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Photon collisions at the LHC
The kinematic region accessed by the LHC has raised the interest on the electromagnetic 
production of resonances and pairs during the past years;  

1. Exclusive dilepton production 
[CMS-FWD-10-005, CMS-FWD-11-004, CMS-FSQ-12-010, ATLAS-2015, ATLAS-2017, ATLAS-2019] 

2. Vector meson photoproduction  
[CMS-FSQ-13-009, CMS-FSQ-16-007, ALICE-2014, ALICE-2019, LHCb-2012-044, LHCb-2015-011, LHCb-2018-011] 

3. Exclusive diboson production [CMS-FSQ-12-010, CMS-FSQ-13-008, ATLAS-2016, ATLAS-2020] 

This opens the possibility to investigate the photon content of the proton at higher energies;
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FIG. 1. Representation of the scattering processes by two-photon interactions. On the left, the elastic, in

the middle the semi-elastic, and on the right the inelastic case.

acoplanarity distribution of the produced pair, defined as a = 1 � |��(x+x�)|/⇡, which provides58

a way to distinguish it from the inclusive production of central pairs, like Drell-Yan production59

[13]. As a result, a sharp peak appears at a ! 0 as part of the experimental signal of such process,60

showing that these events are nearly back-to-back in both detector hemispheres. Besides, one can61

set up forward detectors close to the particle beams to collect the intact protons coming from the62

interacting point and reconstruct their kinematics to obtain the entire information about the event.63

Hence, the presence of such forward detectors is a powerful tool to investigate elastic processes in64

detail, where a dedicated strategy could help in disentangling other contributions, e.g., di↵ractive65

one, for an data analysis [18].66

Nevertheless, a dedicated experimental strategy to select exclusive events are necessary to dis-67

criminate them from QCD production, especially at the high-luminosity scenario at the CERN-68

LHC, expected to reach 5–7⇥1034 cm2s�1 collecting up to 4000/fb of data during the Run-4 after69

2026, namely the HL-LHC [19]. Such an approach has been employed by the CMS and TOTEM70

Collaborations to install the Precision Proton Spectrometer (PPS) [20, 21], which has presented71

recently its first data for the exclusive dilepton production [22]. This detector is placed at ⇠210 m72

from the interaction point of the CMS detector and can place particle sensors very close (few73

millimeters) from the proton beam by using Roman Pots. This set up can detect protons with a74

transverse momentum loss, ⇠, in the range of 0.015 to 0.2, which limits the detector acceptance to75

pairs with invariant between ⇠400 GeV and 2 TeV. Besides, the ATLAS Collaboration has plans76

to install the ATLAS Forward Proton (AFP) detector [23], which would cover a similar region77

in the phase space. In the future, there is the intent for another detector, the ForwArd Search78

ExpeRiment at the LHC (FASER) [24]. The plans propose to install such detector at ⇠480 m79

downstream from the ATLAS interacting point with focus to measure long-lived particles.80
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Elastic light-by-light scattering (!! ! !!) is open to study at the Large Hadron Collider thanks to the

large quasireal photon fluxes available in electromagnetic interactions of protons (p) and lead (Pb) ions.

The !! ! !! cross sections for diphoton massesm!! > 5 GeV amount to 12 fb, 26 pb, and 35 nb in p-p,
p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

ffiffiffiffiffiffiffiffi
sNN

p ¼ 14, 8.8, and 5.5 TeV,

respectively. Such a measurement has no substantial background in Pb-Pb collisions where one expects

about 20 signal events per run, after typical detector acceptance and reconstruction efficiency selections.

