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Abstract: In this paper, we explore the potential of the LHC to measure the rate of

pp → p WWγ p process, also to probe the new effective couplings contributing to the

WWγ and WWγγ vertices. The analysis is performed at the
√
s = 13 TeV, in the di-

leptonic decay channel, and assuming 300 fb−1 integrated luminosity (IL). In addition to

the presence of two opposite sign leptons, a photon, and missing energy, the distinctive

signature of this process is the presence of two intact protons flying few millimeters from

the initial beam direction in both sides of interaction points which suppress the background

process effectively. To exploit this feature of signal we benefit from forward detectors (FDs)

placed about 200 meters from the interaction point to register the kinematics of tagged

protons. In order to overcome the major sources of backgrounds, we introduced three

categories of selection cuts dealing with objects that strike the central detector, protons

hitting the FDs, and correlations of central objects and protons, respectively. We also

evaluate the probability of pile-up protons to be tagged in the FDs as a function of the

mean number of pile-up. Then the sensitivity of the LHC to observe this process and

constraints on multi-boson effective couplings are extracted. The obtained expected limits

show very good improvements for dimension-8 quartic couplings and competitive bounds on

dimension-6 anomalous triple couplings w.r.t. the current experimental limits. Therefore,

we propose this process to the LHC experiments as a sensitive and complementary channel

to study the multi-gauge boson couplings.
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1 Introduction

In the standard model (SM) framework, the non-abelian property of SU(2)L×U(1)Y gauge

theory predicts triple and quartic gauge boson self-interactions. The triple and quartic cou-

plings are connected to electroweak symmetry breaking and explore the non-abelian gauge

structure. Therefore, studying these couplings provides an important confirmation to the

SM. Additionally, any deviation from the SM prediction of these gauge self-interactions

could be a hint to beyond the SM. For instance, triple gauge boson couplings could be a

consequence of integrating out of non-standard heavy particles at the loop level while the

exchange of heavy new particles at tree level can contribute to quartic gauge couplings. As

a result, any deviation from the SM predictions observed by the current experimental preci-

sion might appear at quartic rather than triple gauge couplings. From the theoretical point

of view, such deviations can be explained in the effective field theory framework with high-

dimensional model-independent operators that modify the self-interaction of electroweak
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gauge bosons or lead to new vertices both known as anomalous couplings [1]. The anoma-

lous triple gauge couplings (aTGCs) and anomalous quartic gauge couplings (aQGCs) can

be parametrized with dimension-6 [2, 3] and dimension-8 operators [4].

The direct probe of triple and quartic gauge boson interactions could be achieved

by measurements of multi-boson productions at the colliders that have been carried out

both in the experimental measurements and phenomenological studies. For instance,

the observed bounds on aTGCs have been obtained from WW production at LEP with

center-of-mass energies
√
s = 130 − 209 GeV [5] which is also measured in leptonic final

states at Tevatron [6]. Besides, WZ production at semi-leptonic final state at Tevatron

with
√
s = 1.96 TeV has been tested for aTGCs [7]. Recently, various measurements

on the di-boson production such as WW ,WZ and Wγ are performed at the LHC with√
s = 7, 8 TeV [8–11], also the same final state in one of the W boson decaying leptonicly and

the other W or Z boson decaying hadronically has been explored at
√
s = 13 TeV [12–15].

The observed limits on aQGCs in the context of dimension-8 are available from exclusive

W pair production at Tevatron [16]. The constraints on aQGCs at the LHC for same

sign W pair production plus two jets in leptonic decay of W bosons at
√
s = 8 TeV [17]

and WV γ production with V = W,Z following by semi-leptonic decay of massive gauge

bosons at the same center-of-mass energy [18] have been obtained. Furthermore, there

are many phenomenological studies at lepton colliders such as e−e+ [19–32] and hadron

colliders [33–41] in which the potential to probe multi-gauge boson couplings have been

explored. Beside direct constraints, indirect searches on aTGCs have been performed using

the data from rare B-meson decays [42], as well as coupling measurements of Higgs boson

to electroweak gauge boson at Tevatron and LHC [43–45]. An alternative possibility to

explore the multi-gauge boson couplings is via the central exclusive production (CEP) at

the LHC. The CEP happens through the exchange of two color-singlet states radiated

from two crossing protons resulting in an isolated central system and two intact protons

that fly in the very forward-backward regions of the interaction point. Benefiting from

FDs such as CMS-TOTEM Precision Proton Spectrometer (CT-PPS) [46] and ATLAS

Forward Proton (AFP) [47] these two protons can be tagged and consequently, CEP could

be distinguished from inclusive background processes. Therefore, exploring CEP processes

can provide a unique window to search for new physics namely anomalous gauge couplings.

The detailed analysis of central exclusive processes with W boson pair production including

aTGCs and aQGCs have been performed at Tevatron [16]. Moreover, observed bounds on

dimension-6 and -8 operators via central exclusive WW production at
√
s = 7 TeV, 8 TeV,

and their combinations without proton tagging are reported by CMS and ATLAS exper-

iments [48–50]. Additionally, several phenomenological studies estimated the potential of

the LHC for CEP processes to probe the anomalous gauge boson couplings that can be

found in refs. [39, 51–54]. In this paper, we propose WWγ production via the CEP as a

new channel at the LHC and explore the potential of this process to probe aTGCs and

aQGCs. This process is purely sensitive to gauge boson couplings and can be a comple-

mentary channel to increase the sensitivity to the SM and anomalous WWγ and WWγγ

couplings. We consider the fully leptonic decay of W bosons and 300 fb−1 of proton-proton

collision data at the center-of-mass energy of 13 TeV. The paper is organized as follows:
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in section 2, a general description of the flux of emitted photon from a proton is provided.

