wnχ
2
n; ð21Þ

where wn is a weight factor for the nth experiment and
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χ2nðfζigÞ¼
�
1−N n

ΔN n

�
2

þ
XNdata

n

j¼1

�ðN nDdata
j −T theory

j ðfζigÞ
N nδDdata

j

�2

;

ð22Þ

where nexp corresponds to the individual experimental
data sets and Ndata

n corresponds to the number of data
points in each data set. The normalization factors ΔN n in
Eq. (22) can be fitted along with the fitted parameters
ðfζigÞ of Eq. (15) and then kept fixed. The obtained
normalization factors ΔN n are presented in Table I.
In order to illustrate the effects arising from the use of
the different data sets, in Tables. II, III, and IV we show
the χ=ndata for each bin of xL. These tables illustrate the
quality of our QCD fits to leading nucleon production
data at NLO accuracy in terms of the individual χ2 values
obtained for each experiment. The total χ2=Npts for the

resulting fit to the ZEUS-02, ZEUS-06, and ZEUS-09 data
sets is 770.679=677 ¼ 1.138.
The determination of PDFs, polarized PDFs, nuclear

PDFs as well as nucleon FFs through a QCD fit to the
experimental data is a procedure that necessarily implies
a variety of assumptions, mostly concerning their input
parametrization and the propagation of the experimental
uncertainties into them [1]. In recent years, the assess-
ment of uncertainties has seen significant progress in
the QCD analyses. Among the different approaches the
Hessian method, the Lagrange multiplier technique and
neural network are the most reliable ones. The “Hessian
method,” which we have used to extract the uncertainties
of the neutron FFs as well as the corresponding observ-
ables, was estimated in Refs. [7,8,18,57,89,96–99].
Although the technical details of the Hessian method
are described in these references, an outline of this
method is explained here because it is used in our
analysis.
As we discussed, our method is the χ2nðfζigÞ fitting

procedure used in the global QCD analysis and for the
determination of the uncertainties, we have used the well-
known “Hessian” or error matrix approach. This method
confirms that the STKJ17 fitting methodology used in this
QCD analysis can faithfully reproduce the input nucleon
FFs in the region where the leading nucleon production
data are sufficiently constraining. The fit parameters are
denoted ζi (i ¼ 1; 2;…; N), where N is the total number
of the fitted parameters. One can expand χ2 around the
minimum χ2 point ζ̂ as

TABLE II. The values of χ2=ndata for the ZEUS-02 data set [53]
included in the STKJ17 global QCD analysis. A more detailed
discussion of the description of the individual data sets and the
definitions of χ2ðfξigÞ are contained in the text.

Experiment xL χ2 ndata

xL ¼ 0.24 15.808 25
xL ¼ 0.31 17.862 25
xL ¼ 0.37 21.009 25
xL ¼ 0.43 22.463 25
xL ¼ 0.49 24.821 25

ZEUS-02 [53] xL ¼ 0.55 17.551 25
xL ¼ 0.61 23.509 25
xL ¼ 0.67 28.305 25
xL ¼ 0.73 62.006 25
xL ¼ 0.79 55.432 25
xL ¼ 0.85 58.254 25
xL ¼ 0.92 41.693 25

All Data Sets 388.713 300

TABLE III. The values of χ2=ndata for the ZEUS-06 data set
[55] included in the STKJ17 global QCD analysis; see details in
Table II.

Experiment xL χ2 ndata

xL ¼ 0.575 12.076 19
xL ¼ 0.59 15.980 28
xL ¼ 0.65 24.398 29

ZEUS-06 [55] xL ¼ 0.71 21.284 28
xL ¼ 0.725 35.788 19
xL ¼ 0.77 26.084 28
xL ¼ 0.83 74.326 28
xL ¼ 0.875 30.024 19
xL ¼ 0.89 53.001 28

All Data Sets 292.961 226

TABLE IV. The values of χ2=ndata for the ZEUS-09 data set
[64] included in the STKJ17 global QCD analysis; see details in
Table II.

