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We present SKMHS22, a new set of diffractive parton distribution functions (PDFs) and their uncertainties
at next-to-leading-order and next-to-next-to-leading-order accuracy in perturbative QCD within the xFitter
framework. We describe all available diffractive DIS datasets from HERA and the most recent high-
precision H1/ZEUS combined measurements considering three different scenarios. First, we extract the
diffractive PDFs considering the standard twist-2 contribution. Then, we include the twist-4 correction from
the longitudinal virtual photons. Finally, the contribution of subleading Reggeon exchange to the structure-
function FD

2 is also examined. For the contribution of heavy flavors, we utilize the Thorne-Roberts general
mass variable number scheme. We show that for those corrections, in particular, the twist-4 contribution
allows us to include the high-β region and leads to a better description of the diffractive DIS datasets. We
find that the inclusion of the subleading Reggeon exchange significantly improves the description of the
diffractive DIS cross-section measurements. We then investigate the stability of the SKMHS22QCD fit upon
the inclusion of higher-order QCD corrections and show that it slightly improves the description of the data.
The resulting sets are in good agreement with all diffractive DIS data analyzed, which cover a wider
kinematical range than in previous fits. The SKMHS22 diffractive PDFs sets presented in this work are
available via the LHAPDF interface. We also make suggestions for future research in this area.
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I. INTRODUCTION

One of the most important experimental findings
reported by the H1 and ZEUS collaborations at the
HERA collider, working at the center of the mass-energy

of about
ffiffiffi
s

p ¼ 318 GeV, is the observation of a significant
fraction of about 8%-10% of large rapidity gap events in
diffractive deep inelastic scattering (DIS) processes [1–5].
Such diffractive DIS processes allow us to define a

nonperturbative diffractive parton distribution functions
(diffractive PDFs) that can be extracted from a QCD
analysis of relevant data [2,3]. According to the factoriza-
tion theorem, the diffractive cross section can be expressed
as a convolution of the diffractive PDFs and partonic hard
scattering cross sections of the subprocess which is calcu-
lable within perturbative QCD.
The diffractive PDFs have properties very similar to the

standard PDFs, especially they obey the same standard
DGLAP evolution equation [6–9]. However, they have an
additional constraint due to the presence of a leading
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proton (LP) in the final state of diffractive proc-
esses, lðkÞ þ pðPÞ → lðk0Þ þ pðP0Þ þ XðpXÞ.
Considering the diffractive factorization theorem, the

diffractive PDFs can be extracted from the reduced cross
sections of inclusive diffractive DIS data by a QCD fit. It
should be noted here that if the factorization theorem would
be violated in hadron-hadron scattering, then there is no
universality for example for the diffractive jet production in
hadron-hadron collisions [10,11]. Starting from perturbative
QCD, in the first approximation, diffractive DIS is described
in the dipole framework and formed by the quark-antiquark
(qq̄) and quark-antiquark-gluon (qq̄g) system.
So far all, several groups extracted the diffractive PDFs

from QCD analyses of the diffractive DIS data at the next-
to-leading order (NLO) and next-to-next-to-leading order
(NNLO) accuracy in perturbative QCD [2,3,12–22]. In
Ref. [14], the authors presented the first NLO determi-
nation of the diffractive PDFs and their uncertainties
within the xFitter framework [23,24]. Reference [13]
presented the first NNLO determination of the diffractive
PDFs, and the framework of fracture functions is used in
the QCD analysis [15,25,26]. Some of these studies, such
as ZEUS-2010-dPDFs [3], also include the diffractive
dijet cross-section measurement to determine the well-
constrained gluon PDFs.
A detailed study on the NNLO QCD predictions for dijet

production in the diffractive DIS process is presented in
Ref. [27]. It has also been shown in this work that for the
given kinematical range of the HERA diffractive DIS data,
the higher-order QCD corrections are of crucial importance.
In this paper, we report a new QCD fit of diffractive PDFs

to the HERA inclusive data in diffractive DIS at the NLO
and NNLO in perturbative QCD within the xFitter frame-
work [23]. The present fit also includes the high-precision
H1/ZEUS combined measurements of the diffractive DIS
cross section [28]. The inclusion of the most recent HERA
combined data, together with the twist-4 corrections from
the longitudinal virtual photons and the contribution of
subleading Reggeon exchanges to the structure-function,
provide well-established diffractive PDFs sets. We show
that these corrections, in particular, the twist-4 contribution
allows us to explore the high-β region, and the inclusion of
the subleading Reggeons gives the best description of the
diffractive DIS data. In addition, by considering such
corrections, one could relax the kinematical cuts that one
needs to apply to the data.
This paper is organized in the following way: In Sec. II

we discuss the theoretical framework of the SKMHS22
diffractive PDFs determination, including the computation
of the diffractive DIS cross section, the evolution of
diffractive PDFs, and the corresponding factorization
theorem. This section also includes our choice of physical
parameters and the heavy quark contributions to the
diffractive DIS processes. The higher twist contribution
considered in SKMHS22 QCD analysis also discussed in

detail in this section. In Sec. III we present the details
of the SKMHS22 diffractive PDFs global QCD analysis
and fitting methodology. Specifically, we focus on the
SKMHS22 parametrization, the minimization strategy,
and the method of uncertainty estimation. We also present
the diffractive dataset used in the SKMHS22 analysis,
along with the corresponding observables and kinematic
cuts applied to the data samples. In Sec. IV we present in
detail the SKMHS22 sets. The perturbative convergence
upon inclusion of the higher twist corrections is also
discussed in this section. The fit quality and the theory/data
comparison are presented and discussed in this section as
well. Finally, in Sec. V we summarize our findings and
outline possible future developments.

II. THEORETICAL FRAMEWORK

In the following section, we describe the standard
theoretical framework which is perturbative QCD (pQCD)
for the typical event with a large rapidity gap (LRG) for
diffractive DIS processes. We discuss in detail the calcu-
lation of diffractive DIS reduced cross section, the relevant
factorization theorem, and our approaches to consider the
heavy flavors contributions. We also provide the details of
the diffractive structure-function (diffractive SF) taking the
twist-4 and Reggeon corrections into account.

