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Abstract In this letter we estimate the contribution of the
double diffractive processes for the diphoton production in
pp collisions at the large hadron collider (LHC). The accep-
tance of the central and forward LHC detectors is taken into
account and predictions for the invariant mass, rapidity and,
transverse momentum distributions are presented. A com-
parison with the predictions for the light-by-light (LbL) scat-
tering and exclusive diphoton production is performed. We
demonstrate that the events associated to double diffractive
processes can be separated and its study can be used to con-
strain the behavior of the diffractive parton distribution func-
tions.

The study of diphoton production in exclusive processes
in hadronic collisions became an active field of research
during recent years, strongly motivated by the possibility
to observe one of the main consequences of the quantum
electrodynamics (QED): the light-by-light (LbL) scatter-
ing. Although several attempts were made to detect such
rare phenomenon, e.g., the high precision measurements of
the electron and muon anomalous magnetic moment [1,2],
direct observations in the laboratory remained challenging
until CMS and ATLAS Collaboration have observed, for the
first time, the LbL scattering in ultraperipheral PbPb colli-
sions [3,4]. Such collisions are characterized by an impact
parameter b greater than the sum of the radius of the collid-
ing nuclei [5—13] and by a photon—photon luminosity that
scales with Z*#, where Z is number of protons in the nucleus.
As a consequence, in ultraperipheral heavy ion collisions
(UPHIC), the elementary elastic yy — yy process, which
occurs at one-loop level at order «* and have a tiny cross
section, is enhanced by a large Z* (= 45 x 10%) factor. In
addition, the contribution of gluon initiated processes can
be strongly reduced in nuclear collisions [14], becoming the
LbL scattering feasible for the experimental analysis [15, 16].
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On the other hand, for pp collisions, due the absence of the
Z* enhancement, the diphoton production by gluon initiated
processes are expected to significantly contribute and can be
dominant in some regions of the phase space (For previous
theoretical and experimental studies see, e.g. Refs. [17-20]).
Our goal in this letter is to estimate the contribution of the
double diffractive processes, represented in Fig. 1a, b, for the
diphoton production in pp collisions at /s = 13 TeV. In such
reactions, the diphoton system is generated by the interaction
between partons (quarks and gluons) of the Pomeron (IP),
which is a color singlet object inside the proton. The associ-
ated final state will be characterized by the diphoton system,
two intact protons and two rapidity gaps, i.e. empty regions
in pseudo-rapidity that separate the intact very forward pro-
tons from the yy system. In principle, these events can be
separated by tagging the intact protons in the final state using
forward detectors, as e.g. the AFP/ATLAS [21,22] and the
CT-PPS [23], and/or by measuring the rapidity gaps. In addi-
tion, to separate the double diffractive processes, we must
to control the background associated to the LbL scattering
and the exclusive diphoton process, represented in Fig. lc,
d, respectively. In our analysis, we will estimate all these
processes using the Forward Physics Monte Carlo (FPMC)
[24] and SuperChic event generator [25], taking into account
the acceptance of the LHC detectors. In particular, we will
consider the typical set of cuts used by the ATLAS and CMS
Collaborations to separate the exclusive events. In addition,
we will present, for the first time, the predictions for the
diphoton production in double diffractive processes for the
kinematical range probed by the LHCb detector. As we will
show below, the events associated to double diffractive pro-
cesses can be separated by imposing a cut on the transverse
momentum of the diphoton system, which allow us to inves-
tigate the dependence of the predictions on the modeling of
the diffractive parton distributions.

