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Abstract

The new framework for the simulations of hard diffractive events in photoproduction
within PYTHIA 8 is presented. The model, originally introduced for proton-proton colli-
sions, applies the dynamical rapidity gap survival probability based on the multiparton
interaction model in PYTHIA. These additional interactions provide a natural explana-
tion for the observed factorization-breaking effects in hard diffraction by filling up the
rapidity gaps used to classify the events of diffractive origin. The generated cross sec-
tions are well in line with the existing data from HERA experiments and predictions for
the future electron-ion collider are presented. In addition, also predictions for ultra-
peripheral collisions at the LHC have been calculated where the factorization-breaking
effects are found to be more pronounced.
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1 Introduction

In the Ingelman-Schlein approach [1] for hard diffraction the diffractive cross sections can be
factorized into diffractive PDFs and perturbatively calculable partonic coefficient functions.
The diffractive PDFs can be determined in a global QCD analysis using data for diffractive
processes in DIS in a similar manner as for inclusive PDFs. However, it has been observed
that this factorization breaks down in proton-proton collisions as the predicted cross sections
overshoot the data by an order of magnitude [2–4]. Similarly, factorization-based calculations
for diffractive dijets in photoproduction at HERA tend to lie a factor of two above the H1 and
ZEUS measurements, depending on the considered kinematics [5–8]. In this work we study
such factorization-breaking effects within PYTHIA 8 [9] Monte Carlo event generator.

In the recently introduced PYTHIA 8 model for hard diffraction the factorization breaking
effects are modelled with the dynamically calculated rapidity gap survival probabilities [10,11].
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Such rapidity gaps are typically used as an experimental signature for diffractive events where
the gap is a consequence of a colour-neutral Pomeron exchange. Following the idea by Bjorken
[12], such rapidity gaps may be filled by the particles from additional partonic interactions in
the collision event. In this PYTHIA 8 model, we evaluate the gap survival probabilities using the
multiparton interaction (MPI) framework.

2 Hard diffraction and photoproduction in PYTHIA 8

The event generation for hard diffraction in PYTHIA begins as with any other event by sampling a
hard process according to the partonic cross section and the (inclusive) PDFs for the given beam
types. Then, using the ratio between the diffractive and the inclusive PDF at the sampled x
and Q2, a decision is made whether the process is of diffractive origin which would correspond
to the usual factorization approach. The key step is to check whether there has been any
MPIs between the beam particles and to reject such events where the rapidity gap would thus
not survive and the target hadron would break up. It is, however, allowed to have further
MPIs between the Pomeron mediating the diffractive scattering and the beam particle since
these would not add any particles into the rapidity gap but only affect the multiplicity of the
diffractive system.

The diffractive PDFs are typically derived in a QCD analysis applying diffractive DIS data
in electron-proton colliders. Since the highly virtual intermediate photon does not have any
internal structure but acts as a point-like particle, no violation of factorization is expected.
However, in the photoproduction regime, where the intermediate photons are quasi-real, the
photon may fluctuate into a hadronic state. In this case the photon become resolved and
the constituents act as initiators for the hard scattering. Furthermore, a resolved photon
interacting with an a hadron may also give rise to MPIs. In the hard diffraction model in PYTHIA,
factorization breaking effects would thus be expected also in photoproduction. Generally the
effects would, however, be less pronounced than in proton-proton collisions due to the presence
of the unsuppressed direct-photon contribution.

3 Results

We compare the PYTHIA 8 results to different HERA photoproduction data for dijet production
and provide predictions for the electron-ion collider (EIC) and ultraperipheral collisions (UPCs)
at the LHC. The impact of the rapidity-gap survival probability is quantified in each case by
comparing the results with and without the MPI rejection. The results are based on Ref. [11].