Section 3 gives a short review of the effective field theory approach for anomalous gauge

couplings. In section 4 the CEP of WWγ at the LHC is explained. In section 5 the strategy

of analysis to the optimum selection of signal and suppression of different sources of back-

grounds are described. Section 6 describes the potential of the LHC to measure the SM

WWγ process via photon-photon scattering. In section 7 the expected limits on aTGCs

and aQGCs are explained. Finally, in section 8 the summary and conclusion are provided.

2 Photon-photon interaction at the LHC

Photon-photon interactions at the LHC can be studied through the CEP that is defined as

pp→ p⊕X ⊕ p. (2.1)

In these type of processes two incoming protons are collided via exchange of two color-

singlet states such as photons and they remain intact. The amount of missing energy of

each proton which is carried by each photon, produce state X which can be detected at the

central detectors while the two unbroken protons fly in the forward and backward regions

of the central detector with very small angle w.r.t. their original directions. Therefore,

one sees the large rapidity gaps (⊕) among the centrally produced state and two forward

protons which is one of the distinctive signatures of the CEP processes.

Despite the fact that the cross sections of the CEP processes are small w.r.t. parton-

parton initial state processes, they can be measured accurately in a very clean environ-

ment due to several reasons. For instance, due to the absence of proton remnants, one

could obtain the clean experimental environment like electron-positron colliders. Unlike

the usual hard proton-proton scattering, by measuring the fractional energy loss of each

proton (ξ1, ξ2) which is defined as ξ =
Ep−Ep′
Ep

(Ep and Ep′ are energy of incoming and out-

going protons, respectively) the scale of collision can be determined event-by-event basis.

Also measurement of the forward protons permits to predict the kinematics of centrally

produced state and matching them can lead to several orders of magnitude suppression

in the background processes. Benefiting from these properties which FDs granted us, the

CEP could provide a rich testing ground for electroweak and QCD sector of the SM and

unique window to physics beyond the SM.

The cross section of the CEP process when two photons exchange, can be computed

in the framework of the Equivalent Photon Approximation (EPA) [55–57]. In this approx-

imation the cross section can be factorized as following

dσ(pp→ pXp) = σ̂(γγ → X)dNγ
1 dNγ

2 , (2.2)

where σ̂(γγ → X) is the Born cross section of state X and dNγ is the number of emitted

photons with virtuality Q2 and energy Eγ . Then the photon spectrum is given by:

d2Nγ =
αem

π

dEγ
Eγ

dQ2

Q2

[(
1− 2Eγ√

s

)(
1− Q2

min

Q2

)
FE +

2E2
γ

s
FM

]
, (2.3)
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where αem is fine structure constant and
√
s is the center-of-mass energy of the proton-

proton system and mp is proton mass. The minimum allowed photon virtuality Qmin, FE,

and FM are defined respectively as

Q2
min ≡ m2

pE
2
γ/[(s−

√
sEγ)], FM = G2

M, FE =
(4m2

pG
2
E +Q2G2

M)

(4m2
p +Q2)

, (2.4)

and FE and FM are functions of the electric (GE) and magnetic (GM) proton form factors.

In the dipole approximation [39]

G2
E = G2

M/µ
2
p = (1 +Q2/Q2

0)
−4, (2.5)

the values of Q2
0 and magnetic moment of protons are 0.71 GeV2 and 7.78, respectively.

Therefore, the flux of photon can be obtained by integrating over photon virtuality

as follows

f(Eγ) =

∫ Q2
max

Q2
min

d2Nγ

dEγdQ2
dQ2, (2.6)

where the value of Q2
max is set to large enough value 2–4 GeV2. Thus, the total cross section

can be obtained as a convolution of the effective photon fluxes and γγ → X subprocess

matrix elements as follows:

dσγγ→X

dΩ
=

∫
dσγγ→X(Wmiss)

dΩ

dLγγ

dWmiss
dWmiss (2.7)

where dLγγ
dWmiss

is the two photons luminosity spectrum which can be obtained by integrating

the product of two photon rates f(Eγ1)f(Eγ2) over the energy of photons while the two

photons invariant mass or equivalently total missing mass of protons Wmiss = 2
√
Eγ1Eγ2 =√

ξ1ξ2s remains fix. Figure 1 shows the effective luminosity of two-photons in pp collision at√
s = 13 TeV as a function of invariant mass of two photons Wmiss. The blue (solid) curve

is the luminosity spectrum without any cut on the acceptance of FDs. The red (dashed)

and green (dot-dashed) correspond to the 0.0015 < ξ < 0.2 and 0.0015 < ξ < 0.5 ranges

of FDs acceptance [58, 59], respectively. As can be seen, the photon luminosity decrease

by increasing the invariant mass of photons. Moreover, applying the lower cut on FDs

acceptance leads to almost one order of magnitude drop in the photon luminosity at low

invariant mass Wmiss. However, the upper limits on FDs acceptance have little effect on

the value of photon luminosity. The process that we would like to study is W -boson pair

associated production with a photon in di-leptonic decay of W -bosons, generated through

di-photon exchange. It is worth to mention that the process pp → W+W−γ has been

measured at the LHC [18, 60]. In the following we briefly review the related effective

Lagrangian to aTGCs and aQGCs.