DOI: 10.1103/PhysRevLett.111.080405 PACS numbers: 12.20."m, 13.40."f, 14.70.Bh, 25.20.Lj

Introduction.—The elastic scattering of two photons in
vacuum (!! ! !!) is a pure quantum-mechanical process
that proceeds at leading order in the fine structure constant,
Oð"4Þ, via virtual one-loop box diagrams containing
charged particles (Fig. 1). Although light-by-light (LbyL)
scattering via an electron loop has been precisely, albeit
indirectly, tested in the measurements of the anomalous
magnetic moment of the electron [1] andmuon [2], its direct
observation in the laboratory still remains elusive today.
Out of the two closely related processes—photon scattering
in the Coulomb field of a nucleus (Delbrück scattering) [3]
and photon splitting in a strong magnetic field (‘‘vacuum’’
birefringence) [4,5]—only the former has been clearly
observed [6]. Several experimental approaches have been
proposed to directly detect !! ! !! in the laboratory
using, e.g., Compton-backscattered photons against laser
photons [7], collisions of photons from microwave wave-
guides or cavities [8] or high-power lasers [9,10], as well as
at photon colliders [11,12] where energetic photon beams
can be obtained by Compton-backscattering laser-light off
electron-positron (eþe") beams [13]. Despite its fundamen-
tal simplicity, no observation of the process exists so far.

In the present Letter, we investigate the novel possibility of
detecting elastic photon-photon scattering using the large
(quasireal) photon fluxes of the protons and ions accelerated
at TeVenergies at theCERNLargeHadronCollider (LHC). In
the standard model (SM), the box diagram depicted in Fig. 1
involves charged fermions (leptons and quarks) and boson
(W&) loops. In extensions of the SM, extra virtual contribu-
tions from new heavy charged particles are also possible.
Thus, the study of the !! ! !! process—in particular at
the high invariant masses reachable at photon colliders—has
been proposed as a particularly neat channel to study anoma-
lous gauge-couplings [11,12], new possible contributions
from charged supersymmetric partners of SM particles [14],
monopoles [15], and unparticles [16], as well as low-scale
gravity effects [17,18] and noncommutative interactions [19].

Photon-photon collisions in ‘‘ultraperipheral’’ collisions
of proton [20,21] and lead (Pb) beams [22] have been

experimentally observed at the LHC [23–27]. All charges
accelerated at high energies generate electromagnetic fields
which, in the equivalent photon approximation (EPA) [28],
can be considered as ! beams [29]. The emitted photons are
almost on mass shell, with virtuality"Q2 < 1=R2, where R
is the radius of the charge, i.e.,Q2 ' 0:08 GeV2 for protons
withR ' 0:7 fm, andQ2 < 4( 10"3 GeV2 for nuclei with
RA ' 1:2A1=3 fm, for mass number A > 16. Naively, the
photon-photon luminosities are suppressed by a factor"2 '
5( 10"5 and only moderately enhanced by logarithmic
corrections / ln3ð ffiffiffiffiffiffiffiffi

sNN
p Þ, compared to the corresponding

hadronic beam luminosities. However, since each photon
flux scales as the squared charge of the beam, Z2, !!
luminosities are extremely enhanced for ion beams, up to
Z4 ¼ 5( 107 in the case of Pb-Pb collisions. The photon
spectra have a typical E"1

! power-law falloff up to energies
of the order of!max ' !=R, where! ¼ ffiffiffiffiffiffiffiffi

sNN
p

=ð2mNÞ is the
Lorentz relativistic factor of the proton (mN¼0:9383GeV)
or ion (with nucleon mass mN ¼ 0:9315 GeV), beyond
which the photon flux is exponentially suppressed.
Although the ! spectrum is harder for smaller charges—
which favors proton over nuclear beams in the production
of diphoton systems with large invariant masses—the

FIG. 1. Schematic diagram of elastic !! ! !! collisions in
electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or
nuclei which survive the electromagnetic interaction.
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Dileptons in elastic collisions
Given the high energy beams with charged particles, protons and 
Lead nuclei can be taken as photon sources for particle scattering; 

The total cross section for the 2-photon fusion mechanism is 
factorized using the Weizsäcker-Williams or Equivalent 
Photon Approximation (EPA): 

First results by CMS for the production of dielectrons and dimuons show good 
agreement with event generators for elastic and non-elastic contributions.  

Latest results covering a larger invariant mass window have shown that the 
predictions are overshooting the data (possibly for re-scattering effects as a survival 
factor). 

