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• At HERA with Ep=820-920 GeV and Ee=27.5 GeV (√s ~ 300 GeV), 
diffraction makes up 10-15% of the total DIS cross section, Newman, Wing, Rev. Mod. 
Phys. 86, 1037 (2014)    

• An example of diffractive final states is diffractive dijet photoproduction 
constituting a few % of the inclusive cross section, Aaron at al. [H1 Coll.], EPJ C70, 15 (2010)
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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
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direct photon resolved photon

• Characterized by large rapidity gap between the forward proton (its 
excitation Y) and the rest of hadronic activity X.
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• QCD factorization theorem for diffraction, Collins, PRD 57, 3051 (1998); PRD 61, 019902 (2000) 

→ universal diffractive parton distributions  

(FPS)’) [6] and the ZEUS Leading Proton Spectrometer (‘ZEUS (LPS)’) [10]. In figure 10, a
comparison is made with ZEUS data obtained by decomposition of the inclusive lnM2

X
distri-

bution into diffractive and non-diffractive components (‘ZEUS (M
X
)’) [11]. Shifts, evaluated

using the DPDF fit described in section 5, are applied to these data in order to transport them
to the β and Q2 values of the present measurement. Since no uncertainties are ascribed to this
procedure, only data points for which the shifts are small and relatively insensitive to the choice
of DPDFs are shown. The different contributions from proton dissociation in the different data
sets are accounted for by the application of global factors of 1.23 to the ‘H1 (FPS)’ and ‘ZEUS
(LPS)’ data and of 0.86 to the ‘ZEUS (M

X
)’ data. The former factor corresponds to the mea-

sured ratio of cross sections for M
Y
< 1.6 GeV and M

Y
= mp, for which the uncertainty is

0.16 (see [6] and section 3.5). The latter factor contains an additional contribution of 0.7, cor-
responding to the ratio of cross sections forM

Y
= mp andMY

< 2.3 GeV according to [11].

There is broad agreement between all of the data sets on the general behaviour of the diffrac-
tive cross section. The ‘H1 (FPS)’ and ‘ZEUS (LPS)’ data are compatible with the present mea-
surement throughout the kinematic range available for comparison. Amore detailed comparison
with the ‘H1 (FPS)’ data is presented in [6]. The ‘ZEUS (M

X
)’ data are in good agreement with

the present measurement in some regions, for example at low β and lowQ2. However, there are
disagreements in the lowQ2, high β region and in the highQ2, low β region, which correspond
to low and high values ofM

X
=

√

Q2 (1/β − 1), respectively. The highM
X
discrepancy gives

rise to a weaker Q2 dependence of the ‘ZEUS (M
X
)’ cross section at low β than is the case for

H1 [72].

5 QCD Analysis and Diffractive Parton Distributions

The high precision and large kinematic range of the diffractive cross section data presented in
this paper allow detailed tests of the factorisation properties of diffractive DIS and the extraction
of DPDFs, which may be used to predict cross sections for other diffractive processes at HERA
and elsewhere.

5.1 Theoretical Framework

QCD hard scattering collinear factorisation, when applied to diffractive DIS [20], implies that
the cross section for the process ep → eXY can be written in terms of convolutions of partonic
cross sections σ̂ei(x,Q2) with DPDFs fD

i as

dσep→eXY (x,Q2, x
IP
, t) =

∑

i

fD
i (x,Q2, x

IP
, t) ⊗ dσ̂ei(x,Q2) . (11)

The partonic cross sections are the same as those for inclusive DIS. The DPDFs represent prob-
ability distributions for partons i in the proton under the constraint that the proton is scattered
to a particular system Y with a specified four-momentum. They are not known from first prin-
ciples, but can be determined from fits to the data using the DGLAP [39] evolution equations.
The factorisation formula in equation 11 is valid for sufficiently large Q2 and fixed x

IP
, t and

17

• QCD analyses of HERA data on inclusive diffraction in DIS → extraction of 
quark and gluon diffractive PDFs, Aktas at al. [H1 Coll.], EPJ C48, 715 (2006) and EPJC 48, 749 
(2006); Chekanov at al. [ZEUS Coll.], NPB 831, 1 (2010)