A. Diffractive DIS cross section

In Fig. 1, we display the Feynman diagram for diffractive
DIS in the single-photon approximation. In the neutral
current (NC) diffractive DIS process ep → epX, we have
the incoming positron or electron in the initial state in which
scatters off an incoming proton with the four-momentum k
and P, respectively. As one can see from the Feynman
diagram, in the final state, the proton with the four-
momentum of P0 remains intact and there is a rapidity

FIG. 1. Diagram for diffractive DIS ep → epX. The four-
momenta are indicated as well (in the round brackets). The
diffractive scattered proton is distinguished from the diffractive
mass X.
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gap between the proton in the final state and the diffractive
system X and outgoing electron with four-momentum k0.
In order to calculate the reduced diffractive cross section

for such a process, one needs to introduce the standard set
of kinematical variables

Q2 ¼ −q2 ¼ ðk− k0Þ; y¼ P · q
P · k

; x¼ −q2

2P · q
; ð1Þ

which are the photon virtuality Q2, the inelasticity y, and
the Bjorken variable x, respectively.
In the case of diffractive DIS, one needs to introduce an

additional kinematical variable β which is defined to be the
momentum fraction carried by the struck parton with
respect to the diffractive exchange. The kinematical vari-
able β is given by,

β ¼ Q2

2ðP − P0Þ · q ¼ Q2

M2
X þQ2 − t

; ð2Þ

whereMX is the invariant mass of the diffractive final state,
produced by the diffractive dissociation of the exchanged
virtual photon, and the variable t ¼ ðP − P0Þ2 is the
squared four-momentum transferred at the proton vertex.
The experimental diffractive DIS datasets are provided

by the H1 and ZEUS collaborations at HERA in the form of
the so-called reduced cross section σD3

r ðβ; Q2; xIP; tÞ, where
xIP is defined to be the longitudinal momentum fraction lost
by the incoming proton. The longitudinal momentum
fraction xIP satisfies the relation x ¼ βxIP. The t-integrated
differential cross section for the diffractive DIS processes
can be written in terms of the reduced cross section as,

dσep→epX

dβdQ2dxIP
¼ 2πα2

βQ4
½1þ ð1 − yÞ2�σD3

r ðβ; Q2; xIPÞ: ð3Þ

In the one-photon approximation, the reduced diffractive
cross section can be written in terms of two diffractive
structure functions [2,3,14]. This reads,

σDð3Þ
r ðβ; Q2; xIPÞ ¼ FDð3Þ

2 ðβ; Q2; xIPÞ

−
y2

1þ ð1 − yÞ2 F
Dð3Þ
L ðβ; Q2; xIPÞ: ð4Þ

It should be noted here that for the y not close to the unity,

the contribution of the longitudinal structure function FDð3Þ
L

to the reduced cross sections can be neglected. Since we use
the diffractive DIS datasets at HERA for the reduced cross
section, we follow the recent study by GKG18 [14] and
consider this contribution in our QCD analysis.

B. Factorization theorem for the diffractive DIS

The main idea of diffractive DIS was proposed for the
first time by Ingelman and Schlein [29]. According to the
Ingelman-Schlein (IS) model, the diffractive processes in
DIS are interpreted in terms of the exchange of the leading

Regge trajectory. The diffractive process includes two steps
which are the emission of the Pomeron from a proton and
subsequent hard scattering of a virtual photon on partons in
the Pomeron. Therefore the Pomeron is considered to have a
partonic structure as do hadrons. Hence, the diffractive
structure functions factorizes into a Pomeron flux and a
Pomeron structure function [30–32]. In analogy to the
inclusive DIS, the diffractive structure functions can be
written as a convolution of the non-perturbative diffractive
PDFs which satisfy the standard DGLAP evolution equa-
tions [6–9], and the hard scattering coefficient functions. It
is given by,

FDð4Þ
2=L ðβ; Q2; xIP; tÞ

¼
X
i

Z
1

β

dz
z
C2=L;i

�
β

z

�
fDi ðz;Q2; xIP; tÞ; ð5Þ

where the sum runs over all parton flavors (gluon, d-quark,
u-quark, etc.).
Here the long-distance quantity fDi ðz;Q2; xIP; tÞ denotes

the nonperturbative part which can be determined by a
global QCD analysis of the available diffractive experimen-
tal datasets. The Wilson coefficient functions C2=L;i in the
above equation describe the hard scattering of the virtual
photon on a parton i and are the same as the coefficient
functions known from the inclusive DIS and calculable in
perturbative QCD [33]. It has been shown that the descrip-
tion of the experimental data is very good when factoriza-
tion is assumed [2,3,14]. The vertex factorization states that
the diffractive PDFs should be factorized into the product of
two terms, one of them depends on the xIP and t, and the
another one is a function of β andQ2. Hence, the diffractive
PDFs fDi=pðβ; Q2; xIP; tÞ is given by,

fDi=pðβ; Q2; xIP; tÞ ¼ fIP=pðxIP; tÞfi=IPðβ; Q2Þ
þ fIR=pðxIP; tÞfIRi=IRðβ; Q2Þ; ð6Þ

where fIP=pðxIP; tÞ and fIR=pðxIP; tÞ are the Pomeron and
Reggeon flux-factors, respectively. These describe the
emission of the Pomeron and Reggeon from the proton
target. The Pomeron and Reggeon partonic structures given
by the parton distributions fi=IPðβ; Q2Þ and fIRi=IRðβ; Q2Þ.
The parametrization and determination of these functions
will be discussed in detail in Sec. III.

C. Heavy flavor contributions

The study of the heavy quark flavor contributions to the
DIS processes enables us to precisely test QCD and the
strong interactions. In this respect, their contributions have
an important impact on the PDFs [34–37], FFs [38–40],
and diffractive PDFs [12–14] extracted from the global
QCD analysis.
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Generally speaking, there are two regimes for the treat-
ment of heavy quark production. The first region is Q2 ∼
m2

h where mh is the heavy quark mass. The massive quarks
are produced in the final state and they are not treated as an
active parton within the nucleon. This regime is interpreted
using the “fixed flavor number scheme” (FFNS). In this
scheme, the light quarks are considered to be the active
partons inside the nucleon, and the number of flavors needs
to be fixed to nf ¼ 3. The FFNS is not accurate and reliable
for scales much greater than the heavy quark mass thresh-
old m2

h. At higher energy scales, Q2 ≫ m2
h, the heavy

quarks behave as massless partons within the hadron. It that
case, logarithmic terms∼Q2=m2

h are automatically summed
through the solutions of the DGLAP evolution equations
for the heavy quark distributions. The simplest approach
which describes the Q2=m2

h → ∞ limit is the “zero mass
variable flavor number scheme” (ZM-VNS), which ignores
all the Oðm2

h=Q
2Þ corrections. In summary, at very large

scales, where the resummation of large logarithms are
pertinent, the ZM-VFNS would be more precise, and in the
limits close to the heavy quark mass threshold mh, the
FFNS works well enough. In order to present the correct
scheme and to obtain the best description of these two
limits of Q2 ≤ m2

h and Q2 ≫ m2
h, one needs to take into

account the “general mass variable flavor number scheme”
(GM-VFNS) [41]. In this scheme, the DIS structure
function can be written as follows,