Experiment xL χ2 ndata

xL ¼ 0.37 7.399 15
xL ¼ 0.392 1.62 3
xL ¼ 0.395 4.763 12
xL ¼ 0.42 2.352 4
xL ¼ 0.47 19.331 15
xL ¼ 0.495 2.674 3
xL ¼ 0.545 6.022 12
xL ¼ 0.57 4.569 15
xL ¼ 0.595 2.197 3

ZEUS-09 [64] xL ¼ 0.62 2.359 4
xL ¼ 0.67 4.964 15
xL ¼ 0.695 8.826 15
xL ¼ 0.77 6.82 15
xL ¼ 0.795 1.238 3
xL ¼ 0.82 1.13 4
xL ¼ 0.845 5.275 12
xL ¼ 0.87 2.216 15
xL ¼ 0.895 5.064 3

All Data Sets 89.005 168
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Δχ2ðζÞ ¼ χ2ðζ̂ þ δζÞ − χ2ðζ̂Þ ¼
X
i;j

Hijδζiδζj; ð23Þ

where Hij are the elements of the Hessian matrix which is
given by

Hij ¼
1

2

∂2χ2

∂ζi∂ζj
����
min

: ð24Þ

The confidence region normally is given in the parameter
space by supplying a value of Δχ2. In the standard
parameter-fitting criterion, the errors are given by the
choice of the tolerance T ¼ Δχ2 ¼ 1. It is also known
that the confidence level (C.L.) is 68% for Δχ2 ¼ 1 if the
number of the fitted parameters is one N ¼ 1. It is
important to know that for the general case in which the
number of fitted parameters is N > 1, the Δχ2 value needs
to be calculated to determine the size of the uncertainties.
This indicates that our fitting methodology as well as the
uncertainties determination correctly propagate the exper-
imental uncertainty of the data into the uncertainties of the
fitted nucleon FFs.

The determination of the size of uncertainties has been
done by applying the Hessian method based on the
correspondence between the confidence level P and χ2

with the number of fitting parameters N. The confidence
level P is given by

P ¼
Z

Δχ2

0

1

2ΓðN=2Þ
�
χ2

2

�N
2
−1
eð−

χ2

2
Þdχ2; ð25Þ

where Γ is the Gamma function. The value of Δχ2 in
the above equation is taken so that the C.L. becomes the
one-σ-error range, namely, P ¼ 0.68. Similarly, for the
90th percentile, we have P ¼ 0.90. The value ofΔχ2 is then
numerically calculated by using the equation above.
The Hessian matrix or error matrix can be obtained by

running the subroutine of the CERN program library
MINUIT [95]. The uncertainty on any observableO, which
is an attributive function of the input parameters obtained in
the QCD analysis at the input scale Q2

0, is obtained by
applying the Hessian method. Having at hand the value of
Δχ2, and derivatives of the observables with respect to the
fitted parameters, the Hessian method gives the uncertain-
ties on any observables O as

TABLE V. Parameter values fζig for STKJ17 QCD analysis at the input scale Q2
0 ¼ 2 GeV2 obtained from QCD fit to the ZEUS-02,

ZEUS-06, and ZEUS-09 data sets. The details of the χ2ðfζigÞ analysis and the constraints applied to control the nucleon FFs parameters
are contained in the text.

Parameters N A B C D

WuvðxLÞ 14.995� 0.272 3.866� 0.121 1.700� 0.037 0.0 0.0
WdvðxLÞ 11.004� 0.113 3.866� 0.121 1.50� 0.0 0.0
WΔðxLÞ 47.026� 9.734 3.255� 0.301 0.948� 0.107 0.0 0.0
WsðxLÞ ¼ W s̄ðxLÞ 0.308� 0.025 0.708� 0.075 1.544� 0.049 17.387� 1.988 7.063� 0.314
WgðxLÞ 1.750� 0.269 2.379� 0.179 2.426� 0.101 38.074� 8.965 14.850� 1.321

αSðQ2
0Þ 0.356�

αSðM2
ZÞ 0.118

χ2=Npts 770.679=677 ¼ 1.138

FIG. 4. Our results for the WuvðxLÞ and WdvðxLÞ as a function of xL at the input scale Q2
0 ¼ 2 GeV2.
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FIG. 5. The nucleon FFs xMiðx;Q2; xLÞ for all parton species
resulting from our QCD analysis at the input scale, which is taken
to be Q2

0 ¼ 2 GeV2. The results have been presented for a fixed
value of xL ¼ 0.5.

