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l Diffractive scattering at high energies → target intact and rapidity gap, i.e., large 
region in a detector with no activity.

l Present in both soft [elastic pp scattering] and hard [ep deep inelastic scattering 
(DIS)] processes.

l Challenging in QCD due to enhanced HT/non-linear effects. 

l Classic and most studied example: diffraction in ep DIS at HERA → one of main 
HERA results that diffraction ~10-15% of total DIS cross section.

Diffraction in ep DIS at HERA
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Figure 1. Diagram for diffractive DIS in the single photon
approximation. The diffractive mass X is separated from the
diffractive scattered proton (or its excitation) Y by a rapidity gap.
See the text for the de!nition of the variables. Reproduced from
[17]. CC BY 4.0.

to ask if such processes are tractable within the perturbative
QCD. Veneziano and Trentadue in [14] postulated that in DIS
the semi-inclusive processes, where the hadron is produced in
the target fragmentation region, can be described within the
collinear approximation. For that purpose they introduced the
notion of the fracture functions which contain the information
about the structure function of a given target hadron once
it has fragmented into another given !nal state hadron. The
diffractive processes, which can be classi!ed as a special case
of the processes discussed in [14], were considered in [15, 16]
where it was demonstrated that they can be described within
the collinear approximation, in analogy to the standard non-
diffractive processes in DIS. The factorization proof, presented
in [15], essentially followed that of the inclusive case. Note
that, diffractive factorization can also be applied to other semi-
inclusive processes in diffractive DIS like diffractive heavy
quark production or dijet production in the direct photon case
(see discussion later in this section). Also, factorization is valid
for a more general case of production of a hadron with a !xed
momentum fraction xF and a transverse momentum pt in the
target fragmentation region.

The typical event with a rapidity gap in DIS is depicted in
a diagram shown in !gure 1. An incoming electron or positron
with four-momentum k scatters off the incoming proton with
four-momentum p. The proton is scattered into the !nal state
Y with four-momentum p′. The proton may stay intact or
alternatively it can also dissociate into a low mass excitation
with mass MY. The process proceeds through the exchange of a
single photon and there is a rapidity gap between the !nal state
Y and the diffractive system X, see the diagram in !gure 1.

As any DIS process, the diffractive event is characterized
by the standard set of variables:

q2 = −Q2, x =
Q2

2p · q
, W2 = (p + q)2, y =

p · q
p · k

,

(1)
being minus photon virtuality, Bjorken x, center-of-mass
energy squared of the photon–proton system and inelastic-
ity, respectively. In addition to these variables, there are also
diffractive ones which are de!ned as follows

t = (p− p′)2, ξ =
Q2 + M2

X − t
Q2 + W2 , β =

Q2

Q2 + M2
X − t

,

(2)

where t is the momentum transfer squared at the proton vertex,
M2

X is the mass squared of the diffractive system X, ξ is the
momentum fraction carried by the diffractive exchange, and
β is the momentum fraction carried by the struck parton with
respect to the diffractive exchange. Often ξ is denoted by xIP

in the literature. The two momentum fractions satisfy the con-
straint x = ξβ. The variable ξ can be related to the fraction xL

of the longitudinal momentum of the initial proton carried by
the !nal proton, i.e. ξ = 1 − xL. Thus typical diffractive events
are characterized by small ξ, or large xL meaning that the
!nal proton carries a large fraction of the initial momentum.
The double line in diagram in !gure 1 depicts the diffractive
exchange (often referred to as the Pomeron) between the pro-
ton and the diffractive system X, and is responsible for the
presence of the rapidity gap.

The diffractive cross sections can be expressed by the two
structure functions. In the one-photon approximation

σD(3)
red = FD(3)

2 (β, ξ, Q2) − y2

Y+
FD(3)

L (β, ξ, Q2), (3)

σD(4)
red = FD(4)

2 (β, ξ, Q2, t) − y2

Y+
FD(4)

L (β, ξ, Q2, t), (4)

where Y+ = 1 + (1 − y)2. In the above equations the reduced
cross sections are the rescaled differential cross sections

d4σD(4)

dξdβdQ2dt
=

2πα2
em

βQ4 Y+ σD(4)
red , (5)

or, upon the integration over t,

d3σD(3)

dξdβdQ2 =
2πα2

em

βQ4 Y+ σD(3)
red . (6)

The subscripts (3) and (4) in the above formulae denote
the number of variables that the diffractive cross sections or
structure functions depend on. Note that the structure functions
FD(4)

2,L have dimension GeV−2, whereas FD(3)
2,L are dimension-

less. The contribution of the longitudinal structure function to
the reduced cross sections is rather small, for the most part,
except in the region of y close to unity.

2.2. Collinear factorization in diffractive DIS

The standard perturbative QCD approach to diffractive cross
sections is based on the collinear factorization [14–16]. Sim-
ilarly to the inclusive DIS cross section, the diffractive cross
section can be written in a factorized form

FD(4)
2/L (β, ξ, Q2, t) =

∑

i

∫ 1

β

dz
z

C2/L,i

(
β

z
, Q2

)

× f D
i (z, ξ, Q2, t), (7)

where the sum is performed over all parton "avors (gluon,
d-quark, u-quark, etc). In the case of the lowest order parton
model process, z = β. When higher order corrections are taken
into account then z > β. The coef!cient functions C2/L,i can
be computed perturbatively in QCD and are the same as in
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l Similarly to inclusive DIS → collinear factorization for diffractive DIS, Collins, PRD 57 
(1998) 3051, PRD 61 (2000) 019902 (erratum).

l Diffractive cross section given by convolution of coefficient functions (same as in 
inclusive case) with diffractive parton distributions (PDFs):  

Collinear factorization in diffractive DIS

l Similarly to inclusive case, operator definition for diffractive PDFs:  
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l Diffractive PDFs = conditional probabilities of finding partons in the proton, 
provided that it scatters into the final system  with momentum . 


l Similarly to inclusive case, diffractive PDF are universal (probed in inclusive 
diffraction, diffractive jet production, etc.) and obey Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) evolution equations at fixed  and .  

Y p′￼

ξ t
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l Diffractive PDFs given by long-distance matrix elements → non-perturbative and 
need to be extracted from data using global QCD fits.

l Depend on 4 kinematic variables, c.f. usual PDFs → need simplifications. 

l Proton vertex (Regge) factorization, Ingelman, Schlein, PLB 152 (1985) 256, for the leading 
Pomeron and sub-leading ( ) Reggeon contributions:ξ ≥ 0.03

Diffractive PDFs from global fits

l The fluxes motivated by Regge theory:  

l Simple form for sea quark (valence =0) and gluon PDFs of the Pomeron:
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Figure 2. Schematic illustration of the factorization theorem for diffractive DIS. By changing the scale from Q2
0 to Q2, an additional parton

is emitted in the diffractive mass X(MX). The blue oval indicates the interaction of partons which form the !nal state hadron h (or its low
mass excitation) with the partons in the diffractive mass. This interaction does not change since it cannot resolve the qg system which is
localized at the transverse distance much smaller than 1/Q0.

The Pomeron "ux factor f p
IP(ξ, t) represents the probability

that a Pomeron with particular values of ξ and t couples to
the proton. It is worth to emphasize that in the diagrammatic
language the Pomeron exchange occurs over long space-time
intervals, which is due to the fact that the exchanged gluon
quanta have small plus and minus momentum components.
Also let us note that the soft factorization is highly nontrivial
as the structure of the Pomeron could a priori depend on
Q2—like it happens in the case of the BFKL perturbative
Pomeron [29–31]. In the latter case it is known, for example,
that the Pomeron intercept will depend on the value of the
strong coupling which depends on the scales involved in the
process, such as Q2 in the case of DIS, see section 4.2.

There are number of diffractive !ts in the literature,
[26, 27, 32–34]. Both H1 [26] and ZEUS [27] collaborations
performed DGLAP !ts to their own experimental data.

Analyses of the experimental data actually show a necessity
to include another component, that corresponds to the sublead-
ing term, (in a sense of the small ξ behavior) to which we refer
as Reggeon and which is important at large values of ξ ! 0.03
and small β. Thus the parameterization employed in the !ts is a
modi!cation of (12) which results in a two-component model,
which is a sum of two exchange contributions, IP and IR, each
satisfying the vertex factorization hypothesis:

f D(4)
i (z, ξ, Q2, t) = f p

IP(ξ, t) f IP
i (z, Q2)

+ f p
IR(ξ, t) f IR

i (z, Q2). (13)

The "uxes f p
IR,IP(ξ, t) are parameterized using the form

motivated by the Regge theory,

f p
IP,IR(ξ, t) = AIP,IR

eBIP,IRt

ξ2αIP,IR(t)−1 , (14)

where AIP,IR are normalization constants for the Pomeron and
Reggeon, BIP,IR are t slopes, and αIP,IR(t) = αIP,IR(0) + α′

IP,IR t
are linear trajectories.