• For convenience, one uses Regge factorization, Ingelman, Schlein, PLB 152 (1985) 256at low β and large x
IP
. As in [5, 6] this contribution is assumed to factorise in the same way as

the pomeron term, such that equation 12 is modified to

fD
i (x,Q2, x

IP
, t) = fIP/p(xIP

, t) · fi(β, Q2) + nIR · fIR/p(xIP
, t) · f IR

i (β, Q2) . (15)

The flux factor fIR/p takes the form of equation 14, normalised via a parameter AIR in the same
manner as for the pomeron contribution and with fixed parameters αIR(0), α′

IR and BIR obtained
from other H1 measurements (see table 2). The parton densities f IR

i of the sub-leading ex-
change are taken from a parameterisation derived from fits to pion structure function data [80].
Choosing a different parameterisation [81] does not affect the fit results significantly.

The free parameters of the fit are the A, B and C parameters which determine the quark
singlet and gluon distributions (equation 13), together with α

IP
(0), which controls the x

IP
de-

pendence and n
IR
, which controls the normalisation of the sub-leading exchange contribution.

In order to constrain these parameters, a χ2 function as defined in [47] is minimised. This func-
tion involves the combined statistical and uncorrelated systematic errors for each data point and
also takes account of correlations between data points caused by systematic uncertainties by
allowing variations in each systematic error source at the expense of increases in the χ2 vari-
able. Ten correlated systematic error parameters are considered for each of the SpaCal and LAr
electron data sets, one for each of the error sources listed in tables 4 and 5. In this procedure, the
sources of correlated uncertainty are taken to be common for the ‘1997 MB’ and ‘1997 all’ data,
whereas it is assumed that there are no correlations between the uncertainties on the SpaCal and
the LAr electron data. A further systematic error parameter controls the relative normalisation
of the LAr electron data set with respect to the SpaCal electron data, for which the uncertainty
is 9.8% (section 3.7). The central results for the DPDFs and other parameters obtained from the
fit are not altered significantly if all systematic uncertainties leading to correlations between the
data points are ignored.

The statistical and experimental systematic errors on the data points and their correlations
are propagated [82] to obtain experimental uncertainties on the DPDFs and other fit parameters,
which correspond to increases in the χ2 variable by one unit. The theoretical error is obtained
from variations of the assumed parameters as given in table 2, with an additional contribution
expressing the sensitivity to the choice of DPDF parameterisation, obtained by varying Q2

0 as
discussed in section 5.3. Since the pomeron flux factor is constrained simultaneously with the
parton densities, the possible influence of interference between the pomeron and sub-leading
exchange contributions cannot be assessed. However, in previous similar fits in which α

IP
(0)

was extracted separately from the parton densities [5], α
IP
(0) changed by less than 0.01 between

the cases of no interference and maximum constructive interference.

5.3 Choices of Fit Parameterisation and Kinematic Range

In order to optimise the results of the fit, the sensitivity to variations in the details of the parame-
terisation is investigated. With the small numbers of parameters used to describe the parton den-
sities, the χ2 values and the results of the fits are sensitive to the choice of the parameterisation
scale Q2

0 [47], so that its value must be optimised by χ2 minimisation for each parameterisation
choice. The Q2

0-optimised results are then compared in order to make the final parameterisa-
tion choice. To ensure that the results of the fit are not sensitive to the kinematic range of the

20

• These diffractive PDFs successfully describe data on diffractive dijet and 
open charm production 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) → QCD factorization holds!



Factorization breaking in diffractive dijet 
photoproduction at HERA
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• At the same time, perturbative QCD overpredicts cross sections of diffractive 
dijet photoproduction at HERA → 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).

• The mechanism of factorization 
breaking remains unknown:  

- global suppression factor R ≈ 0.5, or 

- suppression of only the 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), or  

- a flavor-dependent combination of these 
mechanisms, Guzey, Klasen, EPJ C 76, 467 (2016) 
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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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• Solution of this puzzle could be 
conclusively addressed at EIC!



