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a b s t r a c t
We study hard diffractive scattering in hadron–hadron collisions including, on top of the standard
Pomeron-initiated processes, contributions due to the exchange of Reggeons. Using a simple model to describe the parton content of the Reggeon, we compute di-jet production in single diffractive and central
diffractive events. We show that Reggeon contributions can be sizable at the LHC, and even sometimes
dominant, and we identify kinematic windows in which they could be experimentally studied. We argue
that suitable measurements must be performed in order to properly constrain the model, and be able to
correctly account for Reggeon exchanges in the analysis of the many hard diffractive observables to be
measured at the LHC.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3 .

1. Introduction
Hard diffractive events in hadron–hadron collisions were ﬁrst
observed at the Tevatron [1,2] more than 20 years ago, nevertheless the QCD dynamics at play has yet to be fully understood. In
spite of the large transfer of transverse momentum involved in
such processes, a satisfactory weak-coupling description remains
elusive, and one has to settle for phenomenological models. To
estimate cross-sections of hard processes in single diffractive dissociation (when one hadron escapes the collision intact) and central
diffractive dissociation (when both hadrons escape the collision intact), a modern version of the resolved-Pomeron model [3] is being
widely used.
This model describes hard diffractive scattering in the following way: hadrons scatter through the exchange of a colorless object called the Pomeron, which carries a longitudinal momentum fraction denoted ξ and a four-momentum squared denoted t. Then, imitating what happens in collinear factorization,
a long-distance/short-distance separation of the Pomeron-induced
subprocesses is assumed, into perturbative partonic cross-sections
and non-perturbative parton distribution functions (pdfs) of the
Pomeron, that depend on the parton fractional longitudinal momentum β , and on the hard scale of the problem μ2 .
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The motivation for this model comes from the fact that, in
electron–hadron collisions, the diffractive part of the deep inelastic
scattering (DIS) cross-section does obey collinear factorization [4].
The further factorization of the diffractive parton densities f aD/h
into a Pomeron ﬂux P/h (ξ, t ) and Pomeron parton distributions
f a/P (β, μ2 ) is an assumption, called Regge factorization, which is
accurate and routinely used in QCD ﬁts of diffractive DIS data, from
which f q/P , f g /P and P/h are extracted.
When imported to hadron–hadron collisions, such factorization
does not apply for diffractive processes, even at very large momentum scales, as shown by comparisons to Tevatron data [5].
The presence of additional soft interactions between the colliding hadrons, which may ﬁll the rapidity gap(s), is the standard
interpretation of this factorization breaking, and there are empirical indications that it can be compensated by an overall factor,
called the gap survival probability, roughly independent of the details of the hard process. In fact, the phenomenology of this factor
is still a topic of intense debate [6–9] and it represents the last
ingredient of the resolved-Pomeron model.
At the LHC, a whole new set of experimental studies has
started, in order to provide answers to a number of unsolved
questions. Is the gap survival probability only a function of the
collision energy, as often assumed? Does one need a different factor for single diffraction and central diffraction? Is the quark and
gluon composition of the Pomeron extracted from HERA data compatible with LHC measurements? In this letter, we would like to
study a different aspect that has not been investigated extensively:
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Fig. 1. Leading-order diagrams for di-jet production in single-diffractive events (left)
and central-diffractive events (right) in proton–proton collisions. Intact protons can
scatter through the exchange of either a Pomeron (P) or a Reggeon (R).