We emphasize here that the notions of Pomeron and
Reggeon in the context of diffractive DIS differ from those
familiar from the soft pp (pp̄) interactions. In particular, the
parameters of both trajectories may be different.

Strictly speaking the parameterization in (13) is inspired by
the Regge theory. One does not assume anything here about the
quantum numbers of the Reggeon. Neutron production at large

z is strongly suppressed as compared to proton production, see
[35, 36]. Thus the Reggeon contribution in (13) most probably
cannot be interpreted as solely as a pion exchange. This is
due to the fact that in the case of the pion exchange, the
ratio of the neutron to proton production is equal to two as a
consequence of the Clebsh–Gordan isospin relations between
the corresponding pion photoproduction amplitudes.

The diffractive parton distributions of the Pomeron at the
initial scale µ2

0 are modeled as a singlet quark distribution
Σ =

∑
i( f IP

i + f̄ IP
i ) consisting of quark and antiquark distri-

butions and a gluon distribution f IP
g . The neutrality of the

Pomeron implies f IP
i ≡ f̄ IP

i . In both ZEUS and H1 !ts it
was assumed that the light quark distributions are equal
f IP

u = f IP
d = f IP

s and that the charm and beauty distributions
are in the variable "avour number scheme and are generated
radiatively. Both quarks and gluons are parameterized using
similar functional forms to that used in the !ts to the inclusive
structure function data. H1 and ZEUS used the following
simple parameterization for the distributions in the Pomeron

z f IP
i (z, µ2

0) = AizBi (1 − z)Ci , (15)

where i is a gluon or a light quark. The parameters Cq, Cg were
allowed to vary and in particular they were allowed to take both
positive and negative values. To ensure the vanishing of the
distributions at z = 1 for the solutions to the DGLAP equation,
an exponential regulating factor of exp(−0.01/(1− z)) has
been included.

The parton distributions for the Reggeon component, f IR
i

were taken from a parameterization which was obtained from
!ts to the pion structure function [37, 38].

The !ts performed by H1 [26] and ZEUS [27] are very
similar in general setup but differ in the details of the choice
and number of free parameters and the selection of data sets.
The !ts performed in [26] were referred to as NLO H1 !t A
and B. The two sets of parton densities differ mainly in the
gluon density at high fractional parton momentum. This region
is very poorly constrained by the inclusive diffractive scatter-
ing data at HERA kinematic range. ZEUS collaboration also
performed three separate !ts, ZEUS C, S and SJ !ts [27]. Fits
C and S differ in the form of gluon parameterization at large z,
whereas !t SJ is essentially based on !t S parameterization but
in addition to inclusive data, diffractive dijet data are included
in the !t.
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Figure 2. Schematic illustration of the factorization theorem for diffractive DIS. By changing the scale from Q2
0 to Q2, an additional parton

is emitted in the diffractive mass X(MX). The blue oval indicates the interaction of partons which form the !nal state hadron h (or its low
mass excitation) with the partons in the diffractive mass. This interaction does not change since it cannot resolve the qg system which is
localized at the transverse distance much smaller than 1/Q0.

The Pomeron "ux factor f p
IP(ξ, t) represents the probability

that a Pomeron with particular values of ξ and t couples to
the proton. It is worth to emphasize that in the diagrammatic
language the Pomeron exchange occurs over long space-time
intervals, which is due to the fact that the exchanged gluon
quanta have small plus and minus momentum components.
Also let us note that the soft factorization is highly nontrivial
as the structure of the Pomeron could a priori depend on
Q2—like it happens in the case of the BFKL perturbative
Pomeron [29–31]. In the latter case it is known, for example,
that the Pomeron intercept will depend on the value of the
strong coupling which depends on the scales involved in the
process, such as Q2 in the case of DIS, see section 4.2.

There are number of diffractive !ts in the literature,
[26, 27, 32–34]. Both H1 [26] and ZEUS [27] collaborations
performed DGLAP !ts to their own experimental data.

Analyses of the experimental data actually show a necessity
to include another component, that corresponds to the sublead-
ing term, (in a sense of the small ξ behavior) to which we refer
as Reggeon and which is important at large values of ξ ! 0.03
and small β. Thus the parameterization employed in the !ts is a
modi!cation of (12) which results in a two-component model,
which is a sum of two exchange contributions, IP and IR, each
satisfying the vertex factorization hypothesis:

f D(4)
i (z, ξ, Q2, t) = f p

IP(ξ, t) f IP
i (z, Q2)

+ f p
IR(ξ, t) f IR

i (z, Q2). (13)

The "uxes f p
IR,IP(ξ, t) are parameterized using the form

motivated by the Regge theory,

f p
IP,IR(ξ, t) = AIP,IR

eBIP,IRt

ξ2αIP,IR(t)−1 , (14)

where AIP,IR are normalization constants for the Pomeron and
Reggeon, BIP,IR are t slopes, and αIP,IR(t) = αIP,IR(0) + α′

IP,IR t
are linear trajectories.

We emphasize here that the notions of Pomeron and
Reggeon in the context of diffractive DIS differ from those
familiar from the soft pp (pp̄) interactions. In particular, the
parameters of both trajectories may be different.

Strictly speaking the parameterization in (13) is inspired by
the Regge theory. One does not assume anything here about the
quantum numbers of the Reggeon. Neutron production at large

z is strongly suppressed as compared to proton production, see
[35, 36]. Thus the Reggeon contribution in (13) most probably
cannot be interpreted as solely as a pion exchange. This is
due to the fact that in the case of the pion exchange, the
ratio of the neutron to proton production is equal to two as a
consequence of the Clebsh–Gordan isospin relations between
the corresponding pion photoproduction amplitudes.

The diffractive parton distributions of the Pomeron at the
initial scale µ2

0 are modeled as a singlet quark distribution
Σ =

∑
i( f IP

i + f̄ IP
i ) consisting of quark and antiquark distri-

butions and a gluon distribution f IP
g . The neutrality of the

Pomeron implies f IP
i ≡ f̄ IP

i . In both ZEUS and H1 !ts it
was assumed that the light quark distributions are equal
f IP

u = f IP
d = f IP

s and that the charm and beauty distributions
are in the variable "avour number scheme and are generated
radiatively. Both quarks and gluons are parameterized using
similar functional forms to that used in the !ts to the inclusive
structure function data. H1 and ZEUS used the following
simple parameterization for the distributions in the Pomeron

z f IP
i (z, µ2

0) = AizBi (1 − z)Ci , (15)

where i is a gluon or a light quark. The parameters Cq, Cg were
allowed to vary and in particular they were allowed to take both
positive and negative values. To ensure the vanishing of the
distributions at z = 1 for the solutions to the DGLAP equation,
an exponential regulating factor of exp(−0.01/(1− z)) has
been included.

The parton distributions for the Reggeon component, f IR
i

were taken from a parameterization which was obtained from
!ts to the pion structure function [37, 38].

The !ts performed by H1 [26] and ZEUS [27] are very
similar in general setup but differ in the details of the choice
and number of free parameters and the selection of data sets.
The !ts performed in [26] were referred to as NLO H1 !t A
and B. The two sets of parton densities differ mainly in the
gluon density at high fractional parton momentum. This region
is very poorly constrained by the inclusive diffractive scatter-
ing data at HERA kinematic range. ZEUS collaboration also
performed three separate !ts, ZEUS C, S and SJ !ts [27]. Fits
C and S differ in the form of gluon parameterization at large z,
whereas !t SJ is essentially based on !t S parameterization but
in addition to inclusive data, diffractive dijet data are included
in the !t.
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0 to Q2, an additional parton

is emitted in the diffractive mass X(MX). The blue oval indicates the interaction of partons which form the !nal state hadron h (or its low
mass excitation) with the partons in the diffractive mass. This interaction does not change since it cannot resolve the qg system which is
localized at the transverse distance much smaller than 1/Q0.

The Pomeron "ux factor f p
IP(ξ, t) represents the probability

that a Pomeron with particular values of ξ and t couples to
the proton. It is worth to emphasize that in the diagrammatic
language the Pomeron exchange occurs over long space-time
intervals, which is due to the fact that the exchanged gluon
quanta have small plus and minus momentum components.
Also let us note that the soft factorization is highly nontrivial
as the structure of the Pomeron could a priori depend on
Q2—like it happens in the case of the BFKL perturbative
Pomeron [29–31]. In the latter case it is known, for example,
that the Pomeron intercept will depend on the value of the
strong coupling which depends on the scales involved in the
process, such as Q2 in the case of DIS, see section 4.2.

There are number of diffractive !ts in the literature,
[26, 27, 32–34]. Both H1 [26] and ZEUS [27] collaborations
performed DGLAP !ts to their own experimental data.