3 EFT for anomalous gauge couplings involving photon

In this section, we focus on overall beyond the SM contributions to the triple and quartic

gauge boson interactions. These contributions are described through effective field theory
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Figure 1. Photon-photon luminosity versus two-photon invariant mass at 13 TeV for total and FD

acceptance.

(EFT) approach in which the SM is extended by higher-dimensional operators composing

by all possible combinations of the SM fields defined as

LEFT = LSM +
∑
i

c
(6)
i

Λ2
O(6)
i +

∑
j

c
(8)
j

Λ4
O(8)
j + . . . , (3.1)

where Λ is the mass scale of any new physics. The EFT is valid only for the energy

E � Λ, ci are dimensionless Wilson coefficients and O(n)
i represents the dimension n

operators. The operators respect the Lorentz symmetry and the SM gauge symmetry

SU(3)C×SU(2)L×U(1)Y . Only even-dimension operators can contribute if we require lep-

ton and baryon number conservation. Therefore, the leading effective operators which give

contribution to vertices containing multi-bosons are expected from dimension-6 operators.

Gauge boson interactions within the EFT framework can be expressed as two nonlinear

and linear approaches. In the nonlinear approach, the SM gauge symmetry is conserved

and is realized by using the chiral Lagrangian parametrization given in refs. [32, 35]. In

this approach triple and quartic gauge boson couplings appear as dimension-6 operators.

In the linear approach, the SM gauge symmetry is broken by means of Higgs scalar dou-

blet [32, 61]. In this parametrization, the quartic gauge boson couplings without triple

gauge boson coupling appear as dimension-8 operators.

The general dimension-6 operators including a neutral vector boson and two charged

vector bosons can be described by ten dimensionless couplings [62]. However, the number of

operators can be decreased to 6 by imposing charge conjugate (C) and parity (P) invariant.

The detail of operators is given in ref. [62]. In this analysis for the ease of comparison to

LEP results, we used the anomalous Lagrangian approach for triple gauge couplings which

is known as LEP parametrization. The aTGCs defining the interaction of photon and

W-bosons are expressed as:

L(6)WWγ = ie

(
W †µνW

µAν −W †µAνWµν + κγW
†
µWνA

µν +
λγ
M2
W

W †δµW
µ
ν A

νδ

)
, (3.2)
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where Wµν = ∂µWν − ∂νWµ and Aµν = ∂µAν − ∂νA are the field strength of W-boson and

photon after symmetry breaking. The dimensionless parameter κγ and λγ are connected

to magnetic dipole and electric quadruple moment, respectively. In the SM, the free pa-

rameters are λγ = 0 and κγ = 1. In the rest of the paper we constrain the ∆κγ defined as

1− κγ where 1 is the SM contribution.

In general, to make equation (3.2) gauge invariant under SU(2)L, we have to consider

the quartic and higher multiplicity couplings as well. As a consequence, the dimension-6

operators contributing in aQGC with two photons and two W bosons are given as [30, 63]:

L(6)WWγγ =
−e2

8

aW0
Λ2

AµνA
µνW+αW−α −

−e2

16

aWC
Λ2

AµαA
µβ(W+αW−β +W−αW+

β ). (3.3)

Besides, as mentioned above, the lowest order operator of purely aQGCs in the absence of

aTGCs are at dimension-8. The dimension-8 quartic coupling operators can be explained by

three classes: longitudinal, transverse and mixing contributions [4, 32, 61]. The longitudinal

class includes only covariant derivatives of the Higgs field, DµΦ. They are given by two

independent operators which result in massive vector bosons couplings (see ref. [4] for

details). The mixing class of operators including both field tensor and DµΦ are addressed

by seven operators [4]. Some of which leading to WWγγ vertex are as follows:

L(8)M,0 =
fM,0

Λ4
Tr[WµνW

µν ]× [(DβΦ)†DβΦ],

L(8)M,1 =
fM,1

Λ4
Tr[WµνW

νβ ]× [(DβΦ)†DµΦ],

L(8)M,2 =
fM,2

Λ4
[BµνB

µν ]× [(DβΦ)†DβΦ],

L(8)M,3 =
fM,3

Λ4
[BµνB

νβ ]× [(DβΦ)†DµΦ]. (3.4)

On the top of introduced operators, the transverse class operators, including fully field

strength tensor, are also possible [4]. We should note that some of transverse class oper-

ators (i.e L(8)T,0 − L
(8)
T,7) also contribute at WWγγ production cross section; however their

contribution is small comparing to the mixing class operators.

The Lorentz structure of some of the dimension-8 operators are analogous to dimension-

6 aQGC operators. Moreover, most of available constraints on aQGCs are given in

dimension-6 parameters. Hence, it is reasonable to explain dimension-8 operators in terms

of dimension-6 operators. Considering WWγγ vertex, the direct relation between fM,i

couplings with i = 0, 1, 2, 3, and aW0 and aWC couplings are obtained as follows [32]:

aW0
Λ2

= −
4M2

W

g2
fM,0

Λ4
−

8M2
W

g′2
fM,2

Λ4
,

aWC
Λ2

=
4M2

W

g2
fM,1

Λ4
+

8M2
W

g′2
fM,3

Λ4
, (3.5)

where g′ = e/ cos θW , g = e/ sin θW and MW stands for U(1), SU(2) couplings and mass of

W boson, respectively.
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Figure 2. Representative Feynman diagrams for γγ →W+W−γ production at tree level.