the possibility that the diffractive scattering happens through the
exchange of a Reggeon, as opposed to a Pomeron. As a matter
of fact, quality ﬁts to diffractive DIS data do require that both
Pomerons and Reggeons contribute to the diffractive pdfs: f aD/h =
P/h f a/P + R/h f a/R . The differences between the two contributions reside in the ξ and t dependence of their ﬂuxes. Reggeon
exchange matters mostly at high ξ , notably for ξ > 0.1 and the
shape of the t distribution is also different, showing a less steep
decrease than in the Pomeron case.
At the LHC, when large diffractive masses are considered –
which is the case in a number of studies (see for instance [13]) –
such large values are easily reached and one may therefore wonder
about the importance of the Reggeon contribution. Previous studies
have shown that the Reggeon contribution is not always negligible [10–12] but this is not always taken into account by standard
codes. Our goal in this work is to illustrate, within a very simple
model where the parton content of the Reggeon is obtained from
the pion structure function, that indeed the Reggeon contribution
cannot be safely neglected, and that for processes where both protons escape the collision intact, a double-Reggeon exchange can
even dominate over a double-Pomeron exchange.
The plan of the letter is as follows. In Section 2, we present
more details about the resolved-Pomeron model for hard diffraction in hadron–hadron collisions, we explain its implementation
into the Forward Physics Monte Carlo (FPMC) program [14] that
we shall utilize, and we outline our subsequent analysis of diffractive di-jet production, the process we have chosen to consider. In
Section 3, we present our results, when the Reggeon contribution
is included, for both single and central diffractive di-jets. Section 4
is devoted to conclusions and outlook.
2. Hard diffractive processes with Reggeon exchanges

The resolved-Pomeron model is a long-distance/short-distance
collinear factorization framework commonly used to calculate hard
single-diffractive (SD) and central-diffractive (CD) processes. In this
work we focus on di-jet production at the LHC. Typical leadingorder (LO) diagrams for this process are pictured in Fig. 1, and the
cross-section in the resolved-Pomeron model reads:



f aD/ p (ξ1 , t 1 , β1 , μ2 ) f b/ p (x2 , μ2 )

a,b

⊗ dσ̂
dσ pp → p J J Xp = SC D

ab→ J J X



(1)
f aD/ p (ξ1 , t 1 , β1 , μ2 ) f bD/ p (ξ2 , t 2 , β2 , μ2 )

a,b

⊗ dσ̂ ab→ J J X

2.2. Pomeron and Reggeon parton-content
In our computations, we shall use the diffractive pdfs f aD/ p extracted from HERA data [16] for diffractive DIS, a process for which
collinear factorization does hold. They are obtained by means of
a next-to-leading-order (NLO) QCD ﬁt, in which they are decomposed into Pomeron and Reggeon ﬂuxes P,R/ p and their corresponding parton distribution functions f a/P,R which depict the
partonic structure of the exchanged color singlet objects:

f aD/ p (ξ, t , β, μ2 ) = P/ p (ξ, t ) f a/P (β, μ2 )

+ nR R/ p (ξ, t ) f a/R (β, μ2 )
with

(2)

P,R/ p (ξ, t ) = A P,R

e B P,R t

ξ 2αP,R (t )−1

.

(3)

The diffractive slopes B P,R , and the Regge trajectories αP,R (t ) =

αP,R (0) + t αP,R
are given in Table 1 for two different ﬁts (known
as A and B). The ﬂux normalizations A P,R are chosen such that
t
ξ × t max dt P,R/ p (ξ, t ) = 1 at ξ = 0.003, with t min = −1 GeV2 and
min

2.1. Resolved Pomeron model supplemented with Reggeons

dσ pp → p J J X = S S D

where dσ̂ is the short-distance partonic cross-section, which can
be computed order by order in perturbation theory (provided the
transverse momentum of the jets is suﬃciently large). f a/ p denotes
the standard proton parton distributions functions (pdfs) while
f aD/ p denotes the diffractive ones. These are non-perturbative objects, however their evolution with the factorization scale μ is perturbative and given by the Dokshitzer–Gribov–Lipatov–Altarelli–
Parisi [15] evolution equations (in the following μ is set to the
transverse momentum of the leading jet). In Eq. (1) and (2) and
in Fig. 1, the variables ξi and t i for the intact protons denote their
fractional energy loss and the four-momentum squared transferred
in the collision, respectively. The convolution is done over the longitudinal momentum fractions of the partons a and b with respect
to the incoming protons, namely x1 and x2 , respectively. In the
case of intact protons, it is common to use instead βi ≡ xi /ξi , the
longitudinal momentum fraction of the parton with respect to the
exchanged Pomeron or Reggeon.
Formulae (1) and (2) are reminiscent of the collinear factorization obeyed for inclusive processes. However, it is known that
hard diffractive cross-sections in hadronic collisions do not factorize in such a way, due to possible secondary soft interactions
between the colliding hadrons which can ﬁll the rapidity gaps. In
the resolved-Pomeron model, the so-called gap survival probabilities S S D and SC D act as corrections to collinear factorization in
order to account for the effects of the soft interactions. Since those
happen on much longer time scales compared to the hard process,
they are modeled by an overall factor, function of the collision energy only [6,7].