ATLAS results have shown good agreement with other event generators.
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�tot(s) =
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dx1 dx2 f
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�
h2
(x2)�̂��!X(x1x2s)

GGS et al, 
JHEP 02 (2015) 159 
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ATLAS-2015

Budnev et al, 
PhysRept 15 (1975) 181 

ATLAS-2020
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Dimuon events can be used to quantify the           
non-elastic to elastic contribution; 

Events with proton dissociation have very distinct 
kinematical distribution compared to elastic events; 

CMS has been studying this aspect at higher 
invariant masses given the lack of MC generators 
with non-elastic contribution: 

The ratio of non-elastic to elastic contributions is relevant to 
constraint photon PDFs at all ranges in Bjorken x and Q2.

Constraints on the ratio to elastic events
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Figure 1. Diagrams representing the multiperipheral two-photon processes studied in this paper:
(a) elastic process, (b) single-dissociative and (c) double-dissociative process. In all three cases it is
possible to study lepton pair production, like e+e�, µ+µ� and ⌧+⌧�, whereas X and Y represent
the hadronic systems resulting from the proton dissociation.

As will be discussed in the present paper, the calculation of inelastic unintegrated

photon fluxes requires knowledge of the proton structure functions in a broad range of

x (quark/antiquark longitudinal momentum fraction with respect to the proton) and Q2

(photon virtuality). In the deep-inelastic regime, the structure functions (parton distri-

butions) are related to the proton’s partonic structure and undergo DGLAP evolution

equations. At low virtualities the structure function cannot be calculated easily from first

principles and has to be rather measured. There are some simple models to extend the

partonic F2 to nonperturbative model (e.g., see Ref. [3]). This model nicely describes virtu-

ality dependence of the Gottfried Sum Rule [4]. The very low Q2 region was parametrized

in Ref. [5] including pronounced resonance states by fitting data from SLAC and JLAB.

In this work we also bring attention to the fact that the relevant formalism for ��-

fusion reactions in the high-energy limit can be understood as a type of kT -factorization,

where the photon fluxes play the role of ”unintegrated” (transverse momentum-dependent)

photon densities. Indeed, as will be seen below, the cross section takes the exactly analogous

form as the kT -factorization formula for qq̄ jet production via gluon-gluon fusion (e.g., see

Ref. [6].)

Here we go beyond what is available in the literature by addressing distributions in the

transverse momentum of the muon pair as well as the azimuthal decorrelation of muons.

We also use a variety of modern parametrizations of the proton structure functions and

discuss the uncertainties related to them.

Another quantitative description of lepton pair production is the lpair event generator

[7], which is based on the calculation for two-photon processes [8], and also has the possibil-

ity to include proton dissociative processes. We compare the results of our kT -factorization

approach to the results obtained with lpair.

Considering the two-photon production of low- and high-mass systems, this work is

also motivated by the fact that the experimental results for exclusive dimuon production

with the CMS detector indicate that the description provided by lpair is not accurate for

– 2 –

F factor
CMS-FSQ-12-010

CMS-FSQ-13-008

On the other hand, the contribution from proton dissociation is not a feature available in event81

generators to allow extensive investigations of non-elastic contributions in this high-luminosity82

scenario. A few codes are available that made it possible, like: LPAIR [25], CepGen [26], and83

SuperCHIC [27]. While the latter allows the interface with parton distribution functions with84

QED corrections, LPAIR includes a parametrizations based on a set of inelastic proton scattering85

data to account for the dissociation contribution meant for low energy collisions and has not been86

matched for the LHC kinematic [28, 29], although it shows satisfactory results for the LHC energy87

as seen in previous reports of the CMS Collaboration [1, 13]. In addition, CepGen has introduced88

an innovative approach with the structure function F2 to deal with the LHC kinematics properly,89

with an MC study showing the possibility to nail down contributions from photon emissions [30].90