4 WWγ production in γγ collisions

At the LHC, in addition to the production of WWγ via quark-antiquark annihilation, this

process can also occur via the CEP process as

pp→ p W+W−γ p, (4.1)

where W+W−γ can be seen in the central detector while the two intact protons can be

detected by the FDs at a long distance from interaction point and very small angle w.r.t.

to the proton beams. Figure 2 represents some of Feynman diagrams for WWγ production

via the CEP process at tree level. Diagram (a) has a dominant contribution to the SM

process. Diagrams (b,c) are small at tree level in the SM but become interesting when

one considers aQGCs. In this analysis, we consider the fully leptonic decay of both W

bosons to either electrons or muons. Therefore, the final state of the SM signal WWγ or

WWγ process including the aTQCs and aQGCs will consist of two opposite sign leptons,

missing energy due to neutrinos from W boson decay and one isolated photon. We also

consider the τ lepton only if it decays leptonically to electron or muon. Having the final

state of leptons, missing energy, and photon, several sources of background processes will

contribute to our signal region. The background can be divided into two categories. The

first type of backgrounds comes from processes initiated from the photon-photon inter-

actions such as l+l−γ, τ+τ−γ, WZγ, ZZγ with l± = e±, µ±. Therefore, in addition to

the similar final state to the signal in the central detector, they have two intact protons

that can be matched kinematically with the central system. The second type of back-

grounds which could contribute are parton-parton initiated processes, for instance, l+l−γ,

τ+τ−γ, tt̄γ, WZγ, ZZγ if they coincide with two protons from pile-up. In this work,

we use the MadGraph5 aMC@NLO package [64, 65] in order to generate the SM processes

and signal processes with aTGCs and aQGCs. In order to simulate the photon emission

from incoming protons for the processes with photon-photon interaction, the photon PDF

based on the equivalent photon approximation for low-virtuality photons has been imple-

mented in MadGraph5 aMC@NLO [57]. To calculate the total cross section, W-boson mass

mW= 80.37 GeV and GF = 1.16639 × 10−5GeV−2 is considered. To calculate the cross

section and generate the events of WWγ process, including aTGCs and aQGCs, we use the

FeynRules package [66] to convert the effective Lagrangian to the UFO model [67] which

can be linked to the MadGraph5 aMC@NLO. MadGraph5 aMC@NLO is also used to generate sev-

– 7 –
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eral photon-photon or parton-parton initiated background processes. To perform parton

showering and hadronization, all the generated samples are passed through Pythia 8 [68].

In this analysis, we also consider the fast simulation of LHC-like detectors to consider the

effects of detector response on the final reconstructed objects using the Delphes 3.4.1

package [69].

5 Analysis design

In this section, we describe the strategy for analysis including the object selection cuts,

event selections and discuss the contribution of each source of background. Depending

on the flavor of leptons decayed from W boson, we divide our signal region into the same

flavor leptonic (SF) channel consists of e+e−, µ+µ− events and different flavor (DF) channel

e+µ−, e−µ+, because the SF channel suffers from a large contribution of l+l−γ background

process while DF does not.

5.1 Selection cuts

In order to select the WWγ signal events including the SM or anomalous coupling con-

tributions, we apply three categories of selection cuts. The first set of cuts includes the

central detector requirements which are applied in order to select the objects needed to

construct the signal final state events and suppress the backgrounds, optimally. The sec-

ond set of cuts is applied to the tagged protons in order to adopt the acceptance of the

FDs. The third type of cuts is beneficial form the kinematic correlation of central pro-

duced state and detected protons in the FDs to reject non-exclusive backgrounds as well

as exclusive backgrounds with the different expected proton’s kinematics according to the

signal. For the first category of cuts (type I), we require to have two opposite sign well-

isolated leptons, both of them required to have pT,l > 10 GeV but at least one of them

must pass pT,l > 20 GeV and both are required to be in |ηl| <2.5. It should be pointed out

that required pT,l thresholds are totally in agreement with the current thresholds of double

lepton triggers which are used in the current experiments such as CMS. Therefore one

expects the high trigger efficiency considering these cut values. In addition, we veto events

containing any extra loose lepton with pT,l > 10 GeV and |ηl| < 2.5 in order to suppress

the contribution from WZγ, ZZγ background processes. We also demand to have exactly

one isolated photon with pT,γ > 20 GeV and |ηγ | < 2.5. To suppress the backgrounds

without W boson, we require the missing transverse energy, /E > 30 GeV. In order to

suppress the contribution of events with a photon radiating from W and Z decay product

as well as preventing the drop of reconstruction efficiency due to the close-by lepton from

photon, we require to have ∆Rγ,l =
√

∆φ2 + ∆η2 > 0.5. The last criteria to suppress the

backgrounds containing jets such as inclusive tt̄γ, is to veto events containing more than

one jets with pT,j >40 GeV and |ηj | <5.0. The reason to apply veto cut on the number

of jets Nj > 2 is that the probability to reconstruct a jet from pile-up is not negligible

in high pile-up conditions, even for purely leptonic signal events. Therefore, to maintain

the optimum amount of signal versus high rejection of backgrounds, we loosen the number

of jets in the veto condition. In the second type of cuts (type II) we require to have at

– 8 –
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Figure 3. Distribution of fractional energy loss of protons reaching the FDs (left) and protons

missing mass (right) for SM pp→ pW+W−γp, pp→ pl+l−γp and two pp→ pW+W−γp samples

including aTGCs correspond to λγ = 0.05 and ∆κ = 0.05.