Fðx;Q2Þ ¼ C
GMVFN;nfþm
j ðQ2=m2

hÞ ⊗ f
nfþm
j ðQ2Þ; ð7Þ

where nf is the number of active light quark flavors and m
is the number of heavy quarks. Unlike the ZM-VFNS,

the hard scattering coefficient functions C
FF;nf
k depend on

the ðQ2=m2
hÞ but reduce to the zero mass approach as

Q2=m2
h → ∞. Considering the transition from nf active

quarks to nf þ 1 ones, one could write,

Fðx;Q2Þ ¼ C
GMVFN;nfþ1

j ðQ2=m2
hÞ ⊗ f

nfþ1

j ðQ2Þ
¼ C

GMVFN;nfþ1

j ðQ2=m2
hÞ ⊗ AjkðQ2=m2

hÞ
⊗ f

nf
k ðQ2Þ

≡ C
FF;nf
k ðQ2=m2

hÞ ⊗ f
nf
k ðQ2Þ; ð8Þ

where the matrix elements AjkðQ2=m2
hÞ are calculated and

presented in Ref. [42]. The C
FF;nf
k ðQ2=m2

hÞ coefficient in
the above equation is given by,

C
FF;nf
k ðQ2=m2

hÞ≡ AjkðQ2=m2
hÞ ⊗ f

nf
k ðQ2Þ: ð9Þ

As we mentioned before, the coefficient functions must
behave toward the massless limit as Q2=m2

h → ∞, as given
by Eq. (9). The analysis presented in this work is based on

the Thorne and Roberts (TR) GM-VFNS which covers
smoothly from FFNS scheme at low Q2 to the ZM-VFNS
description at high energy scale Q2, and in this regard, our
choice gives the best description of the heavy flavor effects
on the diffractive structure functions. In this study, follow-
ing the MMHT14 collaboration, we adopt the values for
heavy quarks asmc ¼ 1.40 GeV andmb ¼ 4.75 GeV [43].
The strong coupling constant is fixed to αsðM2

ZÞ ¼
0.1185 [44].

D. Twist-4 correction

In this section, we describe in detail the twist-4 correc-
tion considered in the SKMHS22 QCD analysis. Generally
speaking, the higher twist contribution is proportional to
the terms depending on 1=Q2, and hence, would be highly
suppressed at a high-energy scale Q2 in the DIS process.
Nonetheless, in the color dipole framework this term for
M → 0 or β → 1 dominates over the twist-2 contribution.
Hence, the dipole picture provides a powerful framework in
which the QCD-based saturation models can be used to
investigate the diffractive DIS data.
For interaction of the color dipole with a proton, one

could consider two different models which are the quark
dipole (qq̄ system) and gluon dipole (qq̄g) system. We refer
the reader to the Ref. [45] for a clear review.
As we mentioned earlier, for the diffractive cross section,

the virtual photon could be transversely or longitudinally
polarized. Therefore, according to the different polariza-
tion, one can decompose it into a transverse and a
longitudinal part. It turns out for the leading order in Q2

for β → 1, the qq̄ and qq̄g from transverse virtual photons
vanish proportional to the (1 − β), whereas the longitudinal
part which is of higher twist and gives a finite contribution.
In diffractive DIS, for M ≪ Q2, the qq̄ contribution to the
final state dominates over qq̄g of the photon wave function.
Thus, the Lqq̄ component is not negligible at higher value
of β and has an important contribution in the longitudinal
diffractive structure function. The FD

Lqq̄ can be written in
terms of the Bessel functions J0 and K0 and dipole cross
section σ̂ðxIP; rÞ [45,46],

FD
Lqq̄ ¼

3

16π4xIP
e−BDjtj

X
f

e2f
β3

ð1 − βÞ4

×
Z ½Q2ð1−βÞ�=4β

0

dk2
k2=Q2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4β

1−β
k2

Q2

q

×

�
k2

Z
∞

0

drrK0

� ffiffiffiffiffiffiffiffiffiffiffi
β

1 − β

s
kr

�
J0ðkrÞσ̂ðxIP; rÞ

�2

:

ð10Þ

The main idea for the dipole approach is that the photon
splits up into a quark-antiquark pair (dipole), which then
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scatters on the proton target. Following the studies pre-
sented in Refs. [47], the dipole cross section is considered
to have the following simple form in our QCD analysis,

σ̂ðxIP; rÞ ¼ σ0f1 − expð−r2Q2
s=4Þg; ð11Þ

where r indicates the separation between the quark
and the antiquark. The saturation momentum Q2

s ¼
ðxIP=x0Þ−λ GeV2 is responsible for the transition to the
saturation regime. The parameters σ0 ¼ 29 mb, x0 ¼
4 × 10−5, and λ ¼ 0.28 are taken from Ref. [47]. This
definition of the dipole-proton cross section presents a
good description of the inclusive HERA diffractive DIS
datasets. Our QCD analysis which includes the twist-4
correction is called SKMHS22-tw2-tw4. The effect of
such corrections on the extracted diffractive PDFs is
discussed in Sec. IV.

E. Reggeon contribution

For the higher value of xIP, these diffractive DIS datasets
include the contributions which decrease with energy. In
order to truly describe this effect one can include the
corrections of the subleading Reggeon contribution.
Since such a contribution does not contribute to the

diffractive scattering process nor to the diffractive structure
function, it does not break the factorization.
In order to take into account such contributions, we add

the following Reggeon contribution to the diffractive
structure function F2

D [48,49]

dFR
2

dxIPdt
ðx;Q2; xIP; tÞ ¼ fRðxIP; tÞFR

2 ðβ; Q2Þ; ð12Þ

where the fRðxIP; tÞ is the Reggeon flux, and the FR
2 ðβ; Q2Þ

is the Reggeon structure function. In principle, we should
consider different Regge pole contributions and sum over
them and include interference terms. Approximately, one
can neglect the interference terms between Reggeons and
the Pomeron and also between different Reggeons.
Therefore for the Reggeon flux, we consider the following
formulas:

fRðxIP; tÞ ¼
X
Ri

fRiðxIP; tÞ; ð13Þ

and

fRiðxIP; tÞ ¼
F2
i ð0Þ
8π

e−jtj=λ2i CiðtÞx1−2αiðtÞIP : ð14Þ

Here, CiðtÞ¼4 cos2½παiðtÞ=2� and CiðtÞ ¼ 4 sin2½παiðtÞ=2�
are the signature factors for the even Reggeon (f2) and the
odd Reggeon (ω), respectively. The Reggeon trajectory is
given by αiðtÞ ¼ 0.5475þ ð1.0 GeV−2Þt. From Ref. [49],
F2
f2
ð0Þ¼194GeV−2 and F2

ωð0Þ ¼ 52 GeV−2 which denote

the Reggeon couplings to the proton. λ2i ¼ 0.65 GeV is
known fromReggeon phenomenology in hadronic reactions.
The analysis for the isoscalar Reggeons f2;ω shows that the
Reggeon contribution to the diffractive structure-function
becomes important for xIP > 0.01 [50]. Our assumption for
the Reggeon structure functions is that they are the same for
all Reggeons and FR

2 ðβ; Q2Þ is related to the parton
distributions in the Reggeons in a conventional way and
can be determined by the fit to diffractive DIS data from
HERA [28,51,52]. For the Reggeon structure function, we
consider the following parametrization form,

FR
2 ðβÞ ¼ w1β

w2ð1 − βÞw3ð1þ w4

ffiffiffi
β

p
þ w5β

2Þ; ð15Þ

where w1, w2, w3, and w4 are free fit parameters and they
need to be determined from a global QCD analysis. The
parameter w2 controls the shape of FR

2 ðβÞ in the low-β
region, while w3 controls the high-β region. The parameters
w4 and w5 are considered to be fixed to zero, as the current
diffractive DIS datasets do not have enough power to
constrain all the shape parameters. Our QCD analysis which
includes the Reggeon contribution is called SKMHS22-
tw2-tw4-RC, and the effect arising from the inclusion of
such correction is discussed in Sec. IV.