t max = −m2p ξ 2 /(1−ξ ) (m p denotes the proton mass). The factor nR
is an extra normalization to the Reggeon contribution.
The Pomeron pdf f a/P is obtained from ﬁts to H1 data [16]. The
Pomeron structure is well constrained by those ﬁts, which clearly
show that its parton content is gluon dominated. By contrast, the
HERA data do not constrain f a/R . The Reggeon contribution is
however needed in order to obtain a quantitative description of
the high-ξ measurements. Following the description in Ref. [16]
we treat the Reggeon contribution as an exchange of a quark–
antiquark pair and take f a/R as the pion structure function.
The Reggeon contribution is often not implemented in hard
diffraction studies in hadron–hadron collisions, and measurements
at the LHC will allow to test the validity of this assumption. The
Reggeon contribution to the diffractive pdfs f aD/ p is important only
at large values of ξ [16,17]. It is routinely disregarded, and subsequently the theoretical description from (1) and (2) was dubbed
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Table 1
Parameters of the Pomeron and Reggeon ﬂuxes as described in the text, from Ref. [16].
Fits

P,R/ p

α (0)

α

nR

B

A

P

1.118 ± 0.008

0.19
−2
0.06+
−0.06 GeV

–

R

0.50 ± 0.10

0 .6
−2
0.3+
−0.3 GeV

0 .7
−2
5.5+
−2.0 GeV

(1.7 ± 0.4) × 10−3

0 .4
−2
1.6+
−1.6 GeV

B

P

1.111 ± 0.007

0.19
−2
0.06+
−0.06 GeV

–

0 .7
−2
5.5+
−2.0 GeV

R

0.50 ± 0.10

0 .6
−2
0.3+
−0.3 GeV

(1.4 ± 0.4) × 10−3

0 .4
−2
1.6+
−1.6 GeV

Fig. 2. Number of single diffractive di-jet events as a function of ξ for p T (proton) > 0.15 GeV assuming either a Pomeron exchange (solid lines) or a Reggeon exchange
(dashed lines), for p T ( j 1,2 ) > 20 GeV (left plot) or p T ( j 1,2 ) > 50 GeV (right plot).

the resolved-Pomeron model. But of course it can be supplemented
with resolved Reggeons, and it should be as we will argue below.
Similarly, this is the reason why what we call central diffractive events in this work is usually referred to as double-Pomeronexchange events in the literature. Since double-Reggeon exchanges
or mixtures of Pomeron and Reggeon exchanges are also possible, we choose to use the terminology “central diffractive”. The
central diffractive di-jet ﬁnal states considered in this work are
not exclusive since they contain the so-called Pomeron or Reggeon
remnants X , that are made of soft particles accompanying the production of the hard di-jet system. They reduce the rapidity gaps
when compared to the exclusive case, but they do not ﬁll them
entirely.
2.3. Hard diffractive di-jet analysis with FPMC
The above theoretical description of hard diffractive processes
in hadron–hadron collisions, in which one or both hadrons remain
intact, is implemented by the FPMC generator that we shall employ
to perform our analysis. The parton-level matrix elements are imported from HERWIG [18] routines and calculated at LO, while the
NLO ﬁt B is adopted for the diffractive pdfs.1 For proton tagging at
the LHC, a region of ξ < 0.17 for both protons is chosen for a center of mass energy of 13 TeV, as well as a lower cut of 0.15 GeV
for their transverse momenta [19]. In general, the lower boundary
for the ξ values depends on the minimum mass of the diffractive
system and is thus related to the jet transverse momenta. For the
acceptance we have chosen the lower ξ boundary is approximately
10−5 .
For the di-jet system, we apply at parton level a transverse momentum cut on p T > 5 GeV, and a pseudo-rapidity cut of |η| < 5.
The jets are reconstructed using the FastJet [20] package and the
anti-kt algorithm, with a value of 0.4 for the jet radius, and a
10 GeV threshold for the transverse momenta. Then, the selection
criteria require at least two jets with p T larger than 20 GeV, and
the two highest transverse momentum jets tagged with p T ( j 1 ) >
p T ( j 2 ). The di-jet mass fraction is deﬁned as R J J = m J J / M, i.e. the