least one proton in each side of interaction point to be within the FD acceptance. The

acceptance of the detector is usually expressed in terms of the fractional energy loss of

each proton. In this analysis, we consider two scenarios for FD acceptance corresponding

to 0.0015 < ξ < 0.2 and 0.0015 < ξ < 0.5. However, in order to suppress the different

sources of backgrounds, we require ξ to be greater than 0.008. Figure 3 (left) indicates the

distribution of fractional energy loss of both protons reaching the forward detectors. One

could see from figure 3 (left) that applying a lower cut on the ξ will reduce the contribution

of photon initiated backgrounds as well as pile-up backgrounds, effectively. Furthermore,

we exploit from the high correlation of primary vertex (PV) displacement in the z-direction

and arrival time of both tagged protons to the timing FDs in the CEP processes, to put

down the inclusive background contribution, effectively. For the third type of requirements

(type III), we restrict the protons missing mass Wmiss to be larger than 200 GeV. As indi-

cated in figure 3 (right) protons missing mass for the CEP W+W−γ starts from 200 GeV

which is approximate energy for the production of two on-shell W bosons. While for the

less heavy state such as the CEP l+l−γ, the threshold is smaller. Therefore, having this

cut effectively reduces the contribution of photon-photon initiated l+l−γ background. In

addition to that, one can use the conservation of momentum in the z-direction in order to

obtain the missing longitudinal momentum of the central system. Thus, the central mass

can be reconstructed partially and could be used to reject both the CEP and inclusive

backgrounds when it is compared to the protons missing mass. This cut will be explained

and discussed in detail in section 5.3.

5.2 Pile-up implementation

Pile-up is referred to the multiple soft proton-proton interactions in each bunch crossing of

the LHC which is happening along with the hard process coming from the PV. The average
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number of pile-up interactions per bunch crossing < NPU > is depended on the condition

of the machine that collides the protons to each other, such as the energy of protons, the

number of protons in each bunch and etc. The mean value of pile-up at the LHC varies

between 20–50 from Run I to II and the expectation for high luminosity LHC is between

the 140–200. The overall effect of pile-up interaction is the production of soft hadrons that

propagate to all layers of detectors and biases the measured quantities and degrade the

resolution of the reconstructed final state particles of hard processes. In order to estimate

the effects of the pile-up interactions, we simulate the minimum bias events using the

Pythia 8. Then the superposition of generated minimum bias events and the PV of hard

processes is performed using the Delphes 3.4.1. In order to implement pile-up interactions

in each event we take similar parameters that considered for modeling pile-up in the CMS

detector at the LHC. In this analysis the simulation of all the signal and background

samples are performed, considering the average number of pile-up as < NPU >= 30.

In this analysis, the variables which are affected by the pile-up are isolation of leptons,

photons as well as missing energy. Therefore, to alleviate the effects of pile-up, we subtract

the contribution of soft charged particles originated from the vertices which are far enough

from the primary vertex. Furthermore, to remove the contribution of neutral pile-up the

FastJet area method is used [70]. This method considers the homogeneous energy density

imposed by neutral pile-up particles and the area where the isolation of leptons and photons

are effected to subtract the neutral contribution of the pile-up. In addition to the above

effects, the presence of the pile-up in the exclusive searches is very important as they can

produce protons that may lay in the acceptance of FDs. We will discuss the effects of these

detected protons in the next section.

5.3 Inclusive backgrounds with pile-up protons

One of the main sources of background processes that can contribute to our signal regions

is non-exclusive backgrounds. The main processes which can produce a similar signature as

our signal in the central detector are tt̄γ, l+l−γ,W+W−γ,W+Zγ,ZZγ. The cross sections

of these processes are several orders of magnitudes larger than the signal. They may pass

the type I selection requirements. However, they can contribute to our signal region only

if they pass also the type II and III selection cuts. This can happen if the event of such

inclusive processes coincides with protons in the acceptance of FDs produced by pile-up

interactions. The main proton-proton processes that may produce protons in the FDs are

elastic and single diffractive processes. Other interactions such as double diffractive and

non-diffractive processes have fewer contributions as these interaction does not produce

intact protons directly and the trapped protons from these processes can result from the

dissociation of incoming protons. In addition, the elastic interactions suppress heavily due

to the lower cut on the proton acceptance region ξ > 0.008, introduced in the previous

section, as the outgoing protons are expected to have very small ξ. Therefore, the main

process that can produce two detectable protons on each side of FDs is from multiple single

diffractive processes that occur at each proton bunch crossing. The appearance of protons

in the FDs due to pile-up is independent of inclusive processes and vary only by changing

the average number of pile-up. Therefore, the fraction of events that have at least one
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Figure 4. Absolute time of flight difference of two protons detected in the timing FDs versus

PV position in z-direction, considering 10 ps (left) and 30 ps (right) resolutions. This correlation is

calculated for the SM process pp→ pW+W−γp.

proton in the acceptance region of each side of FDs, as well as events that satisfy the

timing requirement, can be calculated as an independent factor from the specific inclusive

processes. Then to obtain the backgrounds yield after applying the Type II selection cuts,

one can multiply the number of inclusive events that remain after central selection cuts

by these calculated efficiencies. We will calculate and report the type II selection cut

efficiencies for different pile-up scenarios that can be used for any study including this type

of background. The type II selection cuts described in section 5.1 except for the timing

requirement which will be discussed here.