Diffractive dijet photoproduction in NLO QCD

5

• Using collinear QCD and Regge factorizations, cross section of diffractive 
dijet photoproduction e+p → e+2 jets+X+Y at NLO, 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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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
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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
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• Photon flux in improved Weizsäcker-Williams approximation, Frixione, Mangano, 
Nason, Ridolfi, PLB 319, 339 (1993)

• Photon PDFs fa/𝛾(x𝛾) in GRV NLO fit (transformed from DIS𝛾  to MSbar), 
Gluck, Reya, Vogt, PRD 46, 1973 (1992)

• Pomeron flux motivated by Regge theory:
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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
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• “Pomeron” PDFs fb/P(zP) from 2006 H1 fits A and B, Aktas at al. [H1 Coll.], EPJ C48, 715 

(2006) and EPJC 48, 749 (2006) and ZEUS SJ fit, Chekanov at al. [ZEUS Coll.], NPB 831, 1 (2010)
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• The photon and Pomeron momentum fractions in terms of their observed 
hadronic estimators:
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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 –

• Jets with the anti-kT formalism with distance parameter R=1.  

• Using HERA experience, assume pT1 > 5 GeV and pT2 > 4.5 GeV → will 
require good resolution of hadronic jet energy and subtraction of underlying 
event to avoid large hadronization  corrections. 

• Generic cuts: 0 < y < 1, Q2 < 0.1 GeV2,  |t| < 1 GeV2, MY < 1.6 GeV and     
-4 < η1,2 < 4. 

• Base xP < 0.03 and higher xP < 0.1 to extend the kinematic coverage. 

• The base configuration is Ee=21 GeV and Ep=100 GeV (√s ~ 92 GeV). To 
extends the kinematic coverage and study factorization breaking, also used 
Ee=18 GeV and Ep=275 GeV (√s ~ 141 GeV). 



NLO QCD predictions for EIC: base config.
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Figure 2. NLO QCD cross sections for diffractive dijet photoproduction at the EIC in our default
set-up. Shown are distributions in the jet average transverse momentum (top left) as well as the
(observed) longitudinal momentum fractions of the photon (top right), the pomeron (bottom left)
and the partons in the pomeron (bottom right). In addition to the total cross section (full black) we
also show the contributions from gluons in the pomeron (dashed blue) and direct photons (dotted
green curves).

energies of pT1 > 5GeV (leading jet) and pT2 > 4.5GeV (subleading jet). This will,

however, require a good resolution of the hadronic jet energy scale and subtraction of the

underlying event. The latter will also be important to avoid large hadronization corrections

of the partons, which are particularly prominent at large xγ and have so far obscured the

interpretation of the observed factorization breaking. Note also that asymmetric jet pT cuts

allow one to avoid an enhanced sensitivity to soft radiation [46]. Rapidities are a priori

accepted in the range η1,2 ∈ [−4; 4]. We find, however, that in diffractive photoproduction

most jets are central and have an average rapidity η̄ = (η1 + η2)/2 ∈ [−1.5; 0]. This range

is enlarged to [−1.5; 1] at higher proton beam energy or for a larger range in xIP , see below.

3.1 NLO QCD predictions for the EIC

In figure 1 we show our NLO QCD cross sections for diffractive dijet photoproduction at

the EIC in this default set-up, i.e. at a CMS energy of 92GeV. The distribution in the

– 5 –

• Main features: 
- pT = (pT1+pT2)/2 coverage up to 8 GeV 
- dominated by direct photon contribution, i.e. large x𝛾 > 0.5 → challenging to address 
factorization breaking 
- dominated by large xP and zP → probes mostly diffractive gluon density. 



NLO QCD predictions for EIC: higher energy
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Figure 7. Differential diffractive dijet photoproduction cross sections for collisions of 18GeV
electrons with 275GeV protons at a CMS energy of

√
S = 141GeV (dotted green) compared to

our default cross sections for 21GeV electrons with 100GeV protons at a CMS of 92GeV (full
black curves).

