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Particle production in two-photon interactions at hadronic collisions is becoming increasingly relevant in
the LHC physics program as a way to improve our understanding of the Standard Model and search for
signals of New Physics. A key ingredient for the study of these interactions in pp collisions is the
description of the photon content of the proton, which allow us to derive predictions for the cross sections
associated with events where occur the proton dissociation (nonexclusive processes) and for those where
both incident protons remain intact (exclusive processes). In this paper, a detailed comparison of the
different models for the elastic and inelastic photon distributions found in the literature is presented and the
current theoretical uncertainty is estimated. The impact on the invariant mass distribution for the dimuon
production is analyzed. Moreover, the relative contribution of nonexclusive events is estimated and its
dependence on the invariant mass of the pair is presented. We demonstrate that the predictions for
production of pairs with large invariant mass is strongly dependent on the model assumed to describe the
elastic and inelastic photon distributions and that the ratio between nonexclusive and exclusive cross
sections present a mild energy dependence. Finally, our results indicate that a future experimental analysis

of the nonexclusive events will be useful to constrain the photon content of proton.
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I. INTRODUCTION

The LHC experiments have focused part of its physics
goals into the particle production by two-photon (electro-
magnetic) interactions in order to improve our understand-
ing of the Standard Model (SM) and search for signals of
New Physics [1]. Typical examples are the studies about the
production of dileptons and WW~ pairs [2-10], which
investigate the exclusive production of pairs with low and
high invariant masses, covering distinct parts of the phase
space available at the LHC energies. Exclusive production
means that the final state is composed only by the centrally
produced pair, with large rapidity gaps with no tracks
between the pair, detected by the central detectors, and the
beam line direction. Such signature differs from the usual
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QCD production by the absence of particle (gluon) radi-
ation that populates the detector, destroying the gap and
making it very difficult to be observed. Since no photon
radiation occurs during the electromagnetic interaction, the
experimental signature is a large pseudorapidity gap, Az,
with no energy deposits in the detector. While the exclusive
dilepton production by yy interactions is considered a
luminosity monitor [11,12], the experimental data for the
exclusive WTW~ production has been used to constrain
the magnitude of quartic anomalous couplings. Recently,
the detailed studies performed in Refs. [13,14] have
demonstrated the potentiality of exclusive processes to
probe the ¢7 production as well the SUSY particle pro-
duction in compressed mass scenarios (For other recent
studies see, e.g., Refs. [15,16].). These promising results
strongly motivate the improvement of our understanding
about the electromagnetic interactions in the LHC (See,
e.g., Refs. [17,18].).

Particle production by two-photon interactions may be
classified in elastic, the semielastic, and inelastic processes
[1], as illustrated in Fig. 1. In the elastic case, both incident
protons remain intact, and can be detected in the final state
using dedicated forward detectors, as the AFP [19-21] and
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FIG. 1. Particle production by two-photon interactions in p p collisions through the elastic (left panel), semielastic (central panel), and

inelastic (right panel) processes.

PPS [22] in the LHC, which have been installed in
association with both ATLAS and CMS detectors, respec-
tively. In contrast, the semielastic and inelastic processes
are characterized by the dissociation of one or both protons,
respectively. While the elastic case is a typical example of
an exclusive process, the semielastic and inelastic inter-
actions are usually denoted nonexclusive one. In all cases,
two rapidity gaps will be present, due to the photon
exchange. Two current challenges are the theoretical treat-
ment of these different processes and its experimental
separation. In order to illustrate the first aspect, let us
consider the dimuon production by yy interactions (Similar
analysis is valid for other final states.). One has that the
associated hadronic cross sections can be factorized as
follows:

(1)

where Ll is the effective photon-photon luminosity for
elastic, semi-inelastic and inelastic processes and the
elementary cross section &(yy — utu~) is well known
from Quantum Electrodynamics (QED). Therefore, the
main uncertainty in the calculation of the different con-
tributions is associated with the modeling of LL;, which
can be expressed in terms of the elastic and inelastic photon
distributions as follows:
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where x; are the momentum fraction of the proton taken by
the photons and Q? is the photon virtuality. The elastic
photon distribution f¢! is associated with the probability
that a proton emits a photon and remains intact. Such
distribution can be expressed in terms of the electric and
magnetic form factors using the Equivalent Photon

L ocx [ (x2: 0?).