Initially, let’s present a short review of the main aspects
need to describe the diphoton production in the double
diffractive processes (DDP), represented in Fig. la, b. The
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Fig. 1 Diphoton production in
pp collisions in double
diffractive processes induced by
a gluons and b quarks of the
Pomeron (/P). Backgrounds
associated to the ¢ light-by-light
scattering and d the central
exclusive process induced by
gluons (Durham process) are
also presented
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corresponding cross section can be expressed by in the proton and g (8 = x/&, u?) is the Pomeron gluon
o(pp— p® X + L X' ®p) distribution (A similar definition is valid for the diffractive
pp P 124 p quark distribution). Furthermore, 8 is the momentum fraction
= { /d)q /dxz (gl (x1, 1?) - g2 (x2, %) carried by the gluon inside the Pomeron. It is useful to assume

that the Pomeron flux is given by

6(g8 = vvy) max A p Bt
_ — p —

g (1, 1) - 37 (1) + 0 (1) g G, ] S ) = / A T 3)
0(qq — yy)]}, (1)  where tmin, tmax are kinematic boundaries. The flux factors

where gP (x;, 1?),qP (xi, u*) and gP (x;, u?) are the diffrac-
tive gluon, quark and antiquark densities of the proton i with
a momentum fraction x;. The parton distributions have its
evolution in the hard scale u? given by the DGLAP evolu-
tion equations and should be determined from events with
a rapidity gap or a intact hadron. In the resolved Pomeron
model [26] the diffractive parton distributions are expressed
in terms of parton distributions in the pomeron and a Regge
parametrization of the flux factor describing the Pomeron
emission by the hadron. In particular, the diffractive gluon
distribution can be expressed as follows

ld
gl (x, 1% =/x ;f,f;(é) g <§u2) )

where £ is the momentum fraction of the proton carried by the
Pomeron, f If, (&) stands for the associated flux distributions

@ Springer

are motivated by Regge theory, where the Pomeron trajec-
tories are assumed to be linear, ap (1) = ap (0) + apt, and
the parameters Byp, a;P and their uncertainties are obtained
from fits to the data. In our analysis, we will consider differ-
ent parametrizations for g (8, w?) and gp (B, n?) in order
to investigate the sensitive of the predictions on the descrip-
tion of the Pomeron structure. In order to derive realistic
predictions for the diphoton production in double diffractive
process, we need to take into account of the nonperturbative
effects associated to soft interactions which imply the break-
down of the collinear factorization [27] and lead to an extra
production of particles that destroy the rapidity gaps in the
final state [28]. The treatment of these soft survival correc-
tions is still strongly model dependent (recent reviews can
be found in Refs. [29,30]). In our analysis, we will assume
that the hard process occurs on a short enough timescale
such that the physics that generate the additional particles
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Table 1 Predictions for the diphoton production in double diffractive processes considering different modeling of the Pomeron structure. For
comparison the predictions associated to the LbL scattering and exclusive (Durham) process are also presented. Results at the generation level

pp collisions at /s = 13 TeV LbL Durham

DDP (H1-FitA)

DDP (H1-FitB) DDP (ZEUS) DDP (H1-ZEUS)

Total cross section (pb) 1.68 305.0 95.0

150.1 56.4 98.9

Generation level - {5=13 TeV/

Fig. 2 Predictions for the

_ Generation level - Vs=13 TeV Generation level - {5=13 TeV/

invariant mass m,,, transverse
momentum pr(yy) and
rapidity y,, distributions of the
diphoton system produced in pp
collisions at the LHC. Results
obtained at the generation level, b
without the inclusion of
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T
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experimental cuts

can be factorized and accounted by an overall factor. As a
consequence, the soft survival effects can be included in the
calculation by multiplying the cross section by a global fac-
tor Sezl. « (denoted eikonal factor in Fig. 1). It is important to
emphasize that the validity of this assumption is still an open
question and should be considered a first approximation for
this difficult problem. As in Refs. [31-33], we will assume
that Sezik = (.03 for pp collisions at /s = 13 TeV.