3.7 Factorization breaking

Factorization breaking in diffractive dijet photoproduction is a result of soft inelastic pho-

ton interactions with the proton, which populate and thus partially destroy the final-state

rapidity gap. This effect is usually described in the literature by a rapidity gap survival fac-

tor S2 ≤ 1. Since the magnitude of S2 decreases with an increase of the interaction strength

between the probe and the target, the pattern of the factorization breaking can be related

to various components of the photon [50]. In the laboratory reference frame, the high-

energy photon interacts with hadronic targets by fluctuating into various configurations

(components) interacting with the target with different cross sections. These fluctuations

contain both weakly-interacting (the so-called point-like) components and the components

interacting with large cross sections, which are of the order of the vector meson-proton cross

sections. This general space-time picture of photon-hadron interactions at high energies

is usually realized in the framework of such approaches as the vector meson dominance

(VMD) model and its generalizations [51] or the color dipole model [52, 53]. It is also

used in the language of collinear factorization, where the photon structure function and

– 11 –



NLO QCD predictions for EIC: xP < 0.1
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• Main features: 
- pT coverage is now up to 14 GeV 
- photon momentum fraction down to x𝛾 > 0.1 → also resolved photon contributes 

- 10-35% contribution of sub-leading Reggeon trajectory for xP > 0.06.
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Figure 6. Same as figure 2, but now with an extended range in xIP < 0.1. In addition, also the
contribution from the subleading reggeon is shown (dot-dashed red curves).

in Fit A and — up to the small-zIP exponential term — constant in Fit B. More precisely,

both the gluon and singlet quark densities are parametrized at the starting scale as

zIP fi(zIP , Q
2
0) = Aiz

Bi
IP (1− zIP )

Ci , i = g, q, (3.1)

where Cg = −0.95±0.20 in Fit A and Cg is fixed to 0 in Fit B. Attempts have subsequently

been made to reduce this uncertainty by adding to the inclusive data also jet production

data as in H1 2007 Fit Jets (not used) [6] and ZEUS 2009 Fit SJ [7]. The former uses

again Q2
0 = 2.5GeV2 and results in Cg = 0.91 ± 0.18, the latter uses Q2

0 = 1.8GeV2 and

results in the smallest uncertainty on Cg = −0.725 ± 0.082. Note, however, that Cg is

intimately linked to the other parameters in the gluon and quark singlet fits, including the

pomeron flux factor, so that they cannot be directly compared. What one can observe

from figure 5 is that the predictions based on H1 2006 Fit A rise indeed much more steeply

as zIP → 1 and that H1 2006 Fit B, 2007 Fit Jets (not shown) and ZEUS 2009 Fit SJ give

comparable results.

3.5 Range in xIP and reggeon contribution

The observations of the rather limited range in transverse momentum and the overwhelming

importance of the direct photon contribution, that leaves little hope for resolving the

– 9 –



QCD predictions for EIC: dependence on 
diffractive PDFs
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Figure 5. Same as Figure 2, but comparing our NLO QCD predictions using three different sets of
diffractive PDFs: H1 2006 Fit B (full black), Fit A (dotted green), and ZEUS 2009 Fit SJ (dashed
blue curves). Since the latter have been determined from leading protons, i.e. without dissociation
contributions, they must be rescaled by a factor of 1.23.

relative increase of the rather constant gluon vs. the falling quark singlet density at large

zobs.IP , as shown in figure 11 of ref. [5].

3.4 Dependence on diffractive PDFs

More important than the evolution of the diffractive PDFs, which should in principle be

predictable from perturbative QCD, is the zIP dependence itself, which must be determined

from experimental data and which is therefore, despite the considerable progress at HERA,

still subject to large uncertainties. In figure 5 we therefore compare our NLO QCD pre-

dictions for the EIC using three different fits of the pomeron PDFs to diffractive DIS at

HERA: our standard prediction with the frequently used H1 2006 Fit B (full black), the ac-

companying Fit A (dotted green) [5], and ZEUS 2009 Fit SJ (dashed blue curves) [7]. Since

the latter has been obtained from leading protons, i.e. without dissociation contributions,

the corresponding cross sections must be and have been multiplied by a factor of 1.23. The

main differences between H1 2006 Fits A and B are the starting scales Q2
0 = 1.75GeV2

and 2.5GeV2, respectively, and the gluon parametrization at large zIP , which is singular

– 8 –

- H1 Fit B and ZEUS SJ give similar predictions. 
- Fit A predicts larger cross section due to larger diffractive gluon density at large zP.