In the CEP processes primary vertex position in the longitudinal direction is propor-

tional to the difference between the arrival time of two protons to the FDs as zPV ∝ (t1−t2)
2 ,

while for inclusive processes superposed by the pile-up protons are not. Therefore, depend-

ing on the timing resolution of time of flight detectors, it could be used to reject the

inclusive backgrounds several orders of magnitudes. The benchmark resolution consid-

ered for timing FDs is between the 10–30 ps [46, 71] corresponds to the uncertainties of

σPVz = 2.1 and 6.3 mm on the PV position, respectively. Figure 4 shows the correlation

between the displacement of the primary vertex in z-direction and the absolute differ-

ence between the arrival time of two tagged protons in the FDs for the SM W+W−γ,

CEP process assuming the 10 ps (left) and 30 ps (right) resolutions for timing detectors.

inclusive background processes will pass the timing cut if the distance between vertex po-

sition obtained from pile-up protons and the PV position is closer than 2.1 (6.3) mm for

considered resolutions of 10 (30) ps, respectively. These distance values can be obtained

simply from timing resolutions of FDs. In order to apply this requirement, one needs to

select one pair of protons out of different possible combinations. Because the number of

pile-up protons that reach the timing FDs can be exceeded from two. Figure 5 indicates

the multiplicity of protons passing the acceptance cuts. Therefore, we require to select
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Figure 5. Multiplicity of pile-up protons passing the 0.008 < ξ < 0.2 FDs acceptance. The average

number of pile-up is < NPU >=30 per event. The number of generated pile-up events are 100k.
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Figure 6. Distribution of absolute time difference of superimposed pile-up protons tagged in the

FDs versus displacement of PV in the z-direction for inclusive W+W−γ process. The protons

are restricted to pass 0.008 < ξ < 0.2 requirement. The average number of pile-up per each

bunch crossing is < NPU >=30. The events between red (black dashed) lines will pass the timing

requirement due to coincidence of pile-up protons with their PV position considering 10(30) ps

resolutions.

a pair of protons which is placed in the closest distance w.r.t. to the PV by defining the

δr =
√

(ZPV − Zp1)2 + (ZPV − Zp2)2 where, the Zp1,p2 are vertex position of each tagged

protons, and ZPV is the vertex position of PV in the z-direction. Thus, a pair of protons

with the smallest value of δr in each event is selected. Figure 6 shows the distribution

of PV position of W+W−γ inclusive process versus absolute difference arrival time of two

selected pile-up protons. The area enclosed between the red (black dashed) lines represents
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Double tagging efficiency

< NPU > 10 30 50 100 140

Type II

0.0015 < ξ < 0.2 0.06 0.31 0.56 0.87 0.95

0.0015 < ξ < 0.5 0.30 0.81 0.95 0.99 1.00

ξ > 0.008
0.03 0.19 0.38 0.73 0.86

0.26 0.76 0.93 0.99 1.00

TOF
0.001 0.008 0.016 0.036 0.048

0.010 0.04 0.06 0.011 0.157

Table 1. The fraction of remained events assuming the FDs acceptance, lower cut on the ξ1,2, and

TOF requirement for different average numbers of pile-up are reported. At least one proton on each

side of interaction point is required. The obtained fraction of events at each level includes all other

previous cuts. The efficiency of double proton tagging is increased by rising the number of pile-up.

accepted inclusive events that the time difference of the arrival of their tagged protons falls

within the uncertainty range of the PV position imposed by the timing detector resolutions

of 10(30) ps. Table 1 shows the calculated fraction of events remained after applying the

acceptance cut as well as the time of flight (TOF) cuts for the average number of pile-up

from < NPU >=10–140, assuming two scenarios for protons acceptance. It is clear from

table 1 that the probability of pile-up protons tagged in the FDs increases with rising the

average number of pile-up < NPU >. Therefore, it is necessary to pay careful attention

to the inclusive background processes along with the pile-up protons in the high pile-up

condition to estimate the realistic background contribution.

The last category of selection cuts which we call it type III, depends on both the

central state and tagged proton kinematics. The first requirement is a lower cut on the

Wmiss which is explained in the section 5.1. In addition to that, in the CEP processes,

one can reconstruct the mass of central system from the fractional energy loss of both

tagged protons Wmiss, whereas it is not true if the protons come from pile-up interaction,

explained earlier in this section. Therefore, in the case of full reconstruction of the central

system, there will be a direct correlation between MX with X = l1l2γ(ν1+ν2)rec and Wmiss

which results to significant rejection of backgrounds. On the other hand, there is a source

of ambiguity in the di-leptonic channel of the central system of our interest CEP W+W−γ

(either the SM or including the anomalous couplings) process, due to the presence of two

neutrinos. Regarding the neutrinos, the only known information from central detector is

the sum of missing energy in x and y directions, while the presence of FDs allows us to

obtain the total missing momentum in the z-direction via conservation of momentum in

the longitudinal direction

pz(l1) + pz(l2) + pz(γ) + pz(ν1 + ν2) = pz(p1) + pz(p2). (5.1)

Then, one could obtain the invariant mass of the central system by summing over four-

momentum of leptons, photons, and total missing energy as Ml1l2γ(ν1+ν2)rec = (p(l1) +

p(l2) + p(γ) + p(ν1 + ν2)rec)
2. However, we are not fully aware of four-momentum compo-

nents of each neutrino that lead to expansion of correlation between the reconstructed
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Figure 7. Two-dimensional distributions of reconstructed invariant mass of central system versus

protons missing mass. The constructed invariant mass is obtained by summation of four-momentum

for two leptons, photon, and four-momentum sum of two neutrinos. The left-top and right-top

plots show these two-dimensional distributions for γγ → W+W−γ and γγ → l+l−γ processes,

respectively. The left-bottom and right-bottom plots belong to the inclusive W+W−γ and tt̄γ

processes superimposed by pile-up protons. The events surrounded between two red lines will be

kept by the Type III cut.