(x13 0*)xa f78!

Approximation (EPA) method [23,24] and have been
estimated in the literature assuming different approxima-
tions, as detailed in the next Section. On the other hand, the
inelastic photon distribution f"! provides the probability
for a photon emission from a proton in an inelastic
interaction and can be estimated assuming that the photon
is a constituent of the proton, along with quarks and gluons,
with its contribution being derived by solving the
Dokzhitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evo-
lution equations modified by the inclusion of the QED
parton splittings. In recent years, the determination of
photon parton distribution function (PDF) in a global
analysis was performed by different groups assuming
distinct assumptions for, e.g., the initial conditions and
the treatment of the higher order corrections [25-27]. The
contribution of the elastic, semielastic, and inelastic proc-
esses has been estimated in the literature assuming distinct
approximations for the calculation of the elastic photon
distribution as well as for different choices of the inelastic
photon PDF (See, e.g., Refs. [28-35]). One of our goals is
to estimate the current theoretical uncertainty associated
with these different modelings of the photon distributions
and determine its impact on the predictions for the cross
sections.

Another goal of this paper is to estimate the relative
contribution between exclusive and nonexclusive events for
the distinct treatments of the photon distributions and
determine its dependence on the invariant mass of the
diphoton system. Such study is strongly motivated by the
CMS analyses performed in Refs. [8,9], which have
presented a data-driven method to account for such relative
contribution. In these analyses, the relative contribution of
nonexclusive to elastic events was obtained by counting the
measured events and comparing it to the theoretical
expectation for the elastic contribution as follows:

N;m(data) — Npy

F= , (5)

Nelastic M(utp=)>160 GeV

where N, (aw) 18 the total number of events passing the
selection criteria, Npy the total number of events identified
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as coming from the Drell-Yan production process related to
events with one or more extra tracks, and N, 1S the
estimated number of elastic events from theory. The
resulting number was employed to scale up the event
samples produced by an event generator for the exclusive
production of W pairs, which provides elastic events only,
and derive an estimate of the nonexclusive contribution.
One of the main assumptions of this method is that the
multiplicative factor is a constant, independent on the
invariant mass of the final system. In our study we will
calculate the elastic, semielastic, and inelastic cross sec-
tions considering the different models for the elastic and
inelastic photon distributions and the ratio between these
distinct contributions will be estimated. It will allow us to
test the assumption implemented in the CMS analyses as
well as to estimate the current theoretical uncertainty on the
predictions for the ratio between nonexclusive and exclu-
sive processes at the LHC.

This paper is organized as follows. In the next Section,
we will present a brief review of the modeling of elastic and
inelastic photon distributions. The different approximations
for the elastic distribution, usually found in the literature,
will be discussed, and the recent parametrizations for the
photon PDF will be presented. A comparison between
these different models will be shown. In Sec. III we will
present the associated predictions for the elastic, semie-
lastic, and inelastic dimuon production and the current
theoretical uncertainty on the predictions of the invariant
mass distributions will be estimated. Moreover, the ratio
between nonexclusive and exclusive processes will be
estimated for the distinct models for the elastic and inelastic
photon distributions. Finally, in Sec. IV, we will summarize
our main results and conclusions.

II. THE PHOTON CONTENT OF THE PROTON

The general expression for the production cross section
of a final state X by two-photon interactions in pp
collisions can be derived assuming the validity of the
factorization theorem and is given by [23,24]

o(pp > p®XQ®p)
1 [1
:S;%A Aﬂw fy.l(xlvQz)fy.Z(x27Q2)8yy—>deldx2’
(6)

where ® represents a rapidity gap in the final state and Sf is
the so-called survival factor, which takes into account the
requirement that there are no hadronic interactions between
the incident protons that can produce extra particles and
destroy the rapidity gaps. For two-photon interactions, such
corrections are expected to be small and in what follows we
will assume that SJ% = 1 (For recent discussions about the
treatment of the survival factor see, e.g., Refs. [36,37].).
Moreover, x; are the fractions of the hadron energies carried