QCD predictions for EIC: factorization breaking
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• Main features: 
- Most promising observable is x𝛾 dependence → need wide coverage and high 
precision since the cross section drops. 
- The rest of distributions differ mostly in normalization.
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Figure 8. Comparison of factorization breaking schemes in diffractive dijet photoproduction at the
EIC for collisions of electrons with energy 18GeV and protons of energy 275GeV. Shown are NLO
QCD predictions with a global suppression by a factor of 0.5 (full black), suppression of resolved-
photon contributions only by a factor of 0.34 (dotted green) and of an interpolated suppression
factor that depends on the type of parton in the photon and xγ (see text, dashed blue curves).

where i is the parton flavor, Aq = 0.37 and Ag = 0.19 for a hard resolution scale of

pT = 5GeV. Note that the model of eq. (3.3) assumes no factorization breaking in the

charm quark channel since NLO QCD describes well diffractive photoproduction of open

charm in ep scattering (see above).

As one can see from figure 8 (top right), the resolved-only and interpolated schemes

both lead indeed to a suppression at low xobs.γ that is twice as large as in the global sup-

pression scheme. At intermediate values of xobs.γ , the interpolated scheme is instead similar

to global suppression, while for the pointlike region it is again similar to the resolved-only

scheme. Since the distributions fall by two orders of magnitude from xobs.γ = 0.85 to 0.3, the

differential cross section must be represented on a logarithmic scale and measurements at

the EIC will require a high level of precision to distinguish between the different schemes.

This should indeed be possible with the planned luminosities up two orders of magnitude

larger than at HERA [49]. The shape of the p̄T distribution is also known to be sensitive

to different schemes of factorization breaking [24], and this is also true for the global and

– 13 –



Diffractive dijet photoproduction on nuclei
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• In collider mode, it is straightforward to measure coherent diffraction on 
nuclei by selecting events with a large rapidity gap and requiting that no 
neutrons are produced in zero-degree calorimeters (ZDCs). 

• Diffractive dijet photoproduction on nuclei allows one to probe novel nuclear 
diffractive PDFs fi/AD(zP,Q2,xP). 

• Nuclear diffractive PDFs differ from free nucleon ones. In particular, they are 
suppressed due to nuclear shadowing at small x, Frankfurt. Guzey, Strikman, Phys. Rept. 512, 
255 (2012)
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resolved-only schemes at the EIC (figure 8, top left). Interestingly, the interpolation scheme

described above differs from the global scheme mostly in the larger normalization, which

can be attributed to the fact that the cross section remains dominated by direct photons

in the entire p̄T range. As expected, the distributions describing the momentum transfers

from the proton to the pomeron (bottom left) and from the pomeron to the hard process

(bottom right) have similar shapes for all three suppression schemes and differ again only

in normalization.

4 Diffraction on heavy nuclei

In the collider mode, it is rather straightforward to measure coherent diffraction on nuclei

by selecting events with a large rapidity gap and requiring that no neutrons are produced

in the zero-angle calorimeter (ZDC). Practically all events satisfying these requirements

would correspond to coherent diffraction. However, measurements of the t-dependence

would require the use of Roman pots at unrealistically small distances from the beam [30].

4.1 Nuclear diffractive PDFs and nuclear shadowing

Nuclear diffractive PDFs are defined similarly to those for nucleons as matrix elements of

well-defined quark and gluon operators between nuclear states with the condition that the

final-state nucleus does not break, carries longitudinal momentum fraction 1 − xIP , and

that the four-momentum transfer squared is t.