invariant mass of the central system and Wmiss. Figure 7 top-left indicates this be-

havior for the CEP W+W−γ process. Having this characteristic, we require the 0 <

Wmiss −Ml1l2γ(ν1+ν2)rec
< 300 which is the region depicted between the red lines. Fortu-

nately, even looser correlation is sufficient to reject inclusive W+W−γ (tt̄γ) backgrounds

showing in the bottom left (right), respectively. Table 2 shows the number of inclusive

backgrounds after applying each set of selection cuts. The final yields are represented for

300 fb−1 IL.
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(L= 300fb−1,
√
s= 13TeV)

pp→ τ τ̄γ pp→ tt̄γ pp→W+W−γ pp→ZZγ pp→W±Zγ pp→ ll̄γ

eµ(ee+µµ) eµ(ee+µµ) eµ(ee+µµ) eµ(ee+µµ) eµ(ee+µµ) eµ(ee+µµ)

Type I

pT,l1 > 20GeV,pT,l2 > 10GeV
8519 (8411) 6106(6089) 560 (588) 0.07 (4) 23 (114) 949 (418763)

|ηl1,l2 |< 2.5, iso< 0.15

/E > 30GeV 4106 (4191) 5447(5409) 447 (469) 0.05 (2.2) 18 (92) 501 (171067)

pT,γ > 20GeV,|ηγ |< 2.5, iso< 0.15
1141 (1124) 2709(2516) 204 (210) 0.02 (1) 8 (41) 43 (60093)

∆Rγ,l1 > 0.5, ∆Rγ,l2 > 0.5

Veto Nj > 2, pT,j > 40GeV 1124(1119) 1101(1034) 201(205) 0.02(0.82) 7.77(39) 33(59649)

|Ml1l2−mZ |> 10GeV 1090 (1107) 282 (266) 609 (622) 0.015(0.07) 6.9 (8.8) 5(4446)

Type II

0.008<ξ < 0.2 182(187) 207(197) 38(39) 0.005(0.01) 1.2(1.8) 0(1035)

0.008<ξ < 0.5 858(772) 219(202) 137(140) 0.01 (0.06) 5.3 (7) 19(3396)

TOF
0 (0) 5.4(3.4) 0.88(0.75) 0(0) 0.03 (0.006) 0(19)

23(23) 17(24) 3.3 (4) 0(0.0009) 0.14(0.2) 0 (100)

Type III Wmiss> 200GeV
0(0) 5.4(2.75) 0.76 (0.75) 0 (0) 0.03(0.006) 0(19)

23(23) 17 (24) 3.3(4) 0(0.0009) 0.14(0.2) 0 (100)

0 <Wmiss−Ml1l2γ(ν1+ν2)rec < 300
0 (0) 0(0) 0.13 (0.06) 0 (0) 0(0) 0(0)

0 (0) 1.36(0) 0.126 (0.126) 0(0.0009) 0.006(0.006) 0(0)

Table 2. The remaining yields of the SM inclusive background processes coincide with pile-up

protons after each type of selection cuts for 300fb−1 IL are presented. The mean number of

modeled pile-up set to 30.

5.4 γγ-initiated background processes

One of the main sources of backgrounds to our exclusive W+W−γ process is from the

γγ → l+l−γ process in which the leptons can be either electron, muon or tau (if tau decays

leptonically). The initial state photons emerging from each proton can be either elastic or

inelastic which results in three categories of elastic, semi-elastic, and inelastic background

processes with l+l−γ final state. The e−e+γ, µ−µ+γ channels are dominant in the SF

signal region while the τ−τ+γ can contribute equally in both SF and DF signal regions.

In this section, we estimate the contribution of elastic γγ → l+l−γ background process by

generating this background as explained at the beginning of this section. Then we applied

the three types of selection cuts described in the previous sections. Table 3 shows the

number of events for the SM W+W−γ exclusive process and their photon-photon initiated

backgrounds after each set of selection cuts and assuming 300 fb−1 expected IL. It is

interesting to mention that the correlation between the reconstructed mass of the central

system and protons missing mass for l+l−γ background which is depicted in figure 7 (top-

right) is completely different from the SM W+W−γ process. Table 3 shows a large amount

of this background remains after type I and II, but reduced to the zero level considering the

type III cuts. In addition to the elastic process, it has been shown that the semi-elastic and

inelastic photon-photon processes have about one order of magnitude larger cross section

than elastic process due to increase in the photon luminosity [72, 73] in W+W− and µ+µ−

processes. However, due to dissociation of one or two protons, they only can mimic signal

if coincide with one or two protons from pile-up interactions. In the table 1 we have shown

that the double tagging efficiency of pile-up protons considering the mean number of pile-

up equal to 30, are 0.008 and 0.04 for two scenarios for FD acceptance corresponding to
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(L= 300fb−1,
√
s= 13TeV)

γγ→W+W−γ γγ→ τ τ̄γ γγ→ l+l−γ

eµ(ee+µµ) eµ(ee+µµ) eµ(ee+µµ)