In what follows, we will estimate the diphoton production
in double diffractive processes using the Forward Physics
Monte Carlo (FPMC) [24], which allow us to estimate
the associated cross sections and distributions taking into
account of the detector acceptances. In this event generator,
the hard matrix elements are treated by interfacing FPMC
with HERWIG v6.5 [34] which includes perturbative par-
ton showering followed by the hadronization. In order to
estimate the impact of the Pomeron structure in the predic-
tions, we will consider four different parametrizations for the
diffractive parton distributions, which are based on differ-
ent assumptions for the B-behavior and have been obtained
using distinct sets of data [35,36]. For the calculation of the
LbL scattering and exclusive gg — y y production (Durham
model) it is employed a dedicated event generator for exclu-
sive processes: SUPERCHIC3 [25]. The soft survival effects
Sgi « have been include in our calculations of the exclusive
process assuming the model 4 implemented in the Super-
Chic3. For the LbL scattering, we also will consider the sur-
vival factor included in this event generator. We have checked
that for this process the impact of the soft corrections is small,
with Sezi ¢ ~ 1. For the proton tagging at the LHC, a region
of 0.015 < & < 0.15 for both protons is chosen for a center
of mass energy of 13 TeV considering the standard accep-
tance in the central detectors. For the final state selection we
use HEPMC?2 [37] with a plugin called HEPPDT! which has
been designed to be used by any Monte Carlo particle gen-
erator or decay package. HEPPDT has the function to store

1" Available at http://www.lcgapp.cern.ch/project/simu/HepPDTY/.
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particle information such as charge and nominal mass in a
table which is accessed by a particle ID number. The particle
ID number is defined according to the Particle Data Group’s
Monte Carlo numbering scheme [38]. The final analysis and
distributions are done with ROOT [39].

Two distinct configurations of experimental offline cuts
are considered: one refers to a typical central detector as
ATLAS and CMS, and other for a forward detector such as
LHCb. The protons are assumed to be intact in the interac-
tion, allowing to measure the central mass, my = /&1&s,
where & > is the proton fraction momentum loss given by
1 — (pz,,/6500) and /s is the center of mass energy. This
quantity can be studied in dedicated very forward detectors
AFP and CT-PPS [21-23] installed around the ATLAS and
CMS interaction points. On the other side, the LHCb experi-
ment is able to veto particles using forward shower counters
(HERSCHEL) within the acceptance 8.0 < || < 5.5 [40].

Initially, in Table 1 we present our results for the cross
sections associated to the different channels, obtained at the
generation level, without the inclusion of any selection in
the events. The predictions for the double diffractive pro-
cesses are presented considering four distinct parametriza-
tions for the diffractive parton distributions. We have that
the gluon-induced processes (Durham and DDP) are dom-
inant, with the DDP predictions being strongly dependent
on the Pomeron structure. In Fig. 2 we present our results
for the invariant mass m,,,, transverse momentum pr(yy)
and rapidity y(y y) distributions of the diphoton system. The
DDP and Durham predictions are larger than the LbL one in
the kinematical range considered. Such result contrast with
that presented in Ref. [14] for PbPb collisions, where the
LbL scattering is dominant due to the Z* enhancement. For
myy, < 40 GeV and transverse momentum pr(yy) < 2
GeV, the Durham process dominates. On the other hand, for
larger values of m,, and p7(yy), the main contribution for
the diphoton production comes from double diffractive pro-
cesses.

@ Springer
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Table 2 Predictions for the double diffractive diphoton cross sections after the inclusion of the exclusivity cuts for a typical central detector. For
comparison the predictions associated to the LbL scattering and exclusive (Durham) process are also presented

pp collisions at /s = 13 TeV LbL Durham DDP (H1-FitA) DDP (H1-FitB) DDP (ZEUS) DDP (H1-ZEUS)
Total cross section (pb) 1.68 305.0 95.0 150.1 56.4 98.9

myy >5GeV, Er(y,y) > 2GeV 0.029 6.9 31.6 393 18.5 13.6

pr(yy) > 3 GeV 0.0 0.0 11.1 14.3 6.2 43

In(y, y)| <2.5 0.0 0.0 6.3 8.5 3.6 2.8

0.015 < &2 <0.15 0.0 0.0 4.0 5.7 2.3 2.0

Table 3 Predictions for double diffractive diphoton cross sections after the inclusion of the exclusivity cuts for a typical forward detector. For
comparison the predictions associated to the LbL scattering and exclusive (Durham) process are also presented