1
We decided to use LO partonic cross-sections convoluted with NLO pdfs due to
the lack of an updated LO diffractive pdf.

ratio of the invariant mass of the di-jet system
√ to the invariant
√
mass of the whole diffractive ﬁnal state, M = ξ s and M = ξ1 ξ2 s
for single and central diffraction, respectively.
Experimentally, the di-jet mass fraction is a good variable for
identifying, and for our purpose excluding, possible exclusive dijet events. In such events, the di-jet mass is essentially equal to
the mass of the central system because no Pomeron (or) Reggeon
remnants are present, and if the jet deﬁnition is such that little
is left outside the cones, then the presence of an exclusive event
would manifest itself as an excess towards R J J ≈ 1. This observation of exclusive events does not depend on the overall normalization of the event distribution, which might be strongly dependent
on the detector simulation and acceptance of the roman pot detectors [21].
Finally, the histograms are normalized according to the relation
(σ × L)/ N gen , and our predictions are presented for an integrated
luminosity of 1 pb−1 which represents the expected data to be
collected in high-β ∗ low pile-up runs at the LHC. Note that for
the gap survival probabilities, we have assumed a constant value
for Pomerons and Reggeons S S D = S C D 0.03. There have been
several attempts to estimate those probabilities [6–9,22–30], but
the actual values are rather uncertain. The chosen value of the gap
survival factor can be considered a lower limit given the recent
available experimental results [31,32].
3. Numerical results for the LHC
3.1. Single diffractive di-jets
The total cross-sections predicted by FPMC at 13 TeV for single
diffractive di-jets assuming either a Pomeron exchange (P + p →
j j X ) or a Reggeon exchange (R + p → j j X ) are 1.51 × 108 pb and
2.3 × 107 pb, respectively. These values assume an acceptance of
ξ1 ≡ ξ ≤ 0.17 for the ﬁnal state intact proton. The ξ distributions
are plotted in Fig. 2 for two different values of minimum jet p T ,
20 or 50 GeV. One clearly sees the dominance of the Pomeron exchange at small ξ (the Reggeon contribution can be neglected for
ξ  0.07), but also the fact that the Reggeon contribution becomes
comparable to it for ξ  0.1, depending slightly on the jet p T cut.
This is conﬁrmed by Table 2 where the number of events
are displayed for three different ξ ranges: no minimum ξ cut,
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Table 2
Number of single diffractive di-jet events for an integrated luminosity of 1 pb−1 , and different kinematical windows. For the Pomeron
process, the left values inside the brackets stand for ν = 0.5, whereas the right values stand for ν = −0.5.
Process
Acceptance

ξ1,2 < 0.17
0.015 < ξ1,2 < 0.17
0.10 < ξ1,2 < 0.17

P p → jj X

R p → jj X
p T ( j 1 , j 2 ) > 20 GeV

6.06 × 105 [5.85 × 105 , 6.74 × 105 ]
4.58 × 105 [4.53 × 105 , 5.03 × 105 ]
1.49 × 105 [1.46 × 105 , 1.62 × 105 ]

P p → jj X

R p → jj X
p T ( j 1 , j 2 ) > 50 GeV

1.38 × 104
1.37 × 104
8.77 × 104

2.51 × 104 [2.26 × 104 , 2.86 × 104 ]
1.99 × 104 [1.81 × 104 , 2.32 × 104 ]
6561 [6341, 8827]

5450
5419
3521

Fig. 3. Di-jet mass fraction distribution in single diffraction assuming either a Pomeron exchange (solid lines) or a Reggeon exchange (dashed lines), for p T ( j 1,2 ) > 20 GeV,
p T (proton) > 0.15 GeV and for ξ < 0.17 (left) or 0.1 < ξ < 0.17 (right).