Analyses of the experimental data actually show a necessity
to include another component, that corresponds to the sublead-
ing term, (in a sense of the small ξ behavior) to which we refer
as Reggeon and which is important at large values of ξ ! 0.03
and small β. Thus the parameterization employed in the !ts is a
modi!cation of (12) which results in a two-component model,
which is a sum of two exchange contributions, IP and IR, each
satisfying the vertex factorization hypothesis:

f D(4)
i (z, ξ, Q2, t) = f p

IP(ξ, t) f IP
i (z, Q2)

+ f p
IR(ξ, t) f IR

i (z, Q2). (13)

The "uxes f p
IR,IP(ξ, t) are parameterized using the form

motivated by the Regge theory,

f p
IP,IR(ξ, t) = AIP,IR

eBIP,IRt

ξ2αIP,IR(t)−1 , (14)

where AIP,IR are normalization constants for the Pomeron and
Reggeon, BIP,IR are t slopes, and αIP,IR(t) = αIP,IR(0) + α′

IP,IR t
are linear trajectories.

We emphasize here that the notions of Pomeron and
Reggeon in the context of diffractive DIS differ from those
familiar from the soft pp (pp̄) interactions. In particular, the
parameters of both trajectories may be different.

Strictly speaking the parameterization in (13) is inspired by
the Regge theory. One does not assume anything here about the
quantum numbers of the Reggeon. Neutron production at large

z is strongly suppressed as compared to proton production, see
[35, 36]. Thus the Reggeon contribution in (13) most probably
cannot be interpreted as solely as a pion exchange. This is
due to the fact that in the case of the pion exchange, the
ratio of the neutron to proton production is equal to two as a
consequence of the Clebsh–Gordan isospin relations between
the corresponding pion photoproduction amplitudes.

The diffractive parton distributions of the Pomeron at the
initial scale µ2

0 are modeled as a singlet quark distribution
Σ =

∑
i( f IP

i + f̄ IP
i ) consisting of quark and antiquark distri-

butions and a gluon distribution f IP
g . The neutrality of the

Pomeron implies f IP
i ≡ f̄ IP

i . In both ZEUS and H1 !ts it
was assumed that the light quark distributions are equal
f IP

u = f IP
d = f IP

s and that the charm and beauty distributions
are in the variable "avour number scheme and are generated
radiatively. Both quarks and gluons are parameterized using
similar functional forms to that used in the !ts to the inclusive
structure function data. H1 and ZEUS used the following
simple parameterization for the distributions in the Pomeron

z f IP
i (z, µ2

0) = AizBi (1 − z)Ci , (15)

where i is a gluon or a light quark. The parameters Cq, Cg were
allowed to vary and in particular they were allowed to take both
positive and negative values. To ensure the vanishing of the
distributions at z = 1 for the solutions to the DGLAP equation,
an exponential regulating factor of exp(−0.01/(1− z)) has
been included.

The parton distributions for the Reggeon component, f IR
i

were taken from a parameterization which was obtained from
!ts to the pion structure function [37, 38].

The !ts performed by H1 [26] and ZEUS [27] are very
similar in general setup but differ in the details of the choice
and number of free parameters and the selection of data sets.
The !ts performed in [26] were referred to as NLO H1 !t A
and B. The two sets of parton densities differ mainly in the
gluon density at high fractional parton momentum. This region
is very poorly constrained by the inclusive diffractive scatter-
ing data at HERA kinematic range. ZEUS collaboration also
performed three separate !ts, ZEUS C, S and SJ !ts [27]. Fits
C and S differ in the form of gluon parameterization at large z,
whereas !t SJ is essentially based on !t S parameterization but
in addition to inclusive data, diffractive dijet data are included
in the !t.
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l , and massless heavy flavors in the variable flavor scheme 
generated through DGLAP evolution. 

l Reggeon  taken from pion PDFs → can be better constrained at EIC, Armesto, 
Newman, Slominski, Stasto, PRD 110 (2024) 5, 054039.

f IP
u = f IP

d = f IP
s

f IR
i



5

l Most notable examples are ZEUS and H1 analyses of their own data, Chekanov et al, 
NPB 831 (2010) 1; Aktas et al, EPJC 48 (2006) 715.

 Diffractive PDFs from global fits (2)
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Figure 12: Comparison on a linear z scale between the total quark singlet and gluon distribu-
tions obtained from the ‘H1 2006 DPDF Fit A’ and the ‘H1 2006 DPDF Fit B’. These two fits
differ in the parameterisation chosen for the gluon density at the starting scale for QCD evo-
lution. The DPDFs are shown at four different values of Q2 for the range 0.0043 < z < 0.8,
corresponding approximately to that of the measurement. For ‘Fit A’, the central result is shown
as a light coloured central line, which is surrounded by inner error bands corresponding to the
experimental uncertainties and outer error bands corresponding to the experimental and theo-
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Figure 8: Four upper (lower) plots: the quark (gluon) distributions obtained from
fits ZEUS DPDF SJ (continuous line) and ZEUS DPDF C (dashed line), shown
for four different values of Q2. The shaded error bands show the experimental
uncertainty.

21

z
0 0.2 0.4 0.6 0.8 1

q
zf

0

0.01

0.02

0.03

0.04
2 = 6 GeV2Q

ZEUS DPDF SJ
exp. uncertainty
ZEUS DPDF C

z
0 0.2 0.4 0.6 0.8 1

q
zf

0

0.01

0.02

0.03

0.04 ZEUS DPDF SJ
exp. uncertainty
ZEUS DPDF C

ZEUS DPDF SJ
exp. uncertainty
ZEUS DPDF C

ZEUS DPDF SJ
exp. uncertainty
ZEUS DPDF C

ZEUS DPDF SJ
exp. uncertainty
ZEUS DPDF C

ZEUS DPDF SJ
exp. uncertainty
ZEUS DPDF C

light

c

z
0 0.2 0.4 0.6 0.8 1

q
zf

0

0.01

0.02

0.03

0.04
2 = 20 GeV2Q

z
0 0.2 0.4 0.6 0.8 1

q
zf

0

0.01

0.02

0.03

0.04

light

c
b

z
0 0.2 0.4 0.6 0.8 1

q
zf

0

0.01

0.02

0.03

0.04
2 = 60 GeV2Q

z
0 0.2 0.4 0.6 0.8 1

q
zf

0

0.01

0.02

0.03

0.04

light

c
b

z
0 0.2 0.4 0.6 0.8 1

q
zf

0

0.01

0.02

0.03

0.04
2 = 200 GeV2Q

z
0 0.2 0.4 0.6 0.8 1

q
zf

0

0.01

0.02

0.03

0.04

light

c
b

ZEUS

z
0 0.2 0.4 0.6 0.8 1

g
zf

0

0.2

0.4

0.6

2 = 6 GeV2Q
ZEUS DPDF SJ
exp. uncertainty
ZEUS DPDF C

z
0 0.2 0.4 0.6 0.8 1

g
zf

0

0.2

0.4

0.6
ZEUS DPDF SJ
exp. uncertainty
ZEUS DPDF C

z
0 0.2 0.4 0.6 0.8 1

g
zf

0

0.2

0.4

0.6

2 = 20 GeV2Q

z
0 0.2 0.4 0.6 0.8 1

g
zf

0

0.2

0.4

0.6

z
0 0.2 0.4 0.6 0.8 1

g
zf

0

0.2

0.4

0.6

2 = 60 GeV2Q

z
0 0.2 0.4 0.6 0.8 1

g
zf

0

0.2

0.4

0.6

z
0 0.2 0.4 0.6 0.8 1

g
zf

0

0.2

0.4

0.6

2 = 200 GeV2Q

z
0 0.2 0.4 0.6 0.8 1

g
zf

0

0.2

0.4

0.6

Figure 8: Four upper (lower) plots: the quark (gluon) distributions obtained from
fits ZEUS DPDF SJ (continuous line) and ZEUS DPDF C (dashed line), shown
for four different values of Q2. The shaded error bands show the experimental
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l Diffractive gluon PDF >> quark PDFs, but poorly constrained at large z → need 
to include data on diffractive dijets → favor ZEUS C and H1 B fits.
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l Good description of original and more recent H1 data, Aaron et al, EPJC 72 (2012) 2074

 Diffractive PDFs from global fits (3)

l Comparison of LRG with proton-tagged cross section measurement → ~20% 
contribution of proton dissociation.
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Figure 7: The Q2 dependence of the reduced diffractive cross section, multiplied by xIP , at
different fixed values of xIP = 0.0003 (a), 0.001 (b), 0.003 (c) and 0.01 (d), resulting from the
combination of all data samples. The reduced cross section values are multiplied by a scaling
factor, 4l for xIP = 0.0003 and 3l for xIP = 0.003, 0.001 and 0.01, with l values as indicated
in parentheses. Previously published H1 measurements [10] are also displayed as open points.
The measurements are displaced horizontally for better visibility. More details are explained in
the caption of figure 3.
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l Collinear fact: same diffractive PDFs for pQCD description of various processes. 

l Diffractive dijet electro- and photoproduction in ep scattering → constraints on 
gluon distribution.   