pp collisions at 1/s = 13 TeV LbL Durham DDP (H1-FitA) DDP (H1-FitB) DDP (ZEUS) DDP (H1-ZEUS)
Total cross section (pb) 1.68 305.0 95.0 150.1 56.4 98.8

myy, > 1GeV, pr(y,y) > 0.2 GeV 1.28 261.7 94.8 149.6 56.3 98.2

Dyy > 3GeV 0.0 0.0 24.9 38.2 12.0 18.6

20 <n(y,y) <45 0.0 0.0 2.8 4.2 1.3 1.7

HERSCHEL 0.0 0.0 1.60 2.32 0.71 0.82

In order to obtain realistic estimates of the diphoton pro-
duction in pp collisions, which can be compared with the
future experimental data, we will include in our analysis the
experimental cuts that are expected to be feasible in the next
run of the LHC. The selection criteria implemented in our
analysis of double diffractive and exclusive diphoton pro-
cesses are the following:

e For a central detector: We will select events in which
m(yy) >5 GeV and E7(y, y) > 2 GeV, where E7 is
the transverse energy of the photons. Moreover, we will
impose a cut on the transverse momentum of the diphoton
system (p7(yy) > 3 GeV). Finally, we only will select
events where photons are produced in the rapidity range
In(y', y?)| < 2.5 and the proton fraction momentum
loss window 0.015 < &; » < 0.15 which corresponds to
the central mass mx larger than 195 GeV, the kinematical
range covered by the forward detectors AFP and CT-PPS
[21-23].

e For a forward detector: We will select events in which
m(yy)>1GeVand pr(y, y)>0.2GeV, where pr is the
transverse momentum of the photons. An additional cutis
applied on transverse momentum of the diphoton system
(pr(yy) > 3 GeV). Finally, we will select only events
where photons are produced in the rapidity range 2.0 <
In(yL, ¥ < 4.5, not allowing particles with pr > 0.5
GeV in the range 8.0 < |n| < 5.5, corresponding to the
HERSCHEL selection in the LHCb.

The impact of each of these cuts on the total cross sec-
tions is summarized in Tables 2 and 3 for the central and

@ Springer

forward detectors, respectively. Our results indicate that the
inclusion of all cuts fully suppress the contribution of the LbLL
scattering and exclusive process for the diphoton production.
We have that these contributions are completely removed by
the cut on the transverse momentum of the diphoton system
(pr(yy) = 3 GeV). Such result agrees with those derived
in Refs. [14,33] and is associated to the fact that that in the
double diffractive production the transverse momentum of
the gluons inside the Pomeron, which interact to generate
the diphoton, can be large. Moreover, it is dependent on the
modeling of the diffractive parton distributions. In contrast,
in exclusive processes, the initial momentum of the incident
particles is restricted by the Pomeron—proton and photon—
proton vertexes, which exponentially suppress larger values
of momentum. Therefore, the events after cuts are a clean
probe of the diphoton production in double diffractive pro-
cesses.

One also has that the associated predictions are strongly
dependent on the diffractive parton distribution considered.
In particular, the DDP predictions for central and forward
detectors are a direct probe of the diffractive quark distribu-
tions, since the diphoton production in the kinematical range
considered is dominated by the gg — ¥y subprocess, as
demonstrated in Fig. 3, where we have calculated the dis-
tributions using the H1-Fit A parametrization. Results for a
central (forward) detector are presented in the upper (lower)
panels. Unfortunately, a direct comparison from our predic-
tions for the total cross sections with future experimental data
cannot be used to discriminate between the distinct mod-
els for the DPDFs, since these predictions are dependent on
the value assumed for Sezi - An alternative is to analyze the
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Fig. 3 Comparison between | Central selection - f=13TeV