There should be an energy dependence on the ratio between elastic and inelastic contributions91

given that the probability of an inelastic interaction increases with the colliding energy. This92

behavior can be assessed by investigating the decreasing rate of the production cross sections93

with the invariant mass of the produced pairs. In order to investigate the contributions between94

elastic and non-elastic proton scattering at high energies, it is possible to account for the relative95

contribution between elastic to non-elastic events. The data reported in two CMS analyses [13, 14]96

has presented a data-driven method to account for such relative contribution. Considering the97

expected number of events above the W pair mass threshold, the relative contribution of elastic to98

non-elastic events is obtained by counting the measured events and comparing it to the theoretical99

expectation for the elastic contribution:100

F2011 =
Nµµ(data) �NDY

Nelastic

�����
M(µ+µ�)>160 GeV

= 3.52± 0.1, (1)

F2012 =
Nµµ(data) �NDY

Nelastic

�����
M(µ+µ�)>160 GeV

= 4.85± 0.2, (2)

where Nµµ(data) is the total number of events passing the selection criteria, NDY the total number101

of events identified as coming from the Drell-Yan production process related to events with one or102

more extra tracks, and Nelastic is the estimated number of events from theory. The uncertainties103

are related to the photon flux in the WW method and to the theoretical cross-section calculation.104

These number are employed to scale up the event samples produced by an event generator for the105

exclusive production of W pairs, which provides elastic events only.106

Therefore, this work investigates the ratio between the elastic and non-elastic contributions in107

dimuon and W pair production at the LHC energies. This paper is organized as follows: Sec. II108
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Production of photon pairs
The contribution of W loops in the light by light scattering 
starts to dominate above invariant masses of ~200 GeV; 

Pb-Pb collisions favours the search for SM light by light scattering; 

p-p collisions reach higher γγ c.m. energies to produce high-mass pairs. 

The high-mass region is the main focus for 
searches of New Physics;
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Elastic light-by-light scattering (!! ! !!) is open to study at the Large Hadron Collider thanks to the

large quasireal photon fluxes available in electromagnetic interactions of protons (p) and lead (Pb) ions.

The !! ! !! cross sections for diphoton massesm!! > 5 GeV amount to 12 fb, 26 pb, and 35 nb in p-p,
p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

ffiffiffiffiffiffiffiffi
sNN

p ¼ 14, 8.8, and 5.5 TeV,

respectively. Such a measurement has no substantial background in Pb-Pb collisions where one expects

about 20 signal events per run, after typical detector acceptance and reconstruction efficiency selections.

DOI: 10.1103/PhysRevLett.111.080405 PACS numbers: 12.20."m, 13.40."f, 14.70.Bh, 25.20.Lj

Introduction.—The elastic scattering of two photons in
vacuum (!! ! !!) is a pure quantum-mechanical process
that proceeds at leading order in the fine structure constant,
Oð"4Þ, via virtual one-loop box diagrams containing
charged particles (Fig. 1). Although light-by-light (LbyL)
scattering via an electron loop has been precisely, albeit
indirectly, tested in the measurements of the anomalous
magnetic moment of the electron [1] andmuon [2], its direct
observation in the laboratory still remains elusive today.
Out of the two closely related processes—photon scattering
in the Coulomb field of a nucleus (Delbrück scattering) [3]
and photon splitting in a strong magnetic field (‘‘vacuum’’
birefringence) [4,5]—only the former has been clearly
observed [6]. Several experimental approaches have been
proposed to directly detect !! ! !! in the laboratory
using, e.g., Compton-backscattered photons against laser
photons [7], collisions of photons from microwave wave-
guides or cavities [8] or high-power lasers [9,10], as well as
at photon colliders [11,12] where energetic photon beams
can be obtained by Compton-backscattering laser-light off
electron-positron (eþe") beams [13]. Despite its fundamen-
tal simplicity, no observation of the process exists so far.