III. DIFFRACTIVE PDFs GLOBAL QCD
ANALYSIS DETAILS

The analysis of diffractive PDFs is a QCD optimization
problem and can be seen as having four elements to it. The
first and most important element is of course the exper-
imental data and their uncertainty. The second element is a
theoretical model used to describe these phenomenon. For
the analysis of nonperturbative objects such as diffractive
PDFs this theoretical framework can have some adjustable
parameters as well as a number of constraints (say for
ensuring of factorization). Another part of the problem is
the objective function which we wish to minimize/maxi-
mize. Here, this function is a χ2 function that is defined by
the theoretical framework and includes the data uncertainty.
The last part of the problem is the optimization method
which is the essential step to finding the solution.
In this section, we present the methodology of our global

QCD analysis to obtain the diffractive PDFs and their
uncertainties at NLO and NNLO accuracy in perturbative
QCD. We describe the details of the datasets used for the
following fit in Sec. III A, the parametrization of diffractive
PDFs is discussed in Sec. III B, and the methodology of
minimization and uncertainties of our diffractive PDFs are
described in Sec. III C.

A. Experimental datasets

In this section, we describe all available inclusive dif-
fractive DIS datasets in detail. However, one needs to apply
some kinematical cuts in order to avoid nonperturbative
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effects and ensure that only the datasets for which the
available perturbative QCD treatment is adequate are
included in the QCD analysis. We attempt to include more
datasets, and hopefully by including the twist-4 and
Reggeon contributions, one could relax some kinematical
cuts that need to be applied to the data.
The kinematic coverage in the (β, xIP, Q2) plane of the

complete SKMHS22 dataset is displayed in Fig. 2. The data
points are classified by classified by different experimental
analyses at HERA. As is customary, some kinematic cuts
need to be applied to the diffractive DIS cross-section
measurements. The list of diffractive DIS datasets and their
properties used in the SKMHS22 global analysis are shown
in Table I. All the measurements are presented in terms of
the t-integrated reduced diffractive DIS cross-section mea-

surements DDð3Þ
r ðep → epXÞ. In the SKMHS22 QCD

analysis, we also analyze the combined measurement of
the inclusive diffractive cross section presented by the H1
and ZEUS Collaborations at HERA (H1/ZEUS combined)
[28]. They used samples of diffractive DIS ep data at
the center-of-mass energy of

ffiffiffi
s

p ¼ 318 GeV at the HERA
collider where the leading protons are detected by

appropriative spectrometers. This high-precision measure-
ment combined all the previous H1 FPS HERA I [50], H1
FPS HERA II [17], ZEUS LPS 1 [53], and ZEUS LPS 2 [1]
datasets. These measurements cover the photon virtuality
interval 2.5 < Q2 < 200 GeV2, 3.5 × 10−4 < xIP < 0.09
in proton fractional momentum loss, 0.09 < jtj <
0.55 Gev2 in squared four-momentum transfer at the proton
vertex and 1.8 × 10−3 < β < 0.816. We should highlight
here that all H1-LRG data are published for the range of
jtj < 1 GeV2, while the recent combined H1/ZEUS datasets
are restricted to the range of 0.09 < jtj < 0.55 GeV2, and
hence, one needs to use a global normalization factor to
extrapolate from 0.09 < jtj < 0.55 GeV2 to jtj < 1 GeV2

[14]. Therefore, the combined H1/ZEUS data are corrected
for the region of jtj < 1 GeV2.
Another dataset that we have used in our QCD analysis is

the large rapidity gap (LRG) data from H1-LRG-11, which
was measured by the H1 detector in 2006 and 2007. These
data are derived for three different center of mass energies offfiffiffi
s

p ¼ 225, 252 and 319 GeV [51]. The H1 collaboration
measured the reduced cross section in the photon virtualities
range 4 GeV2 ≤ Q2 ≤ 44 GeV2 for the center of massffiffiffi
s

p ¼ 225, 252 GeV, and 11.5 GeV2 ≤ Q2 ≤ 44 GeV2

for the center-of-mass energy of
ffiffiffi
s

p ¼ 319 GeV. The
diffractive final state masses and the proton vertex are in
the range of 1.25 < MX < 10.84 GeV and jtj < 1 GeV2,
respectively. The diffractive variables are considered in
the range of 5 × 10−4 < xIP < 3 × 10−3, 0.033 < β <
0.88 for

ffiffiffi
s

p ¼ 225, 252 GeV, and 0.089 < β < 0.88 forffiffiffi
s

p ¼ 319 GeV.
Finally the last dataset that we have employed is the

H1-LRG-12 [52]. These data for the process ep → eXY
have been derived by the H1 experiment at HERA. H1-
LRG-12 data covers the range of 3.5 < Q2 < 1600 GeV2,
0.0003 ≤ xIP ≤ 0.03, and 0.0017 ≤ β ≤ 0.8.
In addition to the extrapolation factor discussed above

for the case of the H1/ZEUS combined data, we should
mention here that different methods have been employed
by the ZEUS and H1 Collaborations in the cross-section
measurement, and hence, the measured cross sections are

FIG. 2. The kinematic coverage in the (β, xIP, Q2) plane of the
SKMHS22 dataset. The data points are classified by different
experiments at HERA.

TABLE I. List of all diffractive DIS data points with their properties used in the SKMHS22 global QCD analysis. For each dataset we
provide the kinematical coverage of β, xIP, and Q2. The number of data points is displayed as well. The details of the kinematical cuts
applied on these datasets are explained in the text.