 Diffractive dijet photoproduction
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Figure 1. Diffractive production of dijets with invariant mass M12 in direct (left) and resolved
(right) photon-pomeron collisions, leading to the production of one or two additional remnant jets.
The hadronic systems X and Y are separated by the largest rapidity gap in the final state.

factorization breaking. In Section 4 we address the diffraction on nuclei. We start by re-

viewing the theoretical definition of nuclear diffractive PDFs and the leading-twist model of

nuclear shadowing, before we make numerical predictions at NLO for diffractive dijet pho-

toproduction on various nuclei and discuss again the different approaches to factorization

breaking. Our conclusions are given in section 5.

2 Analytical approach

At the EIC, like at HERA, electrons e of four-momentum k will collide with protons p of

four-momentum P at a squared center-of-mass system (CMS) energy S = (k + P )2. For

nuclei, the relevant quantity is the squared CMS energy per nucleon and is typically (i.e.

for heavy nuclei) smaller by about a factor of Z/A ≈ 0.4, where Z is the nucleus charge and

A is the number of nucleons. In photoproduction, the virtuality Q2 = −q2 = −(k− k′)2 of

the radiated photon γ is small (typically less than Q2
max = 0.01−1GeV2), and its spectrum

can be described in the improved Weizsäcker-Williams approximation [43]

fγ/e(y) =
α

2π

[
1 + (1− y)2

y
ln

Q2
max(1− y)

m2
ey

2
+ 2m2

ey

(
1− y

m2
ey

2
− 1

Q2
max

)]
. (2.1)

Here, α is the electromagnetic fine structure constant, k′ is the four-momentum of the

scattered electron, y = (qP )/(kP ) is its longitudinal momentum transfer and me its mass.

Diffractive processes are characterized by the presence of a large rapidity gap be-

tween the central hadronic system X and the forward-going hadronic system Y with four-

momentum pY , low mass MY (typically a proton that remained intact or a proton plus

low-lying nucleon resonances), small four-momentum transfer t = (P − pY )2, and small

longitudinal momentum transfer xIP = q(P − pY )/(qP ) (see figure 1).

In dijet photoproduction, the system X contains (at least) two hard jets with trans-

verse momenta pT1,2, rapidities η1,2 and invariant mass M12, as well as remnant jets from

– 3 –

direct-photon resolved-photon

• Cross section is known to NLO accuracy Klasen, Kramer, Salesch, Z. Phys. C 68, 113 (1995); Klasen, 
Kramer, Z. Phys. C 72, 107 (1996), Z. Phys. C 76, 67 (1997); Klasen, Rev. Mod. Phys. 74, 1221 (2002)
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s
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the diffractive exchange, dominated by the pomeron IP as the lowest-lying Regge trajec-

tory, and from the photon, when the latter does not interact directly with the proton or

nucleus, but first resolves into its partonic constituents. Assuming both QCD and Regge

factorization, the cross section for the reaction e + p → e + 2 jets + X ′ + Y can then be

calculated through

dσ =
∑

a,b

∫
dy

∫
dxγ

∫
dt

∫
dxIP

∫
dzIP fγ/e(y)fa/γ(xγ ,M

2
γ )fIP/p(xIP , t)fb/IP (zIP ,M

2
IP )dσ̂

(n)
ab .

(2.2)

The xIP dependence is parameterized using a flux factor motivated by Regge theory,

fIP/p(xIP , t) = AIP · eBIP t

x2αIP (t)−1
IP

, (2.3)

where the pomeron trajectory is assumed to be linear, αIP (t) = αIP (0) + α′
IP t, and the

parameters BIP and α′
IP
and their uncertainties are obtained from fits to H1 diffractive DIS

data [5]. The longitudinal momentum fractions of the parton a in the photon xγ and of

the parton b in the pomeron zIP can be experimentally determined from the two observed

leading jets through

xobsγ =
pT1 e−η1 + pT2 e−η2

2yEe
and zobsIP =

pT1 eη1 + pT2 eη2

2xIPEp
. (2.4)

Mγ and MIP are the factorization scales at the respective vertices, and dσ̂(n)
ab is the cross

section for the production of an n-parton final state from two initial partons a and b. It

is calculated in NLO in αs(µ) [15–18], as are the PDFs of the photon and the pomeron.

For the former, we use the GRV NLO parametrization, which we transform from the DISγ

to the MS scheme [44]. Our default choice for the diffractive PDFs is H1 2006 Fit B [5],

which includes proton dissociation up to masses of MY < 1.6GeV and is integrated up

to |t| < 1GeV2 and xIP < 0.03. We identify the factorization scales Mγ , MIP and the

renormalization scale µ with the average transverse momentum p̄T = (pT1 + pT2)/2 [24].

3 Diffraction on protons

In this first numerical section, we focus on electron-proton collisions at the EIC with

an electron beam energy of Ee = 21GeV and a proton beam energy of Ep = 100GeV,

which will in the next section also be used as the beam energy per nucleon for electron-

nucleus collisions. We assume detectors that have the same kinematic acceptance as H1 for

diffractive events, i.e. the capability to identify a large rapidity gap and/or a leading proton

in a Roman pot spectrometer. We also allow for proton dissociation up to masses of MY <

1.6GeV, a four-momentum transfer of |t| < 1GeV2 and a longitudinal momentum transfer

of xIP < 0.03. Photoproduction events are assumed to be selected with (anti-)tagged

electrons and photon virtualities up to Q2 < 0.1GeV2, assuming full kinematic coverage

of the longitudinal momentum transfer 0 < y < 1 from the electron to the photon.

Jets are defined with the anti-kT algorithm and a distance parameter R = 1, where at

NLO jets contain at most two partons [45]. Given the limited EIC energy and experience

from HERA, we assume that the detectors can identify jets above relatively low tranverse

– 4 –

Photon flux in Weizsäcker-
Williams approximation

Photon PDFs for

resolved photon;

in a=𝛾 case, fa/𝛾=𝛿(1-x𝛾)

“Pomeron” flux
Hard partonic

cross section

Diffractive PDFs 
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l Universality of diffractive PDFs successfully tested in diffractive dijet and open 
charm product in DIS, Aktas at al. [H1 Coll.], JHEP 10, 042 (2007); EPJ C 71, 549 (2010); EPJ C 50, 1 (2007); 
Chekanov et al. [ZEUS Coll.], EPJ C 52, 813 (2007); Chekanov at al. [ZEUS Coll.], NPB 831, 1 (2010)


l At the same time, NLO pQCD QCD overestimates cross sections of diffractive 
dijet photoproduction at HERA by factor 2→ factorization breaking, Aktas at al. [H1 Coll.], 
EPJ C 71, 549 (2007); Aaron et al. [H1 Coll.], EPJ C 70, 15 (2010); Andreev et al. [H1 Coll.], JHEP 05, 056 (2015); 
Chekanov at al. [ZEUS Coll.], EPJ C 55, 177 (2008).
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Figure 6: Diffractive dijet ep cross sections in the photoproduction kinematic range differential
in zIP , xIP , y and xγ . The inner error bars represent the statistical errors. The outer error bars
indicate the statistical and systematic errors added in quadrature. The overall normalisation
uncertainty of 6% is not shown. NLO QCD predictions based on the H12006 Fit-B DPDF set
and the GRV γ-PDF set, corrected to the level of stable hadrons, are shown as a white line.
They are scaled by a factor 0.83 to account for contributions from proton-dissociation which
are present in the DPDF fit but not in the data. The inner, light shaded band indicates the size
of the DPDF uncertainties and hadronisation corrections added in quadrature. The outer, dark
shaded band indicates the total NLO uncertainty, also including scale variations by a factor of
0.5 to 2. A variant of the NLO calculation using the AFG γ-PDF set is shown as a dashed line.
For each variable, the cross section is shown in the upper panel, whereas the ratio to the NLO
prediction is shown in the lower panel.

30

Figure 4: (a) Single-differential cross section as a function of xobs
γ compared

with NLO QCD predictions, corrected for hadronisation, using the dPDFs from the
ZEUS LPS fit (solid line), the H1 2006 fit A (dashed line) and the H1 2006 fit B
(dotted line) and the GRV γ-dPDF. The prediction with H1 2006 fit A is also shown
using the AFG parametrisation of the γ−PDFs (dashed-dotted line). Other details
are the same as in the caption of Fig. 3. (b) Ratio of data and NLO predictions
using the ZEUS LPS fit and GRV. The histogram indicates the expectation with the
predicted resolved photon component scaled down by a factor of 0.34. The shaded
and hatched bands show the theoretical uncertainty. Underneath the hadronisation
corrections applied to the NLO prediction at parton level are shown.
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l  Mechanism of this factorization breaking remains unknown: 

- global suppression factor R ≈ 0.5

- suppression of only resolved photon contribution by R ≈ 0.34 as expected in 
hadron-hadron scattering, Kaidalov, Khoze, Martin, Ryskin, PLB 567, 61 (2003); Klasen, Kramer,  EPJ C 70, 
91 (2010)


- flavor-dependent combination of these mechanisms, Guzey, Klasen, EPJ C 76, 467 (2016) 

Factorization breaking

      ep → e+2jets+X´+Y

0

200

400

600

800

1000

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
xγ 

obs

dσ
/d

x γ
 ob
s   [

pb
]