In the present Letter, we investigate the novel possibility of
detecting elastic photon-photon scattering using the large
(quasireal) photon fluxes of the protons and ions accelerated
at TeVenergies at theCERNLargeHadronCollider (LHC). In
the standard model (SM), the box diagram depicted in Fig. 1
involves charged fermions (leptons and quarks) and boson
(W&) loops. In extensions of the SM, extra virtual contribu-
tions from new heavy charged particles are also possible.
Thus, the study of the !! ! !! process—in particular at
the high invariant masses reachable at photon colliders—has
been proposed as a particularly neat channel to study anoma-
lous gauge-couplings [11,12], new possible contributions
from charged supersymmetric partners of SM particles [14],
monopoles [15], and unparticles [16], as well as low-scale
gravity effects [17,18] and noncommutative interactions [19].

Photon-photon collisions in ‘‘ultraperipheral’’ collisions
of proton [20,21] and lead (Pb) beams [22] have been

experimentally observed at the LHC [23–27]. All charges
accelerated at high energies generate electromagnetic fields
which, in the equivalent photon approximation (EPA) [28],
can be considered as ! beams [29]. The emitted photons are
almost on mass shell, with virtuality"Q2 < 1=R2, where R
is the radius of the charge, i.e.,Q2 ' 0:08 GeV2 for protons
withR ' 0:7 fm, andQ2 < 4( 10"3 GeV2 for nuclei with
RA ' 1:2A1=3 fm, for mass number A > 16. Naively, the
photon-photon luminosities are suppressed by a factor"2 '
5( 10"5 and only moderately enhanced by logarithmic
corrections / ln3ð ffiffiffiffiffiffiffiffi

sNN
p Þ, compared to the corresponding

hadronic beam luminosities. However, since each photon
flux scales as the squared charge of the beam, Z2, !!
luminosities are extremely enhanced for ion beams, up to
Z4 ¼ 5( 107 in the case of Pb-Pb collisions. The photon
spectra have a typical E"1

! power-law falloff up to energies
of the order of!max ' !=R, where! ¼ ffiffiffiffiffiffiffiffi

sNN
p

=ð2mNÞ is the
Lorentz relativistic factor of the proton (mN¼0:9383GeV)
or ion (with nucleon mass mN ¼ 0:9315 GeV), beyond
which the photon flux is exponentially suppressed.
Although the ! spectrum is harder for smaller charges—
which favors proton over nuclear beams in the production
of diphoton systems with large invariant masses—the

FIG. 1. Schematic diagram of elastic !! ! !! collisions in
electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or
nuclei which survive the electromagnetic interaction.
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Motivation
Clarify the luminosities for non-elastic interactions on the production of high-mass pairs; 

Parton distribution function with QED contributions should be addressed in order to test the relation 
between elastic and non-elastic predictions. 

Quantify the contributions to be tested at the LHC kinematic regime, especially with the current 
forward detectors of CMS and ATLAS experiments; 

Extract a global F factor to provide the non-elastic 
contribution in the production of high-mass pairs; 

Signal processes are exclusive μ+μ- and W+W- productions given their well-known production cross 
sections;
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σ(pp → (γγ) → x+x−) = S2
γ ∫

1

0 ∫
1

4m2
x1s

fγ,1(x1, Q2)fγ;2(x2; Q2) ̂σ(γγ → x+x−)dx1dx2

contribution from the proton-dissociative collisions as follows [13]:281

F =
Nµµ(data) �NDY

Nelastic

�����
M(µ+µ�)>160 GeV

, (55)

where Nµµ(data) are all the µ
+
µ

� events collected within the kinematic selection and above the282

mWW threshold, NDY the events with more than zero additional tracks, characteristics of Drell-283

Yan events, and Nelastic is the number of events predicted by theory. This approach is meant284

to compute the relative contribution of non-elastic events compared to the signal events, elastic285

production of W pairs, to normalize the Monte Carlo predictions, which consider only the elastic286

case. In view of quantifying the relative contribution from the di↵erent collision cases for a broader287

mass range, we propose to investigate three di↵erent ratios:288

F =
�
el

�semi + �inel
, (56)

F =
�
el + �

semi + �
inel

�el
, (57)

F =
�
el + �

semi

�el
, (58)

for both exclusive dimuon and W pair productions. Figure 8 shows the of such ratio employing289

di↵erent PDF parametrizations and electromagnetic contributions for the proton form factors.290
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The photon emission based on the EPA are written based on approaches for both electric and 
magnetic modes of the proton electromagnetic form factors: 