by the photons and Q” has to be identified with a
momentum scale of the process. As 6,,_x is in general
well known, the main ingredient in the analysis of photon-
induced processes is the photon distribution associated with
the incident protons. While the photon distribution asso-
ciated with a a charged pointlike fermion can be precisely
determined using the equivalent photon approximation
formulated many years ago by Fermi [38] and developed
by Williams [39] and Weizsicker [40], the calculation of
the photon distribution of the hadrons still is a subject of
debate, due to the fact that they are not pointlike particles.
This case makes it necessary to distinguish between the
elastic and inelastic components. The elastic component,
f¢!, can be estimated analyzing the transition p — yp
taking into account the effects of the hadronic form factors,
with the hadron remaining intact in the final state [23,41].
In contrast, the inelastic contribution, £, is associated
with the transition p — yX, with X # p, and can be
estimated taking into account the partonic structure of
the hadrons, which can be a source of photons (see, e.g.,
Refs. [42-48]). In what follows, the distinct approaches
present in literature will be reviewed and a comparison
between its predictions is performed.

The elastic photon distribution can be estimated using
the general expression for the equivalent photon flux of an
extended object, which is given by [23]

2 2 o2 2 _ 2
701 =L ITEERT [V g 917 O (g .

Onin T
(7)

where g7 is the transverse momentum of the emitted
photon and F(g3) is associated form factor. Moreover,

2~ (xm)?/(1 —x), with m the mass of the proton
projectile. The presence of the form factor cuts off the
photon flux above g% ~2 GeV?, which implies that the
elastic photon distributions becomes basically independent
of 0% ie., fI(x,0%) ~ f(x). As a consequence, the
elastic processes, represented in Fig. 1(a), can be consid-
ered as the interaction between two quasireal photons.
Considering only the electric dipole form factor for the
proton, Fp(g%) = 1/(1 + ¢%/0.71 GeV?)?, the following
expression for the elastic photon distribution can be
obtained

afl—=x+05x\[A+3 17 4 1
=40

In(A) ———— 4 1
AW g3t ear)

(8)

- We denote this model
by Electric (E) in what follows. If the term containing Q2.
in Eq. (7) is disregarded, the equivalent photon spectrum of

high energy protons is given as follows:

T X

where A =1 + (0.71 GeV?)/ Q2
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FIG. 2. Comparison between the distinct models for the elastic (left panel) and inelastic (right panel) photon distributions of the

proton.
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This expression was derived originally by Dress and
Zeppenfeld in Ref. [49] and will be denoted DZ hereafter.
In Ref. [41], the author studied the effect of including the
magnetic dipole moment and the corresponding magnetic
form factor of the proton, obtaining a more precise
expression for the elastic photon distribution, which will
be denoted Electric + Magnetic (EM) hereafter. Finally,
another model for ff,l found in the literature, is given by

0) = 2 ek, (K (6) - (KO - K@), (10)

where K, and K; are modified Bessel functions and
& =xmb,;,. Such expression is derived using the
Weizsidcker-Williams approximation assuming a pointlike
form factor and that b, = 0.7 fm.

In Fig. 2 (left panel) we present a comparison between
these different models for the elastic photon distribution for
the proton. For completeness, we also present the predic-
tion for the nuclear photon flux, which is derived using
Eq. (10) and assuming that Z = 82 and b,;, = 7.1 fm. A
basic characteristic of all models for f is that they
diminish with energy approximately like 1/x. Con-
sequently, the photon spectrum is strongly peaked at low
x, implying that the dimuon and W pair cross sections will
be dominated by the production of pairs with small
invariant mass. Due to the factor Z2 in Eq. (10), the nuclear
photon flux is strongly enhanced in comparison to the
proton one. However, it has a steeper decrease at larger
values of x, which implies that the production of pairs with
large invariant masses is suppressed in heavy-on collisions
in comparison to pp one. The comparison between the

distinct models for proton photon flux indicates that its
predictions are similar for low x (<0.05). However, the
difference increases for larger values of x. In particular, for
x = 0.1 the difference among the EM and E models is
~20%, increasing for one order of magnitude for x = 0.4.
Finally, for larger values of x the predictions for the elastic
photon distributions are strongly model dependent. Such
large theoretical uncertainty has a direct impact on the
predictions for the elastic production of pairs with large
invariant mass, as we will demonstrate in the next Section.