3.1 Comparisons to HERA data

We consider two different HERA analyses for photoproduction of diffractive dijets, one from
H1 [6] and one from ZEUS [7]. The comparisons are done by applying the prepared and
published Rivet analyses [13] for these data that can be used for further studies for other
measured distributions. Here we focus on two observables that demonstrate the main features
of the model, xobs

γ which estimates the momentum fraction of the partons inside the photon,
and the invariant mass W (MX ) of the photon-proton (photon-Pomeron) system for the H1
(ZEUS) data shown in figures 1 and 2. The H1 data has been derived with a lower cut on jet-ET
of 5.0 GeV (4.0 GeV) for the (sub-)leading jet whereas in the ZEUS data the corresponding
limits are 7.5 GeV and 6.5 GeV. In both cases the suppression from the MPI rejection is stronger
at larger invariant masses and at lower xobs

γ which is a result of having more energy remaining
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for the MPIs after the jets have been created. The lower jet-ET cuts in the H1 analysis result as
stronger suppression when the MPI rejection is applied compared to the ZEUS cuts.
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Figure 1: Differential cross sections in terms of invariant mass with (solid) and without
(dashed) the MPI rejection compared to H1 (left) and ZEUS (right) measurements.
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Figure 2: Differential cross sections in terms of xobs
γ with (solid) and without (dashed)

the MPI rejection compared to H1 (left) and ZEUS (right) measurements.

3.2 Predictions for EIC

To estimate the expected factorization-breaking effects at the EIC kinematics, we have repeated
the H1 analysis at

p
s = 141 GeV. The results for W and xobs

γ are shown in figure 3. We find
that due to the lower collision energy compared to HERA, the predicted suppression from the
rapidity gap survival model is fairly modest apart from the lowest xobs

γ where the cross section
is small with the applied kinematical cuts.

3.3 Predictions for UPCs at the LHC

The factorization breaking effects can be studied also in UPCs where the incoming protons
and nuclei do not interact directly but a photon emitted by the other beam particle collides
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Figure 3: The differential cross sections in terms of W (left) and xobs

γ (right) corre-
sponding to EIC kinematics at

p
s = 140 GeV with (solid) and without (dashed) the

MPI rejection.

with a particle from the another beam. Since the virtuality of the photons emitted by protons
and nuclei is low, these collisions can be treated like the photoproduction in electron-proton
collisions by only replacing the photon fluxes with an appropriate one. The cross sections
corresponding to proton-proton and proton-lead collisions at the LHC are shown in figure 4.
Typically the photon fluxes are somewhat softer in case of proton and nuclear beams but as
the collision energy is significantly larger at the LHC (

p
s = 5 TeV for pPb,

p
s = 13 TeV for

pp), higher values of W can be reached in these UPCs than what was provided by HERA. Thus
there is also more room for MPIs in these collisions and the dynamical rapidity gap survival
model predicts an increased amount of suppression, especially for the proton-proton case. To
estimate the underlying theoretical uncertainty in the MPI model for photon-proton collisions,
the pref

T,0 parameter has been varied between the default proton-proton case and a value tuned
to inclusive charged-particle data from HERA.

4 Conclusion

The dynamical rapidity gap survival model implemented for proton-proton and photon-proton
collisions within the PYTHIA 8 event generator provides a natural explanation for the observed
factorization breaking effects in different collision systems and energies. Here we have studied
these effects in different photon-initiated collisions and found support from the HERA data. As
there is a rather strong dependence on the considered kinematics, the model could be further
tested by comparing to measurements at lower collision energies (EIC) where the expected
effects are mild and at higher energies (UPCs at the LHC) where the MPI suppression is expected
to be stronger.

Funding information This work was supported by the Academy of Finland, Project nr.
331545.
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Figure 4: The differential cross sections in terms of W corresponding to UPCs in
proton-proton (left) and proton-lead (right) collisions at the LHC with (solid) and
without (dashed) the MPI rejection using the default (red) and HERA-tuned (blue)
MPI parameters.
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