Drees-Zeppenfeld (electric mode only): 

Approximate DZ: 

Kniehl (electric and magnetic modes): 

Comparison with ion source case:

Elastic photon fluxes
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where Q2 is the photon virtuality or momentum transfer, F (Q2) is the electromagnetic form factor185

of the ion, and Q
2
min is the minimum momentum transfer [38],186

Q
2
min ⇡

x
2
m

2
p

1� x
, (19)

and the momentum fraction carried by the photon can be expressed by:187

x =

✓
M��p

s

◆
exp(±Y ), (20)

where Y is the rapidity of the produced pair.188

Based on the fit to experimental data, the photon distribution can be obtained by means of189

the parametrization of the electromagnetic content of the proton, namely its electromagnetic form190

factors in the Sachs combination [36]191

GE(Q
2) = F1(Q

2) +
Q

2

4m2
p
F2(Q

2), (21)

GM (Q2) = F1(Q
2) + F2(Q

2), (22)

which present a particular form when parametrized in the dipole form [36]192

GE(Q
2) =

 
1� Q

2

0.71 GeV2

!�2

, (23)

GM (Q2) = 2.79GE(Q
2). (24)

Hence, it means that we restrict the investigations in this work to the proton-proton collisions at193

the CERN-LHC. A similar approach can be extended for heavy-ion collisions employing the proper194

form factors. Following the same approach of the EPA as done in the previous section, the Eq. 18195

can be integrated to obtain the photon distribution from a proton with its electric form factor only196

by Drees and Zeppenfeld [39],197

f
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where198
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A = 1 +
0.71 GeV2

Q
2
min

. (26)

This form of the photon distribution is commonly called the photon flux, since presents the distri-199

bution of the number of photons per unit of energy summed over all photon virtualities. A similar200

calculation can be performed if one considers the approximation [39]201

Q
2 �Q

2
min

Q4
⇡ 1

Q2
, (27)

which results in the following photon flux202

f
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lnA� 11

6
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◆
. (28)

In this work, we use the label DZ for this approach.203

A more accurate result can be achieve when one includes both electric and magnetic parts of204

form factors of the proton. A more complete version of Eq. 18 is presented by Kniehl in Ref. [36]:205

f
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where H1,2(Q2) are given in terms of the Sachs form factors [36]206
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The result of the integral of Eq. 29 is207
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(32)

where the ci constants are given in terms of a = 4mp/0.71GeV2 and b = 2.79,208
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where the ci constants are given in terms of a = 4mp/0.71GeV2 and b = 2.79,208
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where the ci constants are given in terms of a = 4mp/0.71GeV2 and b = 2.79,208
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with y and z being functions of x,209
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This calculation including the magnetic component provides210

It is useful to compare the shape of these photon distributions with those from ion sources. Given211

that this investigation is focusing in proton-proton collisions, we evaluate the ion distribution for a212

Lead ion as well as extrapolating it for a proton with Z = 1 in order to check if the distributions is213

equivalent to those applied to the proton form factors. The formula for an ion is given by [40, 41]:214

f
el
� (x) =

Z
2
↵

⇡x

⇢
2⇠K0(⇠)K1(⇠)� ⇠

2
h
K

2
1 (⇠)�K

2
0 (⇠)

i�
, (45)

where ↵ = e
2
/4⇡ is the electromagnetic coupling constant, with e being the electron charge, and215

⇠ = xmAbmin, for mA as the projectile mass. This is the proper description for a heavy-ion216
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where the ci constants are given in terms of a = 4mp/0.71GeV2 and b = 2.79,208

11

PRD 39 (1989) 2536 

PLB 254 (1991) 267

Muller, Schramm, PRD 42 (1990) 3699Cahn, Jackson, PRD 42 (1990) 3690

http://silveira.web.cern.ch/
http://silveira.web.cern.ch/
https://doi.org/10.1103/PhysRevD.39.2536
https://doi.org/10.1103/PhysRevD.39.2536
https://doi.org/10.1016/0370-2693(91)90432-P
https://doi.org/10.1016/0370-2693(91)90432-P
https://doi.org/10.1103/PhysRevD.42.3699
https://doi.org/10.1103/PhysRevD.42.3699
https://doi.org/10.1103/PhysRevD.42.3690
https://doi.org/10.1103/PhysRevD.42.3690