As discussed in the Introduction, in addition to the elastic
case, one has to take into account the possibility of proton
dissociation during the two-photon interactions, as shown
in the central and right panels of Fig. 1. The calculation of
these contributions is dependent on the inelastic photon
distribution f*!. Currently, there is no analytic framework
to account for such contribution. Recent studies have
considered the photon as a parton inside the proton, with
an associated photon PDF, and derived a prediction for this
distribution solving the DGLAP evolution equations modi-
fied to include the QED contributions. In this work, we
employ a set of the recent parametrizations for the photon
PDF: LUXqed17 [25], MMHT2015ged [27], and
NNPDF311uxQED [26]. All these parametrizations are
based on the approach proposed in Ref. [48] (See also
Ref. [31].), which have allowed estimation of the photon
PDF from the lepton-proton structure functions and have
reduced the uncertainty on its determination. In this
approach the determination of the photon PDF requires
information on the F,(x, Q%) and F(x, Q%) structure
functions in a large range of x and Q. In addition to
the elastic contributions to F, and F;, which can be
expressed in terms of the elastic and magnetic Sachs form
factors of the proton, we should also to describe the
inelastic contributions that comes from the regions of small
photon-proton center of mass energies (W,,), where the
presence of resonances must be taken into account, as well
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from the regions of low and high values of Q2. In Ref. [48],
the description of F, and F; in the resonance region was
constrained using the CLAS data, while the data from
HERMES and HERA were used to constrain the low-Q?
continuum and high-Q? regions, respectively. In particular,
the fit to CLAS data [50] has included the contributions of
the resonances with the largest photon-couplings to the
proton, with the first prominent resonance being the A one.
As a consequence, the resulting inelastic photon PDF takes
into account the p — Ay transition, which was considered
separately in Refs. [32,51].

The LUXqged17, MMHT2015qed, and NNPDF311uxQED
parametrizations differ in the distinct methodologies used to
extract the photon PDF. For example, the NNPDF311luxQED
parametrization is built upon the NNPDF3.1 fit, with the
photon PDF being determined by means of a global PDF
analysis supplemented by the theoretical constraint pro-
posed in Ref. [48]. In contrast, the MMHT2015qed para-
metrization is the result of including QED effects in the
MMHT framework. It is also important to emphasize that
some of these parametrizations do not provide the pre-
dictions for fi"!, but instead for £ + fi"!, which is usually
denoted inclusive photon PDF. For these cases, we must to
subtract the elastic component in order to estimate the
associated inelastic photon distribution. In Fig. 2 (right
panel) we present a comparison between the results for !
predicted for these distinct parametrizations for
0 = 300 GeV, with the elastic contribution subtracted
from the inclusive photon PDF provided by the LUXqed
and NNPDF311uxQED parametrizations. As in the elastic
case, the predictions of the distinct models for the inelastic
photon distribution are similar to small-x and differ for
large-x, with the LUXqed prediction being an upper bound
for . In comparison to f¢', the inelastic photon dis-
tribution dominants for small values of x, which is expected

|

677/—*/4*/4’ (M %7)

where 77, = 4m7,/M?, and the muon mass is taken as m,, =
0.105658 GeV [52]. It is important to emphasize that in our
analyses of the semielastic and inelastic processes, the
contribution of the main resonances for the proton disso-
ciation are included in the calculation of "', The impact of
the A resonance, which is one of the resonances included in
our study, was investigated in detail in Ref. [32], which
demonstrated that the associated contribution of semielastic
and inelastic processes for the dimuon production increases
the number of events in ~#15%. As we will show in what
follows, we predict a larger enhancement since we are also
including the inelastic contributions associated with higher

dro? 1 1
=2 lom —<1+ ——1)
M, van My

since the probability of proton dissociation when it emits a
photon with large virtuality is very high. The results
presented in Fig. 2 (right panel) indicate that the treatment
of the nonexclusive processes will also be impacted by the
current uncertainty on the modeling of the inelastic photon
distribution. In the next Section, we will estimate the
impact of these models for the elastic and inelastic photon
distributions on the invariant mass distributions for the
dimuon production.