H1 99-00

NLO, R=0.50

NLO, R=0.40 (res)

NLO, R=0.37 (res+dir-IS)

      ep → e+2jets+X´+Y

0

200

400

600

800

1000

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
zIP 

obs

dσ
/d

z IP
 ob
s   [

pb
]

H1 99-00
NLO, R=0.50
NLO, R=0.40 (res)
NLO, R=0.37 (res+dir-IS)

      ep → e+2jets+X´+Y

0

200

400

600

800

1000

-2.3 -2.2 -2.1 -2 -1.9 -1.8 -1.7 -1.6 -1.5
log10(xIP)

dσ
/d

lo
g 10

(x
IP

)  
[p

b]

H1 99-00

NLO, R=0.50

NLO, R=0.40 (res)

NLO, R=0.37 (res+dir-IS)

      ep → e+2jets+X´+Y

1

10

10 2

5 6 7 8 9 10 11 12 13 14
ET 

jet1
  [GeV]

dσ
/d

E T je
t1   [

pb
/G

eV
]

H1 99-00

NLO, R=0.50

NLO, R=0.40 (res)

NLO, R=0.37 (res+dir-IS)

      ep → e+2jets+X´+Y

0

2.5

5

7.5

10

12.5

15

17.5

20

10 15 20 25 30 35 40
MX [GeV]

dσ
/d

M
X

  [
pb

/G
eV

]

H1 99-00
NLO, R=0.50
NLO, R=0.40 (res)
NLO, R=0.37 (res+dir-IS)

      ep → e+2jets+X´+Y

1

10

10 2

10 12 14 16 18 20 22 24 26 28
M12 [GeV]

dσ
/d

M
12

  [
pb

/G
eV

]

H1 99-00

NLO, R=0.50

NLO, R=0.40 (res)

NLO, R=0.37 (res+dir-IS)

      ep → e+2jets+X´+Y

0

200

400

600

800

1000

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
η
_ jets

dσ
/d
η_

je
ts   [

pb
]

H1 99-00

NLO, R=0.50

NLO, R=0.40 (res)

NLO, R=0.37 (res+dir-IS)

      ep → e+2jets+X´+Y

0

50

100

150

200

250

300

350

400

450

500

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
|Δηjets|

dσ
/d

|Δ
η

je
ts |  

[p
b]

H1 99-00

NLO, R=0.50

NLO, R=0.40 (res)

NLO, R=0.37 (res+dir-IS)

      ep → e+2jets+X´+Y

0

2

4

6

8

10

180 190 200 210 220 230 240 250
W [GeV]

dσ
/d

W
  [

pb
/G

eV
]

H1 99-00

NLO, R=0.50

NLO, R=0.40 (res)

NLO, R=0.37 (res+dir-IS)

FIG. 4: Differential cross sections for diffractive dijet photoproduction as measured by H1 with low-

Ejet
T cuts and compared to NLO QCD with global, resolved, and resolved/direct-IS suppression.

Note that some of the theoretical predictions coincide with the experimental values.

experimental data. Of course, since the ‘H1 2006 fit A’ PDFs have a larger gluon component

at large z, the cross sections are larger and therefore need a larger suppression of R = 0.32.

Note that in the published low-Ejet
T H1 analysis as well as in the comparison presented here

the contribution from the largest zobsIP -bin has been removed from all other distributions.

From Figs. 5a and b we conclude that the dependence on the chosen DPDFs is then weaker,
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Fig. 1 Diffractive production
of dijets with invariant mass
M12 in direct (left) and resolved
(right) photon–pomeron
collisions, leading to the
production of one or two
additional remnant jets
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Fig. 2 Cross section of diffractive dijet photoproduction in ep scat-
tering: comparison of the NLO pQCD predictions combined with the
model of factorization breaking of Eq. (2) (red solid lines) to the H1 data
with the low-E jet

T cut [19]; the theoretical uncertainty due to the varia-
tion of the normalization and factorization scales is shown by the red

dotted lines. Also, the NLO pQCD results without the effect of factor-
ization breaking are given by the blue dot-dashed lines labeled “NLO,
R = 1”. Note that the pQCD predictions include the hadronization
corrections

tum fraction of parton j with respect to the “Pomeron”
momentum), the invariant momentum transfer squared t , and
µ2; and dσ̂

(n)
ab→jets is the elementary pQCD cross section

for the production of an n-parton final state in the inter-

action of partons i and j . The sum over i involves both
quarks and gluons (resolved-photon contribution) and the
photon (direct-photon contribution). For input in Eq. (1),
we used the GRV photon PDFs transformed to the MS
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Fig. 3 The same as in Fig. 2, but for the H1 data with the high-E jet
T cut [20]

scheme [27] and the 2006 H1 proton diffractive PDFs (fit
B) [5].

We explained in the Introduction that the space-time pic-
ture of high-energy photon–proton interactions suggests that
in diffractive dijet photoproduction on the proton, QCD
diffractive factorization holds for the direct-photon contri-
bution and is broken for the resolved-photon contribution.
Moreover, for the latter contribution, the factorization break-
ing is strongest at small xγ , small, but non-negligible, for
large xγ , and depends on the parton flavor. In the framework
of collinear QCD factorization, the decrease of factorization-
breaking effects in the resolved-photon contribution with
an increase of xγ can be explained by the observation
that based on the factorization of the collinear singular-
ity, there should be a smooth transition from the resolved-
photon contribution at large xγ to the direct-photon contri-
bution.

Therefore, we model the effect of factorization breaking
by introducing the following suppression factor of S2

i (xγ ) for
the resolved-photon contribution (i.e. for the photon PDFs)
in Eq. (1):

S2
i (xγ ) →






1, i = c,
Aq xγ + 0.34, i = u, d, s,
Ag xγ + 0.34, i = g,

(2)

where i is the parton flavor; Aq = 0.37–0.41 and Ag =
0.19–0.24. The given ranges of values take into account the
possible effective dependence of S2

i (xγ ) on the hard reso-
lution scale, where the first and the second values corre-
spond to E jet1

T = 5 and 7.5 GeV, respectively. Thus, the
factor of S2

i (xγ ) in Eq. (2) represents a linear interpola-
tion between the domain of small xγ dominated by the
hadronic contribution to photon PDFs, where S2

i (xγ ) =
0.34, and the regime of large-xγ dominated by the point-
like contribution to photon PDFs, where S2

q (xγ ) = 0.71–
0.75 for quarks and S2

g(xγ ) = 0.53–0.58 for gluons; see
Ref. [17]. Note that the model of Eq. (2) assumes no fac-
torization breaking in the charm quark channel according
to the observation that NLO pQCD describes well diffrac-
tive photoproduction of open charm in ep scattering; see
Sect. 1.

The comparison of the results of our calculations to the H1
and ZEUS data is shown in Figs. 2, 3 and 4. The kinematic

123
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l Never been measured at HERA, but will be at the Electron-Ion Collider (EIC).

l Besides accessing nuclear diffractive PDFs for the first time, enhanced 
sensitivity to non-linear effects, e.g., gluon saturation in heavy nuclei.

Diffraction in DIS on nuclei

l Sensitive observable is the ratio of diffractive to total DIS cross sections for a 
heavy nucleus and the proton, Accardi et al., EPJ A52 (2016) 9, 268 [1212.1701 [hep-ex]]:

QCD at Extreme Parton Densities

In QCD, the large soft-gluon density en-
ables the non-linear process of gluon-gluon
recombination to limit the density growth.
Such a QCD self-regulation mechanism nec-
essarily generates a dynamic scale from the
interaction of high density massless gluons,
known as the saturation scale, Qs, at which
gluon splitting and recombination reach a

balance. At this scale, the density of gluons
is expected to saturate, producing new and
universal properties of hadronic matter. The
saturation scale Qs separates the condensed
and saturated soft gluonic matter from the
dilute, but confined, quarks and gluons in a
hadron, as shown in Fig. 1.5 (Right).
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Figure 1.6: Left: The ratio of di↵ractive over total cross-section for DIS on gold normalized
to DIS on proton plotted for di↵erent values of M2

X, the mass squared of hadrons produced in
the collisions for models assuming saturation and non-saturation. The statistical error bars are
too small to depict and the projected systematic uncertainty for the measurements is shown by
the orange bar. The theoretical uncertainty for the predictions of the LTS model is shown by the
grey band. Right: The ratio of the coherent di↵ractive cross-section in e+Au to e+p collisions
normalized by A

4/3 and plotted as a function of Q2 for both saturation and non-saturation
models. The 1/Q is e↵ectively the initial size of the quark-antiquark systems (� and J/ )
produced in the medium.