Experiment Observable [βmin, βmax] [xIPmin, xIPmax] Q2½GeV2� # of points Reference

H1-LRG-11
ffiffiffi
s

p ¼ 225 GeV σDð3Þ
r [0.033–0.88] [5 × 10−4 –3 × 10−3] 4–44 22 [51]

H1-LRG-11
ffiffiffi
s

p ¼ 252 GeV σDð3Þ
r [0.033–0.88] [5 × 10−4 –3 × 10−3] 4–44 21 [51]

H1-LRG-11
ffiffiffi
s

p ¼ 319 GeV σDð3Þ
r [0.089–0.88] [5 × 10−4 –3 × 10−3] 11.5–44 14 [51]

H1-LRG-12 σDð3Þ
r [0.0017–0.80] [3 × 10−4—3 × 10−2] 3.5–1600 277 [52]

H1/ZEUS combined σDð3Þ
r [0.0018–0.816] [3 × 10−4 –9 × 10−2] 2.5–200 192 [28]

Total data 526
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not always given with the corrections for the proton
dissociation background.
Hence, in our work, a correction factor for the proton

dissociation is applied to the H1/ZEUS combined data. The
proton dissociation is simulated using an approximate
dσ=dM2

Y ∝ 1=M2
Y [2]. In our work, the combined H1/

ZEUS diffractive DIS data are corrected by the global factor
of 1.21 to account for this correction. This number is
consistent with the numbers used by other groups [17,27,50].
Finally we applied some additional kinematical cuts on

the β, MX, and Q2. The kinematical cuts we applied are
similar to those used in Refs. [3,14], except for the case of
β. By considering the twist-4 and Reggeon corrections, we
can relax the cuts to include more datasets than those have
been used in Ref. [14]. For the extraction of diffractive
PDFs we apply β ≤ 0.90 and MX < 2 GeV over all data-
sets used in this analysis. The sensitivity of datasets to the
Q2 has been tested in Refs. [3,14]. The authors finalized the
cut on Q2 by making a χ2 scan. In Ref. [12] the authors
used standard higher twist for structure functions and they
obtained the best χ2 by considering the Q2

min ¼ 6.5 GeV2,
and in Ref. [14] to extract the diffractive PDFs they found
the best cut is Q2

min ¼ 9 GeV2. In this work and after
testing the results for the χ2 we found the best agreement of
theory and data will be achieved by takingQ2

min ¼ 9 GeV2.
After applying these kinematical cuts the total number of
data points is reduced to the 302.

B. SKMHS22 Diffractive PDFs parametrization form

Diffractive PDFs are nonperturbative quantities and
cannot be calculated in perturbative QCD. Therefore, for
their functional dependence a parametric form with some
unknown parameters should be considered at the input
scale. Due the lack of diffractive DIS experimental data, for
the quark distributions we consider all light quarks and
antiquarks densities to be equal, fu ¼ fd ¼ fs ¼ fū ¼
fd̄ ¼ fs̄. The scale dependence of the quarks and gluon
distributions fq;gðβ; Q2Þ needs to be determined by the
standard DGLAP evolution equations. We fit the diffractive
quark and gluon distributions at the starting scale Q2

0 ¼
1.8 GeV2 which is below the charm threshold (m2

c ¼
1.96 GeV2). Since the diffractive DIS datasets can only
constrain the sum of the diffractive PDFs and due to the
small amount of the inclusive diffractive DIS datasets, one
needs to consider the less flexible parametrization form for
diffractive PDFs.
We fit the diffractive parton distribution function at the

initial scale Q2
0 ¼ 1.8 GeV2 with the following Pomeron

parton distributions which have been used in several
analysis [2,12,14]:

zfqðz;Q2
0Þ ¼ αqzβqð1 − zÞγqð1þ ηq

ffiffiffi
z

p þ ξqz2Þ; ð16Þ

zfgðz;Q2
0Þ ¼ αgzβgð1 − zÞγgð1þ ηg

ffiffiffi
z

p þ ξgz2Þ; ð17Þ

where z in above equation is the longitudinal momentum
fraction of struck parton with respect to the diffractive
exchange. At the lowest order, z ¼ β but by including the
higher orders this parameter differs from β and this leads to
the 0 < β < z. In order to let the parameters γq and γg have
enough freedom to achieve negative or positive values in
the QCD fit we follow the QCD analyses available in the
literature and add an additional term e−

0.001
1−z to ensure that the

distributions vanish for z → 1. It turned out that four
parameters ηq, ηg, ξq and ξg are not well constrained by
the experimental data, and hence, one needs to set them to
zero. The heavy flavors are generated through the DGLAP
evolution equations at the scale Q2 > mc;b. As we men-
tioned, to consider the contributions of heavy flavors, we
apply the Thorne-Roberts scheme GM-VFN scheme.
The xIP dependence of the diffractive PDFs

fDi ðβ; Q2; xIP; tÞ in Eq. (6) is determined by the Pomeron
and Reggeon flux with linear trajectories, αIP;IRð0Þ þ α0IP;IRt
[2,12,14]

fIP;IRðxIP; tÞ ¼ AIP;IR
eBIP;IRt

x2αIP;IRðtÞ−1IP

; ð18Þ

where the normalization factor of Reggeon AIR and the
Pomeron and Reggeon intercepts, αIPð0Þ and αIRð0Þ are free
parameters and will be determined from fit to the diffractive
DIS data. We should note here that, according to Eq (6) the
parameter AIP is absorbed into the αq and αg. The remaining
parameter appearing in Eq. (18) are taken from [14]. In
general we have twelve free fit parameters: six from
Eqs. (16) and (17), three form Eq. (18), and three from
the Reggeon structure function in Eq. (15).

C. Minimization and diffractive PDF
uncertainty method

In this section, we present two important parts of the
SKMHS22QCD analysis. First, we discuss the optimization
method, and then we show how to take into account the
data uncertainty in the final results. In order to estimate the
free parameters of the diffractive PDFs given the exper-
imental data of Sec. III A we apply the maximum log-
likelihood method. If we assume that the data arise from a
Gaussian distribution as is usually done, this method
coincides with minimizing the χ2 estimator. Here we adopt
the following form for the χ2 function [14,54],

χ2ðfζkgÞ

¼
X
i

½Ei − T iðfζgÞð1−
P

jγ
i
jbjÞ�2

δ2i;uncT
2
i ðfζgÞþ δ2i;statEiT iðfζgÞð1−

P
jγ

i
jbkÞ

þ
X
i

ln
δ2i;uncT

2
i ðfζgÞþ δ2i;statEiT iðfζgÞ
δ2i;uncE

2
i þ δ2i;statE

2
i

þ
X
j

b2j ; ð19Þ
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with E is the measured experimental value, and T is the
theoretical prediction based on the fit parameters fζkg. The
parameters δi;stat, δi;unc, and γij denote the relative statistical,
uncorrelated systematic, and correlated systematic uncer-
tainties, respectively. The nuisance parameters bk are related
to correlated systematic uncertainty and are determined with
the fζkg parameters simultaneously in the QCD fit.
The above χ2 function is incorporated in the xFitter

framework, in conjunction with other tools required for a
perturbative QCD analysis of diffractive PDFs. One then
can use this package to perform all the essential operations
such as DGLAP evolution up to NNLO accuracy, theo-
retical calculation of the relevant observables and finding
out optimal parameter values and deducing their uncer-
tainty collectively. As we specified above in order to find
the optimal fit parameter values one needs to minimize the
χ2 function, this is achieved by utilizing the MINUIT CERN
package [55]. This package finds the parameter uncertain-
ties by considering the χ2 function around its minimum.
MINUIT has five minimization algorithms, here we choose
to work with MIGRAD which is the most commonly used
method of minimization.
In practice, we need to propagate these parameter

uncertainties to the observables or other quantities like
the diffractive PDFs themselves. For this aim, a set of
eigenvector PDF sets along with the central values of the
diffractive PDFs is formed, for our fit that has 9 free
parameters, the total number of PDF sets will be 19. Each
member of the error set is derived by either increasing or
decreasing one of the parameters by its uncertainty. Then,
the uncertainty of a quantity O due to its dependence on
PDFs is given as in Ref. [56],

ΔO ¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1

ðOðþÞ
i −Oð−Þ

i Þ2
vuut ; ð20Þ

where Oð�Þ
i refer to the values of O which are calculated

from PDF sets of the ith parameter along with the �
directions. In the derivation of this relation, it is assumed
that the variation of O can be approximated by linear terms
of its Taylor series and then the gradient is approximated,
which produces the above result. In the next section, we
present our main results and findings of the SKMHS22
diffractive PDFs and some observables in order to show the
quality of the analysis.