III. RESULTS

Initially, let us estimate the invariant mass distribution
for the dimuon production by yy interactions in pp
collisions considering the distinct models for the elastic
and inelastic photon distributions discussed in the previous
Section. The differential cross section for the production of
a u'yu~ pair with invariant mass M,, at the rapidity Y is
given by

PLy .
_2M /dY8M2 an w—m*ﬂ‘(M%Y

= X1X,5),
(11)

where i denotes a elastic, semielastic, or inelastic process,
and the differential effective photon-photon luminosity is
given by the product of the associated photon distributions
evaluated for a given momentum fraction x;, which can be
expressed by x; , = (M,,/+/s) exp(£Y). In our analysis the
hard scale Q? for the inelastic photon distributions will be
assumed as being M fy. The cross section for the subprocess
yy = utu~ is given by the Breit-Wheeler formula for the
dilepton production via gamma-gamma fusion:

[1+f7,4—%”} —(1+nﬂ)M}7 (12)

mass resonances, to the low-Q? continuum and to the
DGLAP evolution at large Q7.

In Fig. 3 we present our predictions for the elastic (left
panel), semielastic (central panel), and inelastic (right
panel) production of a dimuon pair in pp collisions at
/s = 13 TeV considering the rapidity range covered by a
typical central detector (|Y| < 2.5). The differences are
mainly on the normalization, with the shape of the
distributions being similar. One has that for the invariant
mass range considered, the inelastic production dominates,
followed by the semielastic one. For the inelastic produc-
tion, the MMHT2015qged prediction can be considered a
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FIG. 3. Invariant mass distributions for the elastic (left), semielastic (central), and inelastic (right) dimuon production by yy
interactions in pp collisions at y/s = 13 TeV. Distinct lines represent different combinations of models for the elastic and inelastic
photon distributions.
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FIG. 4. Tnvariant mass distributions for the dimuon production by yy interactions in pp collisions at /s = 13 TeV considering two
distinct ranges of M,,. The solid lines are the average values for the predictions and the band represent the one standard deviation
uncertainty based on the different predictions.
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lower bound. As expected from the analysis performed in
the previous Section, do'/dM,, is larger for smaller values
of M, and the predictions for large invariant masses are
strongly dependent of the model assumed to describe the
photon distributions, especially in the elastic case. In order
to demonstrate more clearly these conclusions, in Fig. 4 we
present the average values of the predictions with one
standard deviation uncertainty for the different models
considering the dimuon production with small (left panel)
and large (right panel) invariant masses. This uncertainty is
computed for each prediction using a specific photon PDF
as one standard deviation from the average of all predic-
tions. Hence, the uncertainty band is evaluated by each
deviation summed in quadrature to form the total uncer-
tainty around the averaged distribution. Our results indicate
that a precise treatment of the elastic photon distribution is
fundamental to derive a more precise prediction of the
elastic cross section for large M,,. For the nonexclusive
processes, the predictions are also impacted by the distinct
models for fi"°l, These uncertainties may be possibly
reduced with the upcoming data from the LHC experiments
at this mass range measured with forward detectors.

In what follows we will calculate the ratio between the
different contributions for the dimuon production and esti-
mate its dependence on the invariant mass. As pointed out in
the Introduction, such study is motivated by the analyzes
performed by the CMS Collaboration in the Refs. [8,9],
where an estimate for the nonexclusive processes was
obtained by rescaling the elastic prediction by a data-driven
constant factor. Another motivation is to calculate the relative
contribution of the nonexclusive processes and estimate the
current theoretical uncertainty present in the predictions. In
particular, we will estimate the following fractions:

do_cl + do_scmi + d(yi“d do_cl do_scmi
am am aMm,, dM, daMm,,
— 144 144 r — )24 )24
F] = ol and F2 =T (13)
am am

vy vy

100

—T— —
Fy Factor

Standard deviation

Vs =13 TeV Average
LUXqed17 + EM - - - -
80 |v|<25 MMHT2015 + EM - - - -

NNPDF31 + EM - - - -

60

B L B

40

(El4+Semi-+Inel)+El

20

500 1000 1500
M, (GeV)

Dependence on the invariant dimuon mass of the fraction F; for different models of the elastic (left panel) and inelastic (right