√

Fig. 4. Number of central diffractive di-jet events as function of ξ1 ξ2 (left plot) and ξ1 (right plot) for p T ( j 1,2 ) > 20 GeV and p T (proton) > 0.15 GeV. The solid line stands
for the double-Pomeron exchange while the dashed line represents the total Reggeon contribution (R R and P R + R P).

ξ > 0.015 and ξ > 0.1. In the latter case, the number of events
for the Pomeron and Reggeon contributions have the same order
of magnitude. Note that the events for the Pomeron process take
into account the uncertainty of the QCD ﬁts at high β : the gluon
density f g /P (β, Q 2 ) is multiplied by an uncertainty factor (1 − β)ν ,
with ν = −0.5, 0, or 0.5 (the default value in FPMC is ν = 0). The
uncertainty range of the Reggeon contribution is not known. Finally the di-jet mass fraction distributions are displayed in Fig. 3,
for ξ < 0.17 and 0.1 < ξ < 0.17. While the Reggeon exchange can
be as important as the Pomeron exchange, there is no kinematical
window where it clearly dominates which would allow to experimentally isolate it.
Those ﬁndings conﬁrm the expectations, that for single diffractive processes sensitive to ξ > 0.1, the Reggeon contribution
should play a non-negligible role. Therefore, the LHC capabilities
should be utilized in order to constrain it better, and improve the
theoretical predictions of the various high-mass diffractive studies.
We will demonstrate below that central diffractive di-jet production can also be used to constrain the Reggeon contribution.
3.2. Central diffractive di-jets
In central diffraction, besides the double-Pomeron (PP → j j X )
and double-Reggeon (RR → j j X ) exchanges, there are also cross

terms (PR, RP → j j X ) which makes the approximation of disregarding the Reggeon contributions even more questionable. The
total cross-sections predicted by FPMC for proton–proton collisions at 13 TeV for those distinct channels are 1.7 × 107 pb (PP),
9.1 × 106 pb (PR +RP), and 9.03 × 105 pb (RR), again for an acceptance of ξ1,2 ≤ 0.17 for the ﬁnal state intact protons. These
values are in agreement with the prediction that single diffractive cross-sections should be approximately 10 times greater than
in the central diffractive case [33].
The ξ distributions are plotted in Fig. 4 for a minimum jet p T
of 20 GeV. The Pomeron exchange is still dominant at small values
of ξ1,2 , albeit by a lesser margin than in the single diffractive case,
but now the Reggeon contributions dominate for large values of
proton momentum loss. They become comparable to the Pomeron
one for ξ1 ∼ 0.14 when ξ2 is integrated in the whole acceptance
(Fig. 4 – right panel).
This is conﬁrmed by Table 3 where the number of events is
displayed for the same three different ξ1,2 ranges and two different jet p T cuts considered before. As expected, using a larger
minimum jet p T further enhances the importance of the Reggeon
exchange, however in central diffraction the number of events
quickly becomes too small and it may not be eﬃcient to use a
value greater than 20 GeV. Finally, the di-jet mass fraction distributions are displayed in Fig. 5, for ξ1,2 < 0.17 and 0.1 <ξ1,2 < 0.17.
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Table 3
Number of central diffractive di-jet events for an integrated luminosity of 1 pb−1 , and different kinematical windows. For the Pomeron process, the left values inside the
brackets stand for ν = 0.5, whereas the right values stand for ν = −0.5. The last line [ ] is for p T (proton) > 0.4 GeV, instead of the default value 0.15 GeV.
Process
Acceptance

ξ1,2 < 0.17
0.015 < ξ1,2 < 0.17
0.10 < ξ1,2 < 0.17
0.10 < ξ1,2 < 0.17 [ ]

P P → jj X

P R+R P → j j X

R R → jj X

p T ( j 1 , j 2 ) > 20 GeV
3.34 × 104 [2.88 × 104 , 4.42 × 104 ]
2.19 × 104 [1.99 × 104 , 2.79 × 104 ]
2530 [2319, 3193]
544 [499, 736]