FIG. 6. The nucleon FFs xMiðx;Q2; xLÞ for all parton species
resulting from our QCD analysis at the input scale, which is taken
to be Q2

0 ¼ 2 GeV2. The results have been presented for a fixed
value of xL ¼ 0.8.
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FIG. 7. Our theory predictions for the structure function ratio rLPð3Þðx;Q2; xLÞ ¼ FLPð3Þ
2

ðx;Q2;xLÞ
Fp
2
ðx;Q2Þ and its uncertainties at 68% C.L. in

comparison with the ZEUS-06 data [55].
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½ΔOi�2 ¼ Δχ2
X
j;k

�∂OiðζÞ
∂ζj

�
ζ̂

Cj;k

�∂OiðζÞ
∂ζk

�
ζ̂

; ð26Þ

where Cj;k is the inverse of the Hessian matrix,H−1
jk . For an

estimation of uncertainties at an arbitrary Q2, the obtained
gradient terms are evolved by the DGLAP evolution kernel,
and then the nucleon FFs uncertainties as well as the
uncertainties of other observables, such as the leading

nucleon structure function or cross sections, are calculated.
We should note here that a set of uncertainties due to the
theoretical method have been included in our analysis.
Especially, we considered 5% uncertainty due to GJR08
PDFs in which we have used in our definition for the
leading nucleon FFs at the input scale, Q2

0 ¼ 2 GeV2.
In the next section, we present the main results of this

work, namely, the “STKJ17” set of nucleon FFs at NLO
approximation. First, we discuss the resulting nucleon FFs
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FIG. 8. The tagged-neutron structure function FLNð3Þ
2 as a function of x for some selected values of Q2 at a fixed value of xL ¼ 0.31.

Our theory predictions have been compared with the ZEUS-02 leading neutron data [53].
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and their uncertainties. Then, we show the quality of the fits
and compare the STKJ17 predictions to the fitted leading
nucleon production data sets.

IV. THE RESULTS OF GLOBAL
QCD ANALYSIS

In this section we will present and discuss in depth the
main results of STKJ17 QCD global analysis of nucleon
FFs. First, we present the optimum fit parameters and the
constraints applied to control the nucleon FFs parameters.
Next, the newly obtained nucleon FFs and their uncertainty
estimates are shown. The quality of the fit to ZEUS-02,
ZEUS-06, and ZEUS-09 data sets and potential open issues
and tensions among the different sets of data are illustrated
and discussed in this section.
STKJ17 fitted parameters in the NLO approximation at

the input scale Q2
0 ¼ 2 GeV2 obtained from the best fit to

the combined ZEUS-02 leading neutron data, and ZEUS-
06 and ZEUS-09 leading proton data sets are listed in
Table V. All these data sets could provide sensitivity to the
flavor separation of the nucleon FFs that was not available
in the our previous analysis [57].

In this analysis, it was difficult to determine all unknown
parameters of the valence quark densities, the antiquark, the
strange sea and gluon functions of Eq. (15), so that we
decided to fix some parameters. It indicates that the data are
not sensitive to all parton species at this stage even in the
NLO analysis. For valence quark andWΔðxLÞ densities, we
prefer to set Ci and Di to zero. The values without errors in
Table V have been fixed after the first minimization since
the data do not constrain these unknown parameters well
enough. With the available leading nucleon data sets, for
example, the fit cannot constrain distinct strange-quark
fracture functions. We therefore assume a symmetric
strange-quark distribution. As we discussed in Sec. III A,
we considered WsðxLÞ ¼ W s̄ðxLÞ ¼ 1

4
×Wðd̄þūÞðxLÞ.

In Fig. 4 we present our results for the WuvðxLÞ and
WdvðxLÞ as a function of xL at the input scale
Q2

0 ¼ 2 GeV2. The shaded bands correspond to the uncer-
tainty estimates at 68% C.L. for Δχ2 ¼ 1. As can be seen
from the plot, both WuvðxLÞ and WdvðxLÞ have a similar
pattern and pick at xL ≈ 0.65. For the leading nucleon
production at HERA, the shape of the xL spectra is
independent of the kinematic variables x and Q2, confirm-
ing the hypothesis of limiting fragmentation [67,68].
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FIG. 9. The tagged-neutron structure function FLNð3Þ
2 as a function of x for some selected values of Q2 at fixed value of xL ¼ 0.61.