A possible measurement of these factors could provide a
deeper insight in the nonexclusive contributions in two-
photon interactions [53]. Such experimental results are very
challenging to be obtained with central detectors in the LHC
experiments, since this difficulty lays on the proper selection
to amount the exclusive events. Besides, mostly of the data
will cover all the contributions in case no information about
the outgoing protons is available. Luckily, the LHC experi-
ments are setting up forward detectors to collect this
information, such as PPS of the CMS Collaboration and
AFP of the ATLAS Collaboration. These forward detectors
are meant to collect the intact outgoing protons from the
elastic process at the interacting point. Such protons will
scatter in very small angles—typically ~1 milliradians [1]—
since the proton loose a very small amount of their initial
energies. By selecting these protons, the experiments will be
able to collect the elastic events with high precision, which is
the essential contribution to account for the fraction and to
constrain the description of the elastic distribution.

In Fig. 5 we present our predictions for the fraction F,
considering different models for the elastic and inelastic
photon distributions. Such ratio is useful if the protons are not
tagged in the final state by forward detectors. The uncertainty
band has been estimated as in the Fig. 4. As expected from the
results presented in Figs. 3 and 4, the ratio is much larger than
one, which demonstrates that the dimuons with large
invariant masses are dominantly produced by nonexclusive
yy interactions. One has that the distinct predictions present a
mild dependence on M,, in the range considered, with the
magnitude of the ratio being dependent on the model
considered. In particular, the calculation of the elastic
contribution using the pointlike form factor, Eq. (10), implies
a larger amount of nonexclusive processes. In contrast, the
combination LUXqed17 + EM, which is currently consid-
ered the more precise prediction, implies that this ratio is &35
for M, = 1000 GeV. The predictions for the fraction F’, are
presented in Fig. 6. Such ratio is of interest if only one of the
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panel) photon distributions.

protons in the final state is tagged by the forward detectors.
For this case, the ratio assumes values of the order of 11 in the
M, range considered. Again, the ratio is almost constant and
its value depends on the model assumed for the photon
distributions. It is important to emphasize that we also have
performed the analysis for the W*W~ production and
obtained similar results for the ratios discussed above.
Therefore, the results presented in Figs. 5 and 6 indicate
that the assumption assumed in the CMS studies is a good
first approximation.

The results presented in this Section indicate that the
contribution of the nonexclusive processes are dominant
and that a future measurement of the distinct contributions
will be useful to constrain the description of the elastic and
inelastic photon distributions. Both elastic and nonexclu-
sive processes can be well distinguish when the acopla-
narity, a = 1 — |A¢(x"x7)|/x (x = u, W), and transverse
momentum balance, Ap; = |pr(xT) — pp(x7)|, variables
are investigated. Besides, these contributions may be
refined by tagging one or both protons in the final state,
which will allow estimation of the contribution associated
with nonexclusive events. In principle, one may be able to
obtain measurements for single dissociation events by
collecting data from central detectors, selecting events
without one proton in the forward detectors and within
small acoplanarity and p; balance of the produced pair.
This measurement can be a way to narrow down the
nonexclusive contribution in two-photon interactions.

IV. SUMMARY

Photon-induced processes are becoming increasingly
relevant for phenomenology at the LHC, strongly moti-
vated by the possibility of search for Beyond Standard

Model physics and constrain its different scenarios. In order
to derive precise predictions, it is essential to know the
relative contribution of the exclusive and nonexclusive
processes, which is determined by the photon content of the
proton and can be assessed with experimental data obtained
by dedicated forward detectors. In this paper we have
reviewed the distinct modelings for the elastic and inelastic
photon distributions found in the literature and presented a
comparison between its predictions. We have demonstrated
that the different models mainly differ in its predictions for
large values of the momentum fraction carried by the
photon. We also shown that such uncertainty has direct
impact on the predictions for the production of pairs with
large invariant mass. Our results indicated that a precise
treatment of the elastic photon distribution is vital to
estimate the contribution of the exclusive production.
Moreover, we have calculated the relative contribution of
the nonexclusive processes and estimated the current
theoretical uncertainty present in the predictions. The
associated fractions present a mild dependence on the
invariant mass of the pair in the kinematical range covered
by the LHC, which validates the approach used in recent
experimental analyses. Finally, our results indicate that a
future experimental analysis of the exclusive and nonex-
clusive processes will be useful to constrain the description
of the photon content of proton.
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