IV. FIT RESULTS

This section includes the main results of the SKMHS22
diffractive PDFs analysis. As we discussed in detail earlier,
in this QCD analysis we present three different QCD fits to
determine the diffractive PDFs which are SKMHS22-tw2,
SKMHS22-tw2-tw4 and SKMHS22-tw2-tw4-RC. In
this section we will present and discuss these results in turn.

The similarity and difference of these results over different
kinematical ranges will be highlighted, and the stability of
the results upon the inclusion of higher-twist corrections
will be discussed in detail. This section also includes a
detailed comparison with the diffractive DIS data analyzed
in this work.

A. SKMHS22 diffractive PDFs

The best fit parameters for three sets of SKMHS22
diffractive PDFs are shown in Table II along with their
experimental errors. Considering the numbers presented in
this table, some comments are in order. The parameters ηg
and ηq are considered to be fixed at zero as the present
diffractive DIS datasets do not have enough power to
constrain all shape parameters of the distributions.
The parameter fwig for the Reggeon structure function

for the SKMHS22-tw2-tw4-RC analysis presented in
Eq. (15) are determined along the fit parameters and then
keep fixed to their best fitted values. The parameters w4 and
w5 are keep fixed at zero. The values for the strong coupling
constant αsðM2

ZÞ and the charm and bottom quark masses
also are shown in the table as well.
In the following, we turn our attention to the detailed

comparison of the three SKMHS22 diffractive PDFs sets.
We display the SKMHS22-tw2, SKMHS22-tw2-tw4,
and SKMHS22-tw2-tw4-RC diffractive PDFs parame-
trized in our QCD fits, Eqs. (16) and (17), along with
their uncertainty bands in Fig. 3 at the input scale
Q2

0 ¼ 1.8 GeV2. The higher Q2 value results at 6 and
20 GeV2 are shown in Figs. 4 and 5, respectively. The
lower panels show the ratio of SKMHS22-tw2-tw4 and
SKMHS22-tw2-tw4-RC to the SKMHS22-tw2.
In Fig. 6, we display the perturbatively generated

SKMHS22 diffractive PDFs for the charm and bottom
quark densities along with their error bands at the scale
of Q2 ¼ 60 GeV2 and 200 GeV2. All three diffractive
PDFs sets are shown for comparison. The uncertainty
bands presented in these plots mainly come from the
experimental uncertainties.
A remarkable feature of the SKMHS22 diffractive gluon

and quark PDFs shown in these figures is the difference
both in the shape and error bands, which reflects the effect
arising from the inclusion of higher twist corrections. As
can be seen, for all cases the inclusion of the twist-4 and
Reggeon corrections lead to slightly smaller error bands.
This is consistent with the χ2 value presented in Table III.
The inclusion of the twist-4 corrections and Reggeon
contributions leads to an enhancement of the gluon
diffractive PDFs at high β, and a reduction of the singlet
PDFs as well. Considering such corrections also affects the
small regions of β and leads to the reduction of the central
values of all distributions. These findings indicate that for
the given kinematical range of the diffractive DIS data from
the ZEUS and H1 Collaborations, considering the higher
twist corrections is of crucial importance.
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For the gluon PDFs, we see a very large error band for a
small region of β, namely β < 0.01, which indicates that the
available diffractive DIS data do not have enough power to
constrain the low-β gluon density. To better constrain the
gluon PDFs, the diffractive dijet productions data need to

be taken into account [57,58]. In terms of future work, it
would be very interesting to repeat the QCD analysis
described here to study the impact of diffractive dijet
production data on the diffractive gluon PDF and its
uncertainty.

FIG. 3. The SKMHS22 diffractive PDFs at the input scale of
Q2

0 ¼ 1.8 GeV2. All three diffractive PDFs sets are shown for
comparison. The lower panels represent the ratio of SKMHS22-
tw2-tw4 and SKMHS22-tw2-tw4-RC to the SKMHS22-tw2.

TABLE II. Best fit parameters obtained with the SKMHS22-tw2, SKMHS22-tw2-tw4, and SKMHS22-tw2-
tw4-RC fits at the initial scale of Q2

0 ¼ 1.8 GeV2 along with their experimental uncertainties. The values marked
with the (*) are fixed in the fit.

Parameters SKMHS22-tw2 SKMHS22-tw2-tw4 SKMHS22-tw2-tw4-RC

αg 1.00� 0.16 1.07� 0.17 1.43� 0.23
βg 0.226� 0.066 0.332� 0.070 0.447� 0.070
γg 0.27� 0.15 0.19� 0.14 0.37� 0.14
ηg 0.0� 0.0� 0.0�

αq 0.305� 0.022 0.517� 0.041 0.727� 0.059
βq 1.474� 0.069 1.887� 0.081 2.149� 0.0584
γq 0.509� 0.034 0.980� 0.0948 1.137� 0.050
ηq 0.0� 0.0� 0.0�

αIPð0Þ 1.0934� 0.0032 1.1021� 0.0037 1.0965� 0.0037
αIRð0Þ 0.316� 0.053 0.400� 0.053 0.418� 0.054
AIR 21.7� 5.7 15.0� 3.9 13.2� 3.5
w1 0.0� 0.0� 0.23�
w2 0.0� 0.0� 3.79�
w3 0.0� 0.0� 14:9�
w4 0.0� 0.0� 0.0�

w5 0.0� 0.0� 0.0�

αsðM2
ZÞ 0.1185� 0.1185� 0.1185�

mc 1.40� 1.40� 1.40�
mb 4.75� 4.75� 4.75�

FIG. 4. Same as in Fig. 3 but this time for the higher energy
scale of 6 GeV2.
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The same discussion also holds for the case of heavy
quark diffractive PDFs. As one can see from Fig. 6, the
SKMHS22-tw2-tw4-RC charm and bottom quark den-
sities lie below other results for all regions of β.