As in the case of usual nuclear PDFs, nuclear diffractive PDFs are subject to nuclear

modifications. In particular, at small x nuclear diffractive PDFs are expected to be sup-

pressed compared to the coherent sum of free nucleon diffractive PDFs due to nuclear

shadowing. In the model of leading twist nuclear shadowing [30], nuclear diffractive PDFs

fD
i/A are obtained by summing a series corresponding to coherent diffractive scattering on

one, two, . . . , A nucleons of the nuclear target, which gives in the small-xIP limit

fD
i/A(zIP , Q

2, xIP ) ≈ 16πBdifff
D
i/p(zIP , Q

2, xIP )

∫
d2"b

∣∣∣∣∣
1− e−

A
2 (1−iη)σi

soft(x,Q
2)TA(b)

(1− iη)σi
soft(x,Q

2)

∣∣∣∣∣

2

. (4.1)

Here Bdiff = 6GeV−2 is the slope of the t-dependence of the ep → e′Xp differential cross

section and η = 0.15 is the ratio of the real to imaginary parts of the corresponding

scattering amplitude; TA(b) =
∫
dzρA(b, z) is the optical nuclear density, where ρA(b, z)

is the nuclear density [55] and b is the transverse position (impact parameter) of the

interacting nucleon in the nucleus; σi
soft = 30 mb is an effective cross section controlling

the strength of the interaction with target nucleons, which can be estimated using models

of the hadronic structure of the virtual photon. The used value of σi
soft corresponds to

the scenario with the larger nuclear shadowing of ref. [30]. One can see from eq. (4.1)

that an account of nuclear shadowing leads in principle to an explicit violation of Regge

factorization for nuclear diffractive PDFs.

A numerical analysis of eq. (4.1) shows [30] that the effect of nuclear shadowing in

most of the kinematics only weakly depends on flavor i, the momentum fractions zIP and

– 14 –

• Nuclear shadowing explicitly breaks Regge factorization of diffractive PDFs.

• Shadowing effects weakly depend on flavor and momentum fractions:
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xIP , and the resolution scale Q2. Therefore, to a good approximation, one has the following

relation

fD
i/A(zIP , Q

2, xIP ) ≈ AR(x,A)fD
i/p(zIP , Q

2, xIP ) , (4.2)

where R(x,A) ≈ 0.65 is a weak function of x and A and is calculated using eq. (4.1).

4.2 NLO QCD predictions for the EIC

Our predictions for the NLO QCD cross sections for coherent diffractive dijet photopro-

duction in eA → e′+2 jets+X+A scattering with different nuclear beams (U-238, Au-197,

Cu-63, and C-12) at the EIC in our default set-up with
√
S = 92GeV are shown in fig-

ure 9. The cross sections are shown as functions of the jet average transverse momentum

(top left), the jet rapidity difference (bottom left), the observed longitudinal momentum

fractions of partons in the photon (top right) and pomeron (bottom right). As naturally

follows from eq. (4.2), the shapes of the nuclear cross sections repeat those for the pro-

ton shown in figure 2. The free proton diffractive PDFs as parameterized in H1 2006 Fit

B [5] have been divided by a factor of 1.23 in order to take into account the fact that here

we have no diffractive dissociation contributions, as the heavy nucleus is assumed to stay

intact and no neutrons are assumed to be produced in the ZDC.

4.3 Factorization breaking

As discussed in section 3.7, collinear QCD factorization is violated in diffractive dijet

photoproduction due to soft inelastic interactions with the hadronic target. While the

mechanism of this factorization breaking is not yet established, it is natural to expect that

the effect will be more pronounced for nuclear targets since the gap survival probability

is significantly smaller for nuclei than for the proton. For instance, using the commonly

used two-state eikonal model [12–14], one estimates [28] that the suppression factor in the

relevant energy range is S2 = 0.4 for the proton and S2 = 0.04 for heavy nuclei.