Photon luminosities
The photon fluxes play a central role in this investigation given that the partonic cross section cancel 
out in the F factor ratio; 

Elastic and non-elastic contributions are 
accounted in a set of luminosities for:
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collisions, which di↵ers significantly from the case with protons as sources by growing by a factor217

of Z4.218

As a result, Figure 5 shows a comparison of the photon distribution considering each of the219

approches presented in this section. From the general formula, the minimum impact factor is set220

to either 0.7 fm, representing a proton emitter as well as 7.1 fm for a representative case of a221

heavy-ion emitter, taken as nuclear radius of a Lead ion. It is clear that the heavy-ion case shows222

a steep behavior at small x, characteristic of the strong electromagnetic field, and suppressed at223

high x values. On the other hand, the distributions for the proton emitter are very similar at low224

x, including the extrapolation from the ion distribution, however their tails di↵er substantially at225

high x.226

Inelastic photon distributions227

In addition to the elastic case, one has to take into account the possibility of proton dissociation228

during the electromagnetic interactions, leading to a hadronic final state, as shown in Fig. 1(b,c).229

Currently, there is no analytic framework to account for such contribution, which has been resolved230

by means of the computation of the photon content of the proton via parametrizations of parton231

distribution functions (PDFs) with QED contribution in the parton evolution equations, namely232

f
PDF(x;Q2). There are a few parametrizations for the PDFs that includes the photon contribution,233

providing the probability for a photon emission from a proton in a inelastic interaction. All cases234

studied in this work can be summarized in terms of the hadron-hadron luminosity as follows:235

Fig. 1a: Lel ⇠ x1f
el
�,1(x1;Q

2)x2f
el
�,2(x2;Q

2), (46)

Fig. 1b: Lsemi ⇠ x1f
PDF
�,1 (x1;Q

2)x2f
el
�,2(x2;Q

2) + x1f
el
�,1(x1;Q

2)x2f
PDF
�,2 (x2;Q

2), (47)

Fig. 1c: Linel ⇠ x1f
PDF
�,1 (x1;Q

2)x2f
PDF
�,2 (x2;Q

2), (48)

where el means elastic, semi the semi-elastic process, and inel the inelastic one. The case when236

only one proton dissociates into a hadronic final state takes into account the asymmetric case where237

one of the colliding protons may dissociate in each interaction. Hence, evaluate the predictions for238

a set of parametrizations is essential to compute the relative contributions between elastic and non-239

elastic processes, which becomes similar to each other for the production of low-mass resonances240

[42]. In this work, we employ a set of the recent parametrizations for the photon PDF: LUXqed17241

[43], MMHT2015qed [44], and NNPDF31luxQED [45].242
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FIG. 5. Distinct photon distributions based on the di↵erent approaches presented at Sec. III. The black

dotted curve is representative for the case of a Lead ion as source, with strong suppression at high momentum

fraction x. The colored lines show the result of the di↵erent approximations found in the literature: (i) E

for the electric form factor only, (ii) E+M for both electric and magnetic components, and (iii) DZ the

approximation by Dress and Zeppenfeld, besides the extrapolation of the ion distribution to a single proton

with Z = 1 and bmin = 0.7 fm.