Type I

pT,l1 > 20GeV,pT,l2 > 10GeV
3.3 (3.4) 2.1 (2.2) 0.7 (464)

|ηl1,l2 |< 2.5, iso< 0.15

/E > 30GeV 2.9 (2.9) 1.3 (1.4) 0.34 (188)

pT,γ > 20GeV,|ηγ |< 2.5,iso< 0.15
1.5 (1.5) 0.5 (0.5) 0.02 (60)

∆Rγ,l1 > 0.5, ∆Rγ,l2 > 0.5

Veto Nj > 2, pT,j > 40GeV 1.5 (1.5) 0.5 (0.4) 0.03 (60)

|Ml1l2−mZ |> 10GeV 1.4 (1.4) 0.46 (0.4) 0.01 (52)

Type II

0.008<ξ < 0.2,TOF 1.2 (1.2) 0.2 (0.3) 0 (17)

0.008<ξ < 0.5, TOF 1.28 (1.26) 0.22 (0.27) 0 (17)

Type III Wmiss> 200GeV
1.2 (1.2) 0.18 (0.2) 0 (12)

1.28 (1.26) 0.18 (0.23) 0 (12)

0 <Wmiss−Ml1l2γ(ν1+ν2)rec < 300
0.94 (0.94) 0.15 (0.2) 0 (0.066)

0.98 (0.99) 0.15 (0.2) 0 (0.067)

Table 3. The remaining yields of the SM γγ→W+W−γ, γγ→ τ+τ−γ, and γγ→ e+e−γ/µ+µ−γ

after each type of selection cuts for 300fb−1 IL are presented.

0.008 < ξ < 0.2 and 0.008 < ξ < 0.5, respectively. Also for the case of elastic l+l−γ process

the third type of selection cuts shows very strong suppression power which is approximately

the same for semi-elastic and inelastic processes. Having all the above explanations, we

estimated the negligible contribution of semi-elastic and inelastic backgrounds.

5.5 Double pomeron exchange processes

In addition to central exclusive production via γγ interaction, W+W−γ and l+l−γ processes

can occur through the double pomeron exchange (DPE). The pomeron is believed to carry

the quantum numbers of vacuum, thus they will be colorless states in QCD language. It

is also proposed that pomeron has partonic structure such as hadrons [74, 75]. Therefore,

hard diffractive processes can be described in terms of single and double pomeron exchange

between two protons based on the Ingelman-Schlein approach [76] that has been searched

in the different experiments ever since [77–79]. In this model, cross section of the DPE can

be factorized into the diffractive parton distribution functions and matrix element of hard

interaction between the pomeron constituents that considered to be gluonic. Currently,

several MC generators such as Forward Physics Monte Carlo (FPMC) generator [80] can

calculate the cross section and generate events of the DPE processes such as dilepton,

di-boson, and di-jet productions. Since our favorite DPE → W+W−γ and DPE → l+l−γ

processes are not yet implemented in any generators, we inevitably have considered some

assumptions in order to extract their contribution into the SM signal and background

processes. According to [76] the cross section of DPE→W+W−γ and DPE→ l+l−γ can
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be factorized into the scattering amplitude of emerging partons from each pomeron and

already known diffractive PDF. On the other hand the cross section of inclusive W+W−γ

and l+l−γ from proton-proton collision also can be factorized into the matrix element of

partonic interaction by the PDF of protons. Therefore, one can assume the equality of

cross section ratios of inclusive and DPE as following

σpp→W+W−/l+l−

σpp→W+W−γ/l+l−γ
=

σDPE→W+W−/l+l−

σDPE→W+W−γ/l+l−γ
. (5.2)

We calculated the ratios
σpp→W+W−/l+l−

σpp→W+W−γ/l+l−γ
by MadGraph5 aMC@NLO at tree level for

W+W−γ and l+l−γ processes resulting to values of 243.3 and 92.5, respectively. Due to the

existence of a photon in the matrix element of the denominator, one would expect the ratio

to be around 1/α ' 100 where the α is Fine-structure constant. The di-lepton production

to the di-lepton plus photon cross section ratio seems to agree with this expectation, but

the di-boson ratio is more than twice as high the expected ratio. The reason is behind

the contributed Feynman diagrams with triple and quartic gauge boson couplings which

have destructive interference and lead to lower cross section ratio w.r.t. di-leptonic ratio.

We also calculate the cross sections of DPE→ W+W− and DPE→ l+l− using FPMC

generator at 13 TeV and obtain the corresponding values of 1.35 and 701.4 pb for these two

processes, respectively. Having the left-hand-side of equation (5.2) also the numerator of

right-hand-side we obtain 5.5 fb and 7.58 pb for the cross section of DPE→ W+W−γ and

DPE→ l+l−γ, respectively. Furthermore, the obtained cross sections have to be multiplied

by a gap survival probability for QCD diffractive and central exclusive productions. This

factor accounts for the probability that the gaps are surviving from the presence of extra

particles in the interaction. This rapidity gap can be washed out mainly by soft inelastic

interaction that produces some secondary particles or re-scattering of leading hadron or

hard QCD bremsstrahlung. There are several studies based on different models which

predict this probability [81–84] with considerable uncertainties. It should be mentioned

that the amount of this gap survival probability also depends on the assumed final state

as well as the scale of the energy that considered processes are probed. In this analysis

we consider the gap survival probability corresponds to 0.3 based on [85]. In order to

estimate the contribution of these two DPE processes in our signal regions we assumed

that the kinematics of their final state are similar to the γγ → l+l−γ and γγ →W+W−γ.

Therefore, we obtain the efficiency of type I and type II selection cuts from photon initiated