The existence of such a state of satu-
rated, soft gluon matter, often referred to as
the Color Glass Condensate (CGC), is a di-
rect consequence of gluon self-interactions in
QCD. It has been conjectured that the CGC
of QCD has universal properties common to
nucleons and all nuclei, which could be sys-
tematically computed if the dynamic satu-
ration scale Qs is su�ciently large. How-
ever, such a semi-hard Qs is di�cult to

reach unambiguously in electron-proton scat-
tering without a multi-TeV proton beam.
Heavy ion beams at the EIC could provide
precocious access to the saturation regime
and the properties of the CGC because the
virtual photon in forward lepton scattering
probes matter coherently over a character-
istic length proportional to 1/x, which can
exceed the diameter of a Lorentz-contracted
nucleus. Then, all gluons at the same im-

6

Di↵ractive Scattering

Di↵ractive scattering has made a spectacular comeback with the observation of an unex-
pectedly large cross-section for di↵ractive events at the HERA e+p collider. At HERA,
hard di↵ractive events, e(k) +N(p) ! e

0(k0) +N(p0) +X, were observed where the proton
remained intact and the highly virtual photon fragmented into a final state X that was sep-
arated from the scattered proton by a large rapidity gap without any particles. These events
are indicative of a color neutral exchange in the t-channel between the virtual photon and
the proton over several units in rapidity. This color singlet exchange has historically been
called the pomeron, which had a specific interpretation in Regge theory. An illustration of
a hard di↵ractive event is shown in Fig. 3.2.

k

k'

p'
p

q

gap

Mx

Figure 3.2: Kinematic quantities for the de-
scription of a di↵ractive event.

The kinematic variables are similar to
those for DIS with the following additions:

t = (p� p
0)2 is the square of the momentum

transfer at the hadronic vertex. The
variable t here is identical to the one
used in exclusive processes and gen-
eralised parton distributions (see the
Sidebar on page 42).

M2
X = (p� p

0 + k � k
0)2 is the squared

mass of the di↵ractive final state.

⌘ = ln(tan(✓/2)) is the pseudorapidity of a
particle whose momentum has a rela-
tive angle ✓ to the proton beam axis.
For ultra-relativistic particles the pseu-
dorapidity is equal to the rapidity, ⌘ ⇠

y = 1/2 ln((E + pL)/(E � pL)).

At HERA, gaps of several units in rapidity have been observed. One finds that roughly
15% of the deep inelastic cross-section corresponds to hard di↵ractive events with invariant
masses MX > 3GeV. The remarkable nature of this result is transparent in the proton
rest frame: a 50TeV electron slams into the proton and ⇡ 15% of the time, the proton is
una↵ected, even though the virtual photon imparts a high momentum transfer on a quark
or antiquark in the target. A crucial question in di↵raction is the nature of the color neutral
exchange between the proton and the virtual photon. This interaction probes, in a novel
fashion, the nature of confining interactions within hadrons.

The cross-section can be formulated analogously to inclusive DIS by defining the di↵rac-
tive structure functions FD

2 and F
D
L as

d
4
�

dxB dQ2 dM2
X dt

=
4⇡↵2

Q6

✓
1� y +

y
2

2

◆
F

D,4
2 (x,Q2

,M
2
X , t)�

y
2

2
F

D,4
L (x,Q2

,M
2
X , t)

�
.

In practice, detector specifics may limit the measurements of di↵ractive events to those
where the outgoing proton (nucleus) is not tagged, requiring instead a large rapidity gap
�⌘ in the detector. t can then only be measured for particular final states X, e.g. for J/ 
mesons, whose momentum can be reconstructed very precisely.
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Deep Inelastic Scattering: Kinematics

k

p X

k'

q

Figure 2.3: A schematic diagram of the Deep
Inelastic Scattering (DIS) process.

Deep Inelastic Scattering:
e+ p �! e+X, proceeds through the ex-
change of a virtual photon between the elec-
tron and the proton. The kinematic descrip-
tion remains the same for the exchange of a
Z or W boson, which becomes important at
high momentum transfer.

Depending on the physics situation, the pro-
cess is discussed in di↵erent reference frames:

• the collider frame, where a proton
with energy Ep and an electron with
energy Ee collide head-on

• the rest frame of the hadronic system
X, i.e. the center-of-mass of the �

⇤
p

collision

• the rest frame of the proton

Kinematic Variables:
In the following, we neglect the proton mass,
M , where appropriate and the electron mass
throughout.

k, k0 are the four-momenta of the incoming
and outgoing lepton
p is the four-momentum of a nucleon

Lorentz invariants:

• the squared e+p collision energy s =
(p+ k)2 = 4EpEe

• the squared momentum transfer to the
leptonQ2 = �q

2 = �(k�k
0)2, equal to

the virtuality of the exchanged photon.
Large values of Q2 provide a hard scale
to the process, which allows one to re-
solve quarks and gluons in the proton.

• the Bjorken variable xB = Q
2
/(2p · q),

often simply denoted by x. It deter-
mines the momentum fraction of the
parton on which the photon scatters.
Note that 0 < x < 1 for e+p-collisions.

• the inelasticity y = (q · p)/(k · p) is
limited to values 0 < y < 1 and de-
termines in particular the polarization
of the virtual photon. In the collider
frame, the energy of the scattered elec-
tron is E0

e = Ee(1� y)+Q
2
/(4Ee); de-

tection of the scattered electron thus
typically requires a cut on y < ymax.

These invariants are related by Q
2 = xys.

The available phase space is often repre-
sented in the plane of x and Q

2. For a given
e+p collision energy, lines of constant y are
then lines with a slope of 45 degrees in a dou-
ble logarithmic x�Q

2-plot.

Two more important variables:

W 2 = (p+ q)2 = Q
2(1� 1/x) is the squared

invariant mass of the produced hadronic sys-
tem X.
DIS is characterized by the Bjorken limit,
where Q

2 and W
2 become large at a fixed

value of x. Note: for a given Q
2, small x

corresponds to a high �
⇤
p collision energy.

⌫ = q ·p/M = ys/(2M) is the energy lost by
the lepton (i.e. the energy carried away by
the virtual photon) in the proton rest frame.

For scattering on a nucleus of atomic number
A, replace the proton momentum p by P/A

in the definitions, where P is the momentum
of the nucleus. Note that for the Bjorken
variable one then has 0 < x < A.
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Total DIS Diffractive DIS

l Predicted to be:

l  due to nuclear enhancement of 
saturation scale , Kowalski, Lappi, Venugopalan, PRL 100 
(2008) 022303; Lappi, Le, Mäntysaari, PRD 108 (2023 114023

l  due to strong leading twist nuclear 
shadowing, Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255

Rdiff/tot > 1
Q2

s,A

Rdiff/tot < 1
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l Nuclear shadowing: suppression of nuclear PDFs 

l LTA = method to calculate various nuclear parton distributions at small x (usual, 
generalized, diffractive), Frankfurt, Strikman, EPJ A5 (1999) 293; Frankfurt, Guzey, Strikman, Phys. Rept. 512 

(2012) 255 → alternative to global fits of PDFs.

l Based on:


l Gribov-Glauber model of NS for soft hadron-nucleus scattering

l QCD factorization theorems for inclusive and diffractive DIS.


l  amplitude is a series of diffractive scattering off   
target nucleons:

fi/A(x, Q2)/[A fi/p(x, Q2)] < 1

γ* + A → X + A′￼ i = 1,2,…, A

Leading twist approach to nuclear shadowing

γ∗ γ∗ γ∗
X X X X X X

(a) (b) (c)

N N N N N

NA A′ A A′ A A′

IP IP IP IP IP IP

σγ*A→XA = ∫ d2b⃗ |Γγ*A→XA(b⃗) |2 = 4π
dσγ*N→XN(t = 0)

dt ∫ d2b⃗ ∫ dzρA(b⃗, z)eizΔγ*Xe− 1 − iη
2 σsoft ∫

∞
z dz′￼ρA(b⃗,z′￼)

2

nuclear density
diffractive cross section on 
proton measured at HERA

model-dependent  cross 
section  

l Coherent diffraction :  A′￼= A
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l Apply collinear QCD factorization for diffractive DIS, Collins, PRD 57 (1998); PRD 61 (2000) 
019902 → from structure function to parton distributions:

LTA to nuclear shadowing (2)

f D(3)
i/A (x, xIP, Q2) = 4π f D(4)

i/p (x, xIP, Q2, t = 0)∫ d2b⃗ ∫ dzρA(b⃗, z)eizxIPmNe− 1 − iη
2 σ i

soft(x) ∫∞
z dz′￼ρA(b⃗,z′￼)

2

= f D(3)
i/p (x, xIP, Q2)

1
σi

el(x) ∫ d2b⃗ 1 − e− 1 − iη
2 σ i

soft(x)TA(b⃗)
2

l Transparent interpretation: nuclear diffractive PDFs suppressed (shadowed) in 
proportion to the nuclear elastic cross section.


l Similarly for quasi-elastic scattering using completeness final states  :A′￼

σγ*A→XA′￼= ∫ d2b⃗ ⟨A | Γγ*A→XA(b⃗)
2
|A⟩ = σγ*N→XN

1
σel ∫ d2b⃗ ( 1 − e− 1 − iη

2 σsoftTA(b⃗)
2

+ e−σinTA(b⃗) − e−σsoftTA(b⃗))

TA(b⃗) = ∫ dzρ(b⃗, z)

σel(x) =
[σsoft(x)]2

16πBdiff

f̃ D(3)
i/A (x, xIP, Q2) = f D(3)

i/p (x, xIP, Q2)
1

σi
el(x) ∫ d2b⃗ ( 1 − e− 1 − iη

2 σ i
soft(x)TA(b⃗)

2
+ e−σ i

in(x)TA(b⃗) − e−σ i
soft(x)TA(b⃗))

l In this case, NS is given by sum of elastic and inelastic nuclear cross sections. 
σin(x) = σsoft(x) − σel(x)
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l Assumed that diffractive intermediate states  do not mix → one free parameter 
 → controls size and uncertainties of LTA predictions.