IV. RESULTS243

Kinematic distributions244

In view of the EPA, it is convenient to write the production cross section in hadron-hadron245

collisions in the form:246

� = L(M2
, Y ;Q2)�̂(M2

��), (49)

where �̂ is the subprocess cross section given by Eqs. 15 and 16, L is the proton-proton luminosity247

as function of the pair invariant mass squared, M2
�� , and rapidity, Y :248
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Production cross sections at the LHC
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Size of non-elastic contributions
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Size of non-elastic contributions (older PDFs)
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Tagging protons
First data reports from CMS and ATLAS focused in the signal events collected by the central 
detectors only: two opposite-charge, isolated leptons; 

Intact protons emerge from the IP after an electromagnetic interaction in a trajectory very close to 
the beam pipe (a deviation of a few milliradians from the beam); 

Newly installed forward detectors (ATLAS-AFP and CMS-PPS) are able to measure these intact 
protons, suitable for the high-luminosity regime of the HL-LHC; 

Sensitivity lies from ~400 GeV to 2 TeV based on the proton loss of momentum:
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First measurement performed was the exclusive 2-photon production of high-mass muon pairs at 
13 TeV in events with intact protons; 

A total of 20 observed events within the expectation for a single arm measurement considering the 
LHC optics and the Roman Pots positions; 

A large portion of the kinematic region sensitive to 
the exclusive production of dileptons include non-
elastic events (orange + green points); 

Such events are well modelled with a few event 
generators, but the search for W boson or high-
mass New Physics lacks the contribution of the 
proton dissociation.
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F factor
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The uncertainty around the average is not negligible over the entire invariant mass window; 

Although the particular PDF uncertainties have been reduced from older ones, the fudge factor still 
shows an overall ~15% uncertainty at 300 GeV and ~40% at 2 TeV.

contribution from the proton-dissociative collisions as follows [13]:281

F =
Nµµ(data) �NDY

Nelastic

�����
M(µ+µ�)>160 GeV

, (55)

where Nµµ(data) are all the µ
+
µ

� events collected within the kinematic selection and above the282

mWW threshold, NDY the events with more than zero additional tracks, characteristics of Drell-283

Yan events, and Nelastic is the number of events predicted by theory. This approach is meant284

to compute the relative contribution of non-elastic events compared to the signal events, elastic285

production of W pairs, to normalize the Monte Carlo predictions, which consider only the elastic286

case. In view of quantifying the relative contribution from the di↵erent collision cases for a broader287

mass range, we propose to investigate three di↵erent ratios:288

F =
�
el

�semi + �inel
, (56)

F =
�
el + �

semi + �
inel

�el
, (57)

F =
�
el + �

semi

�el
, (58)

for both exclusive dimuon and W pair productions. Figure 8 shows the of such ratio employing289

di↵erent PDF parametrizations and electromagnetic contributions for the proton form factors.290

Each curves present the results for Eq. 56 and 57 employing a specific PDF parametrization for291

the dissociative contribution and the FE or FE+M for the proton form factors. The shape of the292

distributions is quite di↵erent given how the relative contribution of the elastic contribution in293

canceled out.Furthermore, the results show that the F factor for invariant masses above 160 GeV294

is nearly the same for the dimuon and W pair case, which is expected since the ratio cancels out295

the subprocess cross sections and results in a ratio of luminosities. Hence, it validates the approach296

made by the CMS analyses for taking the F factor above 160 GeV in �� ! µ
+
µ

� events to account297

for such contribution in �� ! W
+
W

� processes. Besides, Tab. I shows the values for the F factor298

considering all F factor approaches. The values obtained in these theoretical predictions are about299

a factor 2 larger than those obtained by CMS given that only a rapidity cut is applied, missing300

other selection criteria that would demand a more detailed investigation.301

17

F com nomes diferentes, 57 é o mesmo F de CMS
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F factor

The fudge factor is nearly the same for both dimuon and WW final states; 

This result confirms that the partonic cross sections are indeed cancelled out. 

The overall luminosities ratio provides a global view of the non-elastic contributions.
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Conclusions
The LHC data has been providing new insights on the photon content of the proton; 

Uncertainties of non-elastic contributions are not negligible, especially at the high-mass region; 

Searches for New Physics in an electromagnetic production mechanism may be improved by 
including the non-elastic contributions together with proper event selection. 

An overall fudge factor is possible to be addressed over a large mass window in order to predict the 
size of the non-elastic contributions based on the photon luminosities 

Important constraint for QED PDF parametrizations. 

Final MC plots being finished to submit this work to PRD.
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