B. Comparison with other groups

Now we are in a position to compare the SKMHS22-
tw2-tw4-RC diffractive PDFs with other results available
in the literature, in particular with the GKG18 [14], ZEUS-
2010 Fit SJ [3], and H1-2006 Fit B [2] diffractive
parton sets. Here we mainly present and discuss our NLO
QCD fit. The NNLO results will be presented in Sec. IV D.
In Figs. 7 and 8, the comparisons are shown for the gluon
βgðβ; Q2Þ and the total quark singlet βΣðβ; Q2Þ distribu-
tions obtained from our NLO SKMHS22-tw2-tw4-RC

QCD fit at some selected Q2 value of Q2 ¼ 6, 20
and 200 GeV2.
As it is illustrated in Fig. 7, for the gluon distribution

there are no significant differences between SKMHS22-
tw2-tw4-RC results and the GKG18, H1-2006 and
ZEUS-2010 analyses, almost for all values of β.
In all region of β, the gluon distribution of the GKG18 fit

are almost inside the error bands of the SKMHS22-tw2-
tw4-RC results. A slight enhancement for the large
value of β, and very small reduction for small values of
β can be seen for the SKMHS22-tw2-tw4-RC in respect
to the GKG18 QCD fit. Overall, we have obtained a similar
gluon distribution in comparison to the other three groups,
however, the agreement between our results for the GKG18

FIG. 5. Same as in Fig. 3 but this time for the higher energy
scale of 20 GeV2.

FIG. 6. The perturbatively generated SKMHS22 diffractive
PDFs for the charm and bottom quark densities along with their
error bands at the scale of Q2 ¼ 60 and 200 GeV2. All three
diffractive PDFs sets are shown for comparison.

TABLE III. The values of χ2=Npts for the datasets included in the SKMHS22 global fits.

SKMHS22-tw2 SKMHS22-tw2-tw4 SKMHS22-tw2-tw4-RC

Experiment χ2=Npts χ2=Npts χ2=Npts

H1-LRG-11
ffiffiffi
s

p ¼ 225 GeV [51] 11=13 11=13 12=13
H1-LRG-11

ffiffiffi
s

p ¼ 252 GeV [51] 20=12 21=12 19=12
H1-LRG-11

ffiffiffi
s

p ¼ 319 GeV [51] 6.6=12 3.7=12 4.6=12
H1-LRG-12 [52] 136=165 143=165 124=165

H1/ZEUS combined [28] 129=100 124=100 125=100

Correlated χ2 11 16 19

Log penalty χ2 þ11 þ22 þ15

χ2=dof 324=293 ¼ 1.10 319=293 ¼ 1.16 319=293 ¼ 1.08
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FIG. 7. The gluon βgðβ; Q2Þ distribution obtained from our
NLO SKMHS22-tw2-tw4-RC QCD fit at selected Q2 value of
Q2 ¼ 6, 20, and 200 GeV2 in comparison with the GKG18,
ZEUS-2010 Fit SJ, and H1-2006 Fit B diffractive parton
sets. The error bands correspond to the fit uncertainties deter-
mined using the Hessian method.

FIG. 8. Same as Fig. 7, but this time for the total quark singlet
βΣðβ; Q2Þ distribution.
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is somewhat better than for H1-2006 and ZEUS-2010. We
should note here that both GKG18 and SKMHS22 use the
H1/ZEUS combined datasets.
We now turn to compare the SKMHS22-tw2-tw4-RC

total quark singlet distribution with those of other groups.
The comparisons are shown in Fig. 8. A one can see, the
preliminary impact of the nonperturbative corrections that
we applied in our analysis are on the behavior of the total
quark singlet distribution over the medium to large value of
β. While other groups are in good agreement with each
other, the SKMHS22-tw2-tw4-RC quark singlet are
undergone a reduction over the large value of β.
As can be seen from both Figs. 7 and 8, a comparable

uncertainty bands for the quark singlet and gluon distri-
butions are obtained in respect to the GKG18 QCD
analysis.

C. Fit quality and data/theory comparison

In Table III, we present the values for the χ2 per data
point for both the individual and the total diffractive DIS
datasets included in the SKMHS22 analysis. The values are
shown for all three sets of SKMHS22-tw2, SKMHS22-
tw2-tw4, and SKMHS22-tw2-tw4-RC. Concerning
the fit quality of the total diffractive DIS datasets, the
most noticeable feature is an improvement in the inclusion
of the Reggeon contribution. The improvement of the
individual χ2 per data point is particularly pronounced
for the H1-LRG 2012 when the Reggeon contribution in
considered in the analysis. This finding demonstrates the
fact that the inclusion of the higher-twist corrections
improves the description of the diffractive DIS datasets.

In order to further highlight the SKMHS22 analysis, in
the following, we present a detailed comparison of the
diffractive DIS dataset analyzed in this work to the
corresponding NLO theoretical predictions obtained using
the NLO diffractive PDFs from all three sets. As we will
show, in general, overall good agreements between the
diffractive data and the theoretical predictions are achieved
for all H1 and ZEUS data.
We start with the comparison to the H1-LRG-11ffiffiffi
s

p ¼ 225, 252, and 319 GeV data. In Fig. 9, the
SKMHS22 theory predictions are compared with some
selected data points. The comparisons are shown as a
function of β and for selected bins of xIP ¼ 0.0005 and
0.003. As one can see, very nice agreement is achieved for
all regions of β
The same comparisons are also shown in Fig. 10 for the

H1-LRG-12 for some selected bins of xIP namely 0.01,
0.03, and 0.003. In these plots, the SKMHS22 theory
precision for all three different sets are compared with
the H1-LRG-12 diffractive DIS data. The comparisons are
shown as a function of β and for different values of Q2. As
one can see, very good agreements between the data and
theory predictions are achieved, consistent with the total
and individual χ2 presented in Table III.
Finally, in Fig. 11, we display a detailed comparison of

the theory predictions using the three different sets of
SKMHS22 and the H1/ZEUS combined data. The plots are
presented as a function of xIP and for different values of β
and Q2. As one can see, very good agreement is achieved.
As one can see from Figs. 9–11, in general, overall good

agreement between the diffractive DIS data and the NLO

FIG. 9. Comparison between the diffractive DIS dataset from the H1-LRG-11
ffiffiffi
s

p ¼ 225, 252 and 329 GeV and the corresponding
NLO theoretical predictions using all three diffractive PDFs sets. We show both the absolute distributions and the data/theory ratios.
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theoretical predictions are achieved for all experiments,
which is consistent with the individual and total χ2 values
reported in Table III. Remarkably, the NLO theoretical
predictions and the data are in reasonable agreement in the
small- and large-β regions, and the whole range of xIP.

D. Impact of higher order QCD correction

In this section, we discuss the impact of higher order
QCD corrections, namely considering the NNLO correc-
tion in the SKMHS22 QCD analysis. We present our
SKMHS22-tw2-tw4-RC QCD fit at NNLO accuracy
and compare it with the NLO one, focusing on their
perturbative convergence upon the inclusion of higher-
order QCD correction in the fit. The best fit parameters of
SKMHS22-tw2-tw4-RC NNLO CD fit are presented in
Table IV. As for the case of NLO, we set some shape
parameters to zero, if there are not enough data to constrain
these parameters well enough. These are ηg, ηq, w4, and w5.
In Table V we present the obtained values of the χ2 per

data point for both the individual and total datasets at the
NNLO accuracy. The values for the NLO analysis are also
shown as well.