Figure 10 shows our predictions for the NLO QCD cross section for coherent diffractive

dijet photoproduction with Au-197 beams at the EIC. For heavy nuclei, we unfortunately

cannot enhance the resolved-photon contribution to increase the differences between com-

peting factorization breaking schemes by assuming a higher beam energy of 275GeV as

for protons, but we remain limited to 100GeV per nucleon. We can, however, perform

our study for the larger range in xIP < 0.10 instead of 0.03, which, as we have seen in

figure 6, also increases the accessible range in xγ . In figure 10, the solid lines correspond

to the case where we apply a global suppression factor of S2 = 0.5 to our calculated cross

sections as in the proton case, while the dotted lines correspond to the factorization break-

ing scenario, where only the resolved-photon contribution is suppressed, now by a factor

of S2 = 0.04 (see the discussion above). A comparison of these two schemes shows that

due to the dominance of the direct photon contribution in most of the EIC kinematics,

they lead to similar shapes of the kinematic distributions that differ only in normalization,

with the important exception of the xγ-distribution (top right), which below values of 0.5

is negligible for resolved-only suppression and has potentially measurable support only in

the global suppression scheme.

– 15 –

with R(x,A)=0.65.
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Figure 9. NLO QCD cross sections for coherent diffractive dijet photoproduction eA → e′+2 jets+
X +A with various nuclear beams and a center-of-mass energy per nucleon of

√
S = 92GeV at the

EIC. The cross sections are shown as functions of the jet average transverse momentum (top left)
and rapidity difference (bottom left) as well as the longitudinal momentum fractions in the photon
(top right) and pomeron (bottom right).

5 Conclusion

To summarize, we have in this paper presented a first and extensive study of diffractive

dijet photoproduction at the recently approved EIC. Using our established formalism of

NLO QCD calculations, we have illuminated various aspects of this interesting scattering

process. We started by determining the cross sections to be expected in the most important

differential distributions as well as the size of the NLO corrections. We then discussed the

sensitivity to pomeron PDFs as a function of momentum fraction and resolution scale as

well as the contribution from the higher reggeon tractectory. One of our two main results

is that the EIC has the potential to address conclusively the mechanism of factorization

breaking, but that this will require a high proton beam energy and/or a large longitudi-

nal momentum transfer from the proton/nucleus to the pomeron. Then the question will

hopefully be answered whether and to what extent factorization breaking occurs globally

in photoproduction or whether only the resolved photon contribution or some of its compo-
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- x𝛾 dependence has the potential to distinguish between two used schemes of 
factorization breaking.
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Figure 10. NLO QCD cross sections for coherent diffractive dijet photoproduction eAu → e′ +
2 jets + X + Au at

√
S = 92GeV at the EIC with an extended range in xIP < 0.1. Shown are

distributions in the jet average transverse momentum (top left) as well as the (observed) longitudinal
momentum fractions of the photon (top right), the pomeron (bottom left) and the partons in the
pomeron (bottom right). We compare two different schemes of factorization breaking, i.e. global
suppression by a factor of 0.5 (full black) with only resolved-photon suppression by a factor of 0.04
(dotted green curves).

nents (light/heavy quark-antiquark pairs, VMD contributions) are suppressed. Our second

main result comprises predictions for diffractive dijet photoproduction on nuclei, which

might — perhaps for the first time — give access to nuclear diffractive PDFs. Here, we

made numerical predictions for four different nuclei, ranging from carbon to uranium, as

well as again for different factorization breaking schemes.

As an outlook, let us point out that at HERA also dijet production with leading

neutrons has been studied [56–58]. These processes have been interpreted in terms of virtual

charged-pion exchanges and gave first information on the structure of (virtual) pions at

previously unaccessible values of x [59, 60]. It would be very interesting to continue these

studies at the EIC, also in view of possible factorization breaking in these processes [61],

and perhaps even extend them to dissociation processes in collisions with heavy nuclei.
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• Diffractive dijet photoproduction at EIC can help constrain proton diffractive 
PDFs and measure novel nuclear diffractive PDFs. 

• In base EIC energy setting, our NLO pQCD approach predicts rates for    
pT < 8 GeV, x𝛾 > 0.5, |Δη| < 1.5, xP > 0.01, and zP > 0.4. 

• At EIC, the dijet photoproduction cross section is dominated by the direct 
photon contribution and gluon diffractive PDF. 

• This process can solve the problem of the mechanism/pattern of 
factorization breaking in diffractive DIS: global suppression vs. resolved-
only. 

• For this, the most promising observable is x𝛾 dependence. To have wide 
coverage in x𝛾, one needs the highest Ep and/or large range in xP.