X
σi

soft(x)

LTA predictions for nuclear diffractive PDFs 

l High shadowing: given by probability of diffraction





l Low shadowing: calculated using model for 
hadronic structure of  meson.

σi
soft(x) ≈ σ2(x) ≡

16π
fi/p(x) ∫

0.1

x

dxIP

xIP
fD(4)
i/p (x, xIP, t = 0)

ρ

l In LTA, nuclear shadowing driven by 
diffraction on proton → 10-15% probability of 
diffraction in DIS@HERA leads to large 
suppression of nuclear PDFs at small x.


l Compare to impulse approximation (IA): 

fD(3)
i/A

A fD(3)
i/p

=
4πBdiff

A ∫ d2b⃗ (TA(b⃗))2 =
Bdiff

A ∫ dtF2
A(t) = 4.3
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l Combine LTA predictions for diffractive and usual nuclear PDFs: 

f D(3)
i/A (x, xIP, Q2)/fi/A(x, Q2)
f D(3)
i/p (x, xIP, Q2)/fi/p(x, Q2)

=
σi

soft(x)
σi

el(x)

∫ d2b⃗ 1 − e− 1 − iη
2 σ i

soft(x)TA(b⃗)
2

2(1 − λi(x))ℜe ∫ d2b⃗ (1 − e− 1 − iη
2 σi

soft(x)TA(b⃗)) + λi(x)Aσi
soft(x)

LTA predictions for Rdiff/tot 

λi(x) = 1 − σ i
2(x)/σ i

soft(x)

l Suppression  (quarks) and  (gluons) due to 
interplay of large leading twist nuclear shadowing for diffractive and usual nuclear 
PDFs.

Rdiff/tot ≈ 0.5 − 1 Rdiff/tot ≈ 0.5 − 1.3
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l Several recent global QCD fits for proton diffractive PDFs using all 
(inclusive+dijets) HERA data, Salajeghen at al., PRD 107 (2024) 9, 093038; PRD 106 (2022) 5, 054012


l Further progress possible at the Electron-Ion Collider (EIC) →  GeV 
lower than at HERA → constrain sub-leading (Reggeon) contribution at large , 
Armesto, Newman, Slominski, Stasto, PRD 110 (2024) 5, 054039

sep ∼ 100
ξ

Outlook: diffraction at EIC 

In Figs. 7 and 8 we show the relative uncertainties on
the gluon and quark components of the leading (Pomeron)
and secondary (Reggeon) exchanges. The uncertainties
are extracted from fits including all data up to
−tmin ¼ 1.5 GeV2. The statistical errors above that value
are rather large due to the steeply falling cross section. The
uncertainties are presented as a function of z for fixed
values of ξ ¼ 0.01 and 0.1 at Q2 ¼ 6 GeV2 and 60 GeV2.
The error sources that are assumed not to be correlated
between data points lead to uncertainties on the DPDFs that
vary with the kinematics. On the other hand, for a single
beam energy, the data error sources that are assumed to be
fully correlated between data points propagate directly to
normalization uncertainties in the DPDFs. To illustrate their
potential impact, a normalization uncertainty of 2% is
added in quadrature with the error bands in the figures,
leading to the full uncertainty ranges shown as red
dashed lines.
In general, the uncertainties on the Pomeron gluon and

quark are very small, often below the 1% level before
taking the normalization uncertainty into account.
The normalization uncertainty is dominant throughout
the phase space, though it is likely to be possible to reduce

it with the inclusion of data from different beam energy
configurations. The uncertainty bands arising from uncor-
related sources grow at small z, where the EIC acceptance
at low x is the limiting factor. To illustrate better the
behavior at low zwe show the uncertainties on the Pomeron
and Reggeon contribution using a logarithmic z scale in
Figs. 9 and 10, respectively. The uncertainties grow slowly
as z decreases, down to the 10−3 which is the approximate
kinematic limit of the data. The Pomeron gluon density
uncertainty also increases at large z, particularly for the
gluon density, which lacks direct constraints from inclusive
data. The high z gluon precision might be improved by
including diffractive jet data, as was the case at HERA.
The Reggeon contribution has uncertainties below the

2% level for the quark case except for very large z. On the
other hand, the gluon component of the Reggeon has larger
uncertainties, particularly at moderate z. However, as is
evident from Figs. 5 and 6 (left panels) the Regggeon gluon
density is itself rather small away from the smallest z
values, so the absolute size of the uncertainty is not large.
In the Reggeon case, the 2% normalization uncertainty is
dominant for the quark density, but its influence is
relatively small for the gluon case.

FIG. 6. As for Fig. 5 but for ξ ¼ 0.1.

ARMESTO, NEWMAN, SŁOMIŃSKI, and STAŚTO PHYS. REV. D 110, 054039 (2024)

054039-8

ξ = 0.1

l Similarly, NLO pQCD predicts10-35% contribution of sub-leading Reggeon 
trajectory for xP > 0.06 in diffractive dijet photoprofuction at EIC, Guzey, Klasen, JHEP 05 
(2020) 074
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l Ultraperipheral collisions (UPCs) at large transverse 
distances  → interaction via quasi-real 
photons → LHC is a high-energy photon collider → can 
be used to test predictions for EIC.

| b⃗ | ≫ 2RA

Outlook: diffraction in UPC at LHC 

l Recent ATLAS measurement in 
0nXn channel, Aad at al, 2409.11060 [nucl-ex]  
→ can be extended to 0n0n channel 
probing nuclear diffractive PDFs.

A

Jet

Jet

Jet

Jet

Remnant

Remnant

Remnant

B B B B

A A

A

γ

γ

(a) (b)

IP IP

Physics of UPCs 

2UPC 2023A. Khatun

Ions still interact via 
electromagnetic processes

Ultra-Peripheral Collisions (UPCs) provide a tool to probe the nucleus and nucleons 


ALICE is developing a comprehensive physics program [ALICE, arXiv:2211.04384]


Unique in ALICE: Good acceptance for both charged particles, photons at low  
and excellent particle identification at midrapidity


Run 3 opens a new window to explore novel physics processes

pT

No hadronic interaction

Photon breaks up 
target nuclei

Typical 
exclusive VM 
production in 

UPC

• Photon-nucleus (proton) and photon-photon scattering in UPCs:

Physics of UPCs 

2UPC 2023A. Khatun

Ions still interact via 
electromagnetic processes

Ultra-Peripheral Collisions (UPCs) provide a tool to probe the nucleus and nucleons 


ALICE is developing a comprehensive physics program [ALICE, arXiv:2211.04384]


Unique in ALICE: Good acceptance for both charged particles, photons at low  
and excellent particle identification at midrapidity


Run 3 opens a new window to explore novel physics processes

pT

No hadronic interaction

Photon breaks up 
target nuclei

Typical 
exclusive VM 
production in 

UPC

1/25UPC(2023), Yucatan, Dec’23                                        David d'Enterria (CERN)

Photon-photon collisionsPhoton-photon collisions

with gamma-UPCwith gamma-UPC

UPC(2023) Intl Workshop UPC(2023) Intl Workshop 
Yucatan, 15Yucatan, 15thth Dec. 2023 Dec. 2023

David d'Enterria (CERN)

Work with Hua-Sheng Shao:  https://arxiv.org/abs/2207.03012 [JHEP 09 (2022) 248]

Plus parametric uncertainties (with N. Crepet) & NLO-QED, to be submitted
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l Besides nuclear diffractive PDFs, heavy nucleus can be used to suppress the 
resolved photon contribution →  new handle on mechanism of factorization 
breaking, Guzey, Klasen, JHEP 04 (2016) 158 

l Suppression factor for resolved photon:

Outlook: diffraction in UPC at LHC (2) 
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5 Factorization breaking in diffractive dijet photoproduction

It is well known from studies of diffractive photoproduction of dijets in ep scattering at

HERA that collinear factorization for this process is broken, i.e., NLO pQCD calculations

overestimate the measured cross sections by almost a factor of two [26–34]. However, the

pattern of this factorization breaking remains unknown and presents one of the outstanding

questions in this field: the data and the theory can be made consistent by introducing either

the global suppression factor of R(glob.) ≈ 0.5 or the suppression factor of R(res.) ≈ 0.4

only for the resolved photon contribution.