P P → jj X

P R+R P → j j X

R R → jj X

p T ( j 1 , j 2 ) > 50 GeV

1.56 × 104 [1.41 × 104 , 1.68 × 104 ]
1.26 × 104 [1.16 × 104 , 1.35 × 104 ]
2802 [2627, 2850]
865 [813, 877]

1610
1590
680
312

1489 [1198, 1829]
1030 [876, 1269]
120 [113, 135]
20.5 [10, 23]

697 [594, 771]
576 [536, 644]
148 [140, 174]
42 [36, 52]

72
70
35
30

Fig. 5. Di-jet mass fraction distribution in central diffraction for p T ( j 1,2 ) > 20 GeV, p T (proton) > 0.15 GeV and for ξ1,2 < 0.17 (left plot) or 0.1 < ξ1,2 < 0.17 (right plot).
The solid line stands for the double-Pomeron exchange while the dashed line represents the total Reggeon contribution from the double-Reggeon and the Pomeron–Reggeon
exchanges.

Fig. 6. Number of central diffractive di-jet events as function of ξ1 for ξ2 < 0.17 (left plot) and di-jet mass fraction distribution for 0.1 < ξ1,2 < 0.17 (right plot), with
p T ( j 1,2 ) > 20 GeV and p T (proton) > 0.4 GeV. Increasing the last cut enhances the sensitivity to the Reggeon contribution.

Finally, in Fig. 6 we study the sensitivity of our results with respect to the cut on the proton transverse momentum. By choosing
an alternative cut of 0.4 GeV, we are able to increase the sensitivity to the Reggeon contribution, such that near the edge of the
proton detector acceptance, it becomes clearly dominant. By measuring these distributions, we should be able to study the Reggeon
contribution in the LHC data.
Our results show that di-jets in central diffractive events (formerly known as double-Pomeron-exchange events) at the LHC
could be used to study the Reggeon contribution to hard diffractive processes, since a kinematic window of dominance has been
identiﬁed which could be used experimentally to isolate and constrain it.
4. Conclusions
In this letter, we studied hard diffractive processes in hadron–
hadron collisions using the resolved-Pomeron model (1) and (2),
supplemented with a Reggeon term according to formula (3). Our
goal is to verify whether or not this contribution can be safely neglected at LHC energies. For the moment, it is often ignored when
estimating hard diffractive cross-sections in hadron–hadron collisions, even though it is needed for a quantitative description of

the diffractive DIS HERA data. The Pomeron structure used in the
resolved-Pomeron model is extracted from DIS, therefore a consistency check is in order at the LHC.
To do this, we chose to analyze the diffractive di-jet process at
the LHC, assuming an integrated luminosity of 1 pb−1 . We have assumed a simple model in which the parton content of the Reggeon
f a/R (β, μ2 ) is given by the pion structure function, but it should
be pointed out that the related uncertainties are large since the
Reggeon structure at low β and high transverse momentum scales
is essentially unknown and unconstrained experimentally.
Our calculations have been performed using the Forward
Physics Monte Carlo program. In the case of single diffractive di-jet
production, our results conﬁrm the expectation that the Reggeon
contribution is comparable to the Pomeron contribution only for
ξ  0.1. Since the acceptance of the LHC forward proton detectors
can go up to ξ ∼ 0.15–0.2, it must be carefully taken into account
when the total diffractive mass becomes large, which is the case
for a number of ﬁnal states considered in the literature, e.g. [13].
In the case of central diffractive di-jet production, we ﬁnd that
Reggeon exchanges contribute much more, and can almost never
be completely ignored, at least in our model. For large values of
ξ1,2 but still within the detector acceptances, processes involving
Reggeons can even dominate over the double-Pomeron exchange.
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This should allow relatively clean experimental studies in order
to better constrain the Reggeon parton content and correct the
model. Subsequently, many phenomenological studies of doublePomeron-exchange events at the LHC, such as [34–36], will have
to be corrected in order to take into account the possibility to exchange Reggeons as well.
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