Our theory predictions have been compared with the ZEUS-02 leading neutron data [53].
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The nucleon FFs xMiðx;Q2; xLÞ for all parton species
resulting from our QCD analysis are shown in Figs. 5 and 6
at the input scale, which is taken to be Q2

0 ¼ 2 GeV2. The
shaded bands correspond to the uncertainty estimates at
68% C.L. In terms of uncertainties, the gluon FFs is less
well constrained by the leading nucleon production data.
As can be inferred from the figures, the error bands for light
quark FFs at xL ¼ 0.8 are bigger than those of xL ¼ 0.5.
In Fig. 7 we present a detailed comparison of our theory

prediction for the rLPð3Þðx;Q2; xLÞ ¼ FLPð3Þ
2

ðx;Q2;xLÞ
Fp
2
ðx;Q2Þ and its

uncertainties at 68% C.L. with the ZEUS-06 data already
included. The ratio is estimated by dividing the tagged-

proton structure function FLPð3Þ
2 computed with our nucleon

FFs obtained in the present analysis by the inclusive DIS
structure function Fp

2 extracted from the GJR08 PDFs. In
general, the agreement of the fit with this data is excellent in
the x, xL, and Q2 covered by the ZEUS experiments.
As we mentioned, the hypothesis of limiting fragmenta-

tion predicts that the lepton variables x and Q2 completely
separate from the baryon variables xL. The observation that
rLPð3Þðx;Q2; xLÞ is approximately constant over a large
kinematic range in the leptonic variables is in good
agreement with the ZEUS-06 data [55]. Our results show
that, for the nucleon in DIS, a hypothesis of limiting
fragmentation works well at medium and high values of xL.
Figure 8 shows our theory perditions for the tagged-

neutron structure function FLNð3Þ
2 as a function of x for

some selected values ofQ2 at fixed value of xL ¼ 0.31. The
results correspond to five different values of Q2 ¼ 7, 15,
30, 60, and 240 GeV2. Our theory predictions have been
compared with the ZEUS-02 leading neutron data [53].
First and foremost, these results demonstrate a good global
fit of data taken at different energies Q2 and kinematic
ranges of x with our universal set of neutron FFs.
In order to investigate the validity of our QCD analysis

and our obtained theory predictions, in Fig. 9, we present a
detailed comparison of our results with the ZEUS-02
leading neutron data [53] for higher values of xL ¼ 0.61.
Overall, one can conclude that our obtained results are in
good agreement with all data analyzed, for a wide range of
the fractional momentum variable x as well as the longi-
tudinal momentum fraction xL.

V. SUMMARY AND CONCLUSIONS

Events with a highly energetic leading nucleon carrying
a large fraction of the proton beam energy have been
observed in ep scattering at HERA [53,55,56,64]. In this

paper, we have shown that a complete description of
semi-inclusive hard processes in perturbative QCD needs
the introduction of new factorizable quantities, known as
fracture functions. We have also shown that the fracture
functions formalism, which offers a general theoretical
framework for a QCD-based study of leading-baryon
physics [57–60,66,100], works well in describing the
deep-inelastic leading nucleon data measured by the
ZEUS Collaborations at HERA. We argued that
the fracture functions could open some new possibilities
for studying hadron structure and open a new window to
predict a variety of hard processes at hadron colliders.
Our analysis is based on the fracture functions approach,
in which in this framework, semi-inclusive cross sections
of leading nucleon production may be written in terms of
perturbatively calculable hard-scattering coefficient func-
tions convoluted with appropriate sets of nonperturbative
but universal input nucleon FFs constrained by data. Such
a picture was presented here, together with the results of a
NLO QCD global analysis of leading nucleon data, where
it was implemented. We discuss novel aspect of the
methodology used in the present analysis, namely, an
optimized parametrization of nucleon FFs. We compare
the STKJ17 nucleon FFs set to available leading neutron
and leading proton data finding, in general, a reasonable
agreement. We have shown that the partial separation of
the nucleon FFs for the various quark flavors has been
possible because of the existence of tagged-neutron
structure function data from ZEUS-02, and cross section
ratio from ZEUS-06 and ZEUS-09 experiments as well as
proposed parametrizations. To further decompose the
quark and antiquark neutron FFs, and better constrain
the gluon density, additional information will be needed
from leading neutron and proton productions in proton-
proton collisions. We obtained a relatively good overall
description of the leading neutron and proton productions
data at both low and high values of x, xL, and Q2.
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