Central selection - {s=13TeV Central selection - {s=13TeV
10

10 DDP (H1- Fit A)

the predictions associated to the
qq — yy (denoted quarks) and
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impact of these different DPDFs on the shape of the differ-
ential distributions. In Fig. 4 we present our predictions for
the distributions normalized by the associated total cross sec-
tions considering the distinct parametrizations and the cuts
for central (upper panels) and forward (lower panels) detec-
tors. An advantage of these normalized distributions is that
the predictions are not sensitive to the modeling of the sur-
vival factor. One has that the slopes of the invariant mass
and transverse momentum distributions are sensitive to the
modeling of the diffractive quark distribution. Such results
indicate that a future experimental analysis of the diphoton
production in double diffractive processes can be useful to
constrain this distribution.

Two comments are in order. First, one of the main chal-
lenges present in the study of diffractive interactions at pp
collisions is the experimental separation of these events,
especially during the high pile-up running. Pile-up is referred
to the multiple soft proton—proton interactions in each bunch
crossing of the LHC which occur simultaneously with the
hard process associated to the primary vertex of interest. The
average number of pile-up interactions per bunch crossing

10 15
p,(rVIGeV]

during the Run I-II varies between 20-50 and the expectation
for high luminosity LHC is in the range 140-200. As a conse-
quence, the signal events associated to diffractive processes
suffer from the background that arise from the other CEP
processes with the common final state particles, as those con-
sidered in this letter, and from inclusive processes which are
coincided with the pile-up protons. The presence of forward
detectors with high resolution on momentum and arrival time
of protons have been used to suppress background contribu-
tions [21-23]. In principle, the measurement of the forward
protons permits to predict the kinematics of centrally pro-
duced state, which can be measured separately. The match-
ing between these two measurements can lead to several
orders of magnitude suppression in the inclusive background
processes. In addition, the high correlation between the pri-
mary vertex displacement in the z-direction and the arrival
time of both tagged protons to the timing forward detec-
tors present in diffractive and central exclusive processes,
can also be used to reduce the inclusive background con-
tribution. Such reduction depends on the timing resolution
of time of flight detectors. The recent detailed analysis per-

@ Springer
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formed in Ref. [41], where a comprehensive study of the 77
production in exclusive and semi-exclusive processes was
presented considering four luminosity scenarios as well as
the effect of pile-up background, indicate that there is good
prospects for observing the diffractive signal in future mea-
surements. A similar conclusion is expected for the diphoton
production. However, a more definitive conclusion deserves
a detailed study, as in Ref. [41], which we plan to perform
in a forthcoming publication. A second comment is related
to the possibility of separation of the diffractive events by
the LHCb detector. Such experiment runs at lower instan-
taneous luminosity, which implies lower pile-up conditions.
Moreover, the presence of the HERSCHEL, allow us to sup-
press the contribution of the inelastic processes. Our results
for a forward detector demonstrated, the CEP background
can be strongly suppressed, and that the diffractive contribu-
tion is of the order of pb. Therefore, assuming an integrated
luminosity of 3 fb~!, we predict that the number of events
per year will be ©O(103). Such result indicates that the exper-
imental analysis of the diphoton production by the LHCb is,
in principle, feasible.

Finally, let’s summarize our main results and conclusions.
In this letter we have investigated the diphoton production in
diffractive and exclusive processes present in pp collisions at
the LHC. Our main focus was in the possibility of separate the
events associated to the double diffractive processes, where
the diphotons are produced by the interaction between quarks
and gluons of the Pomeron. We have demonstrated that the
background associated to the LbL scattering and the exclu-
sive process can be strongly reduced by a cut on the transverse
momentum of the diphoton system. As a consequence, the
study of the diphoton production with pr(yy) > 3 GeV
becomes a direct probe of the diffractive mechanism and the
underlying assumptions associated to the treatment of the gap
survival as well as to the description of the Pomeron struc-
ture. We shown that the diphoton production is dominated by
the gg — yy subprocess. Moreover, our results indicated
that the analysis of the invariant mass, transverse momentum
and rapidity distributions are sensitive to the modeling of the
diffractive quark distribution.
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