In addition, the HERA data on diffractive photoproduction of open charm [60] are

in agreement with NLO pQCD calculations, which is consistent with diffractive QCD fac-

torization. This agreement can be interpreted as an indication of absence of factorization

breaking for the direct photon contribution and the charm-quark part of the resolved pho-

ton contribution to the dijet photoproduction cross section. Hence, it challenges the global

suppression scenario of diffractive factorization breaking.

Factorization breaking in diffractive dijet photoproduction results from soft inelastic

photon interactions with the proton (nucleus), which populate and thus partially destroy

the final-state rapidity gap. Thus, it has exactly the same nature as the rapidity gap

survival probability S2, which we discussed above in relation to pp UPCs, see eq. (2.12).

At high energies, the photon interacts with protons and nuclei by fluctuating into vari-

ous hadronic configurations (components) interacting with the target with different cross

sections. Thus, it is natural to put forward the following physics scenario [61]: for the

direct photon contribution, corresponding to weakly-interacting (point-like) fluctuations

of the photon, factorization holds; for the resolved photon contribution corresponding to

large-size photon fluctuations interacting with a typical vector meson-nucleon cross sec-

tion, factorization is broken, which leads to the suppression factor of R(res.) ≈ 0.3 − 0.4.

Note that beyond the leading order of pQCD, the separations of the direct and resolved

contributions is ambiguous and depends on the factorization scheme and the factorization

scale [32, 38]; in the present work, we use the conventions of [34].

Our results presented so far in figures 4, 5, 8, 9, 11 and 12 assume no factorization

breaking. Based on the observations and arguments summarized above, we will test the

following two competing scenarios of diffractive QCD factorization breaking and implement

them in our predictions for the cross section of diffractive dijet photoproduction: first, we

assume the global suppression factor of R(glob.) = 0.5 for the proton target and R(glob.) =

0.1 for the nucleus target (the latter value is somewhat ad hoc, but reflects the important

observation that it is much easier to break the nucleus than the proton, see figure 13 and

its discussion below); second, we assume that the resolved photon contribution enters with

the suppression factor of R(res.), while the direct photon contribution is unsuppressed.

To estimate R(res.), we use the appropriate application of the two-state eikonal model

of [51, 62] (compare to eq. (2.12)):

R(res.) =

∫
d2b |AγT→V T (W, b)|2PV T (W, b)∫

d2b |AγT→V T (W, b)|2
, (5.1)
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Figure 13. The factor of R(res.), eq. (5.1), quantifying the effect of factorization breaking (sup-
pression) for the resolved photon contribution.

For Pb, the values of R(res.) are an order of magnitude smaller, R(res.) ≈ 0.04, which

reflects the very small probability of rapidity gap events with nuclear targets.

While our second scenario involving R(res.) captures the bulk of physics of diffractive

factorization breaking coming from the hadron structure of the photon, it neglects such

subtle points as the possible dependence of R(res.) on the parton flavor and xγ due to

the separation of the resolved contribution into the point-like and hadronic terms, the

hadronization corrections and bin migration effects, see the discussion in ref. [61]. Our aim

here is to examine whether studies of diffractive dijet photoproduction in UPCs can help

to distinguish between the two scenarios and, thus, to complement and extend the analysis

of this process at HERA.

Note that for the first time, the issue of nuclear dependence of factorization breaking

in diffractive dijet production in hard and ultraperipheral pA scattering was considered

in [68]. It was found that soft inelastic proton-nucleus interactions significantly suppress

the rapidity gap probability in hard pA scattering, which is in line with the small values

of R(glob.) and R(res.) for the nucleus target, which we use in our analysis.

The resulting cross sections of diffractive dijet photoproduction in pp, pA and AA UPC

are presented in figure 14–19. The red solid lines correspond to the global suppression

factor of R(glob.) = 0.5 for the proton target and R(glob.) = 0.1 for the nucleus target

(note that in the case of pA UPCs, we encounter a mixed situation); the blue dot-dashed

lines correspond to the suppression of the resolved photon contribution only: R(res.) =

0.4 for the diffracting proton (pp and the photon-from-nucleus contribution to pA) and

R(res.) = 0.04 for the diffracting nucleus (the photon-from-proton contribution to pA and

AA). For comparison, we also show our results that do not include the effect of diffractive

QCD factorization breaking by black dotted lines labeled “R = 1”. Note that in all cases,

we show only the predictions corresponding to the central value of the renormalization and

factorization scale µ = Ejet1
T .

As one observes, the most sensitive variable to distinguish global from resolved-only

suppression is xjetsγ as expected, where resolved-only suppression is smaller in the highest
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where T stands for the proton or nucleus target; V denotes the hadron-like fluctuation (com-

ponent) of the photon, which is assumed to be represented by the ρ meson; AγT→V T (W, b)

is the γT → V T amplitude in impact parameter space; PV T (W, b) is the probability to not

have the strong inelastic vector meson-target interaction at the impact parameter b; and

W is the invariant photon-nucleon energy.

For the proton target, we use

|Aγp→V p(W, b)|2 = e−b2/B(W )|Aγp→V p(W, b = 0)|2 , (5.2)

where B(W ) is the slope of the t-dependence of the γp → ρp cross section. A fit to the avail-

able HERA data gives B(W ) = [11+ 0.5 ln(W/W0)2] GeV−2, where W0 = 72GeV [63, 64].

For the probability PV p(W, b), we use eqs. (2.13) and (2.14), where in the expression

for the proton optical density, we substitute the total proton-proton cross section σtotpp (s)

by the ρ meson-nucleon cross section σρN (W ). Since we are interested in the large values

of W > 100GeV well beyond the HERA reach, we use in our analysis the following simple

and conservative extrapolation:

σρN (W ) = 26

(
W 2

W 2
0

)0.08

mb , (5.3)

where W0 = 100GeV. The value of σρN (W ) at W = 100GeV agrees with the analysis of

ref. [25].

To find R(res.) for the nuclear target, we calculate AγA→V A(W, b) in eq. (5.1) using

the Glauber model of nuclear shadowing for coherent photoproduction of vector mesons on

nuclei in the high-energy limit, see e.g. [65]:

AγA→V A(W, b) =
e

fV

(
1− e−

σρN (W )

2 TA(b)

)
, (5.4)

where TA(b) is the nuclear optical density normalized to the number of nucleons A and

f2
V /(4π) = 2.01 is the photon–ρ meson coupling constant determined from the ρ → e+e−

decay. Note that in eq. (5.4) we neglected the effect of the inelastic (Gribov) nuclear

shadowing — at the large values of W that we consider, due to an eventual decrease of

the dispersion of hadronic fluctuations of a projectile with an increase of energy [66], the

relative importance of inelastic nuclear shadowing in our case is much smaller than that in

the case of coherent ρ and φ photoproduction in AA UPCs [25, 67].

For the suppression factor of PV A(W, b) in eq. (5.1), we use the standard Glauber

model expression for the probability to not have the strong inelastic resolved photon (ρ

meson)–nucleus interaction at the impact parameter b (compare to eq. (3.5)):

PV A(W, b) = e−σρN (W )TA(b) . (5.5)

Figure 13 shows the resulting values of R(res.) for the proton (left panel) and Pb (right

panel) as a function of the invariant photon-nucleon energy W . One can see from the figure

that for the proton, R(res.) ≈ 0.4, which is in agreement with the original result of [51].
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V /(4π) = 2.01 is the photon–ρ meson coupling constant determined from the ρ → e+e−

decay. Note that in eq. (5.4) we neglected the effect of the inelastic (Gribov) nuclear

shadowing — at the large values of W that we consider, due to an eventual decrease of

the dispersion of hadronic fluctuations of a projectile with an increase of energy [66], the
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model expression for the probability to not have the strong inelastic resolved photon (ρ
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l It is much easier to break up nucleus and fill the rapidity gap → 

l NLO pQCD predictions for diffractive dijet photoproduction in Pb-Pb UPCs at 
LHC, Guzey, Klasen, JHEP 04 (2016) 158 

R(res)A ≪ R(res)p

Outlook: diffraction in UPC at LHC (3) 
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Figure 19. The same as Fig. 18, but at
√
sNN = 5.1 TeV.

LHC. Using general kinematic conditions and cuts on the final state, we found that the
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Figure 18. The effect of diffractive factorization breaking on the differential cross section of
diffractive photoproduction of dijets dσ(AA → A+ 2jets +X ′ + A) in AA UPCs at

√
sNN = 2.76

TeV.

– 32 –



19

l Diffractive PDFs is a standard tool of perturbative QCD.


l In the proton case, they are extracted using global fits to HERA data.


l Further progress at EIC for the sub-leading contribution for large 


l In the nuclear case, diffractive PDFs never been measured → will be at EIC 
and can be in Pb-Pb UPCs at LHC.


l Open question: mechanism of factorization breaking in diffractive dijet 
photoproduction → can be addressed in UPCs at LHC.


l Diffraction in ep and eA can be alternatively addressed in the dipole model, 
where the emphasis on the gluon saturation.

ξ .

Summary 