Concerning the fit quality of the total dataset in our
QCD analysis, the most noticeable feature is a very small
improvement upon the inclusion of the higher-order
corrections in the QCD fit. In term of the χ2 value for
total datasets, we obtain χ2=dof ¼ 1.081 at NNLO accu-
racy. The improvement of the individual χ2 is particularly
pronounced for the case of H1-LRG-2012 data when going
from NLO to the NNLO accuracy. For the case of recent
H1/ZEUS combined data, one can see that the individual
χ2 is a little higher than those of NLO one. Generally
speaking, these findings demonstrate that the inclusion
of the NNLO QCD corrections improves the description
of the data. However, the improvements are not very
significant.
Now we are in a position to show the resulting diffractive

PDFs and their uncertainties at NNLO accuracy, and
compare them with the NLO one to investigate the impact
of higher order QCD correction in our QCD analysis. Such
a comparison is presented in Fig. 12 for the gluon βgðβ; Q2Þ
and the total quark singlet βΣðβ; Q2Þ distributions obtained
from our NNLO SKMHS22-tw2-tw4-RC QCD fit at
some selected Q2 value of Q2 ¼ 1.8, and 6 GeV2.

FIG. 10. Same as Fig. 9 but this time for the H1-LRG-12 data.
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One can see, at the input scale, the NLO and NNLO
gluon densities are similar both in size and shape, and there
are some differences for the case of the total quark singlet
distribution, in which the NNLO is smaller than the NLO
for all values of momentum fraction β and come with a
smaller error bands. For Q2 ¼ 6 GeV2, the differences for
the case of both gluon and the total quark singlet are more
pronounced for the medium to small values of β. While the
NNLO gluon distribution is smaller for the small range of
β, the NNLO total quark singlet density is larger than those
of NLO.

V. DISCUSSION AND CONCLUSION

In this work, we performed fits of the diffractive PDFs at
NLO and NNLO accuracy in perturbative QCD called
SKMHS22 using all available and up-to-date diffractive DIS
datasets from the H1 and ZEUS Collaborations at HERA.
We present a mutually consistent set of diffractive PDFs by
adding the high-precision diffractive DIS data from the H1/
ZEUS combined inclusive diffractive cross sections mea-
surements to the data sample.

In addition to the standard twist-2 contributions, we also
considered the twist-4 correction and Reggeon contribution
to the diffractive structure function, which dominate in the
region of large β. The effect of such contributions on the
diffractive PDFs and cross sections were carefully exam-
ined and discussed. The twist-4 correction and Reggeon
contribution lead to the gluon distribution which is peaked
stronger at high-β than in the case of the standard twist-2
QCD fit.
The well-established xFitter fitting methodology, widely

used to determine the unpolarized PDFs, are modified to
incorporate the higher-twist contributions. This fitting
methodology is specifically designed to provide faithful
representations of the experimental uncertainties on the
PDFs.
The QCD analysis presented in this work represents the

first step of a broader program. A number of updates and
improvements are foreseen for the future study.
The important limitation of the SKMHS22 QCD analysis

is the fact that it is based on the inclusive diffractive
DIS cross-section measurements. Despite the fact that the
diffractive DIS is the cleanest process for the extraction of

FIG. 11. Same as Fig. 9 but this time for the H1/ZEUS combined data.
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diffractive PDF, it is scarcely sensitive to the gluon density.
For the near future, our main aim is to include very recent
diffractive dijet production data [57,58], which we expect
to provide a good constraint on the determination of the
gluon diffractive PDFs. This will require the numerical
implementation of the corresponding observables at NLO

and NNLO accuracy in perturbative QCD in the xFitter
package. A further improvement for the future SKMHS22
analyses, as a long-term project, is the inclusion of other
observables from hadron colliders which could carry some
information on flavor separation.
A FORTRAN subroutine, which evaluates the three sets of

SKMHS22 NLO and NNLO diffractive PDFs presented in
this work for given values of β, xIP and Q2 can be obtained
from the authors upon request. These diffractive PDFs sets
are available in the standard LHAPDF format.
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TABLE V. The values of χ2=Npts for the datasets included in the
SKMHS22-tw2-tw4-RC NNLO QCD fit. The NLO results are
also shown for comparison.

SKMHS22-tw2-
tw4-RC (NLO)

SKMHS22-tw2-
tw4-RC (NNLO)

Experiment χ2=Npts χ2=Npts

H1-LRG-11ffiffiffi
s

p ¼ 225 GeV [51]
12=13 12=13

H1-LRG-11ffiffiffi
s

p ¼ 252 GeV [51]
19=12 19=12

H1-LRG-11ffiffiffi
s

p ¼ 319 GeV [51]
4.6=12 5.5=12

H1-LRG-12 [52] 124=165 121=165

H1/ZEUS combined [28] 125=100 128=100

Correlated χ2 19 18

Log penalty χ2 þ15 þ14

χ2=dof 319=293 ¼ 1.088 317=293 ¼ 1.081

TABLE IV. The best fit parameters obtained with the
SKMHS22-tw2-tw4-RC NNLO QCD fit at the initial scale
of Q2

0 ¼ 1.8 GeV2 along with their experimental uncertainties.
The values marked with the (*) are fixed in the fit. The NLO
results are also shown for comparison.

Parameters
SKMHS22-tw2-
tw4-RC (NLO)

SKMHS22-tw2-tw4-
RC (NNLO)

αg 1.43� 0.23 1.53� 0.24
βg 0.447� 0.070 0.535� 0.071
γg 0.37� 0.14 0.43� 0.15
ηg 0.0� 0.0�

αq 0.727� 0.059 0.785� 0.066
βq 2.149� 0.084 2.248� 0.090
γq 1.137� 0.050 1.144� 0.051
ηq 0.0� 0.0�

αIPð0Þ 1.0965� 0.0037 1.0961� 0.0037
αIRð0Þ 0.418� 0.054 0.416� 0.053
AIR 13.2� 3.5 13.4� 3.5
w1 0.23� 3.368�
w2 3.790� 5.087�
w3 14.90� 18.27�
w4 0.0� 0.0�

w5 0.0� 0.0�

αsðM2
ZÞ 0.1185� 0.1185�

mc 1.40� 1.40�
mb 4.75� 4.75�

FIG. 12. The gluon βgðβ; Q2Þ and total quark singlet βΣðβ; Q2Þ
distributions obtained from our NNLO SKMHS22-tw2-tw4-
RC QCD fit at some selected Q2 value of Q2 ¼ 1.8, and 6 GeV2.
The NLO results are also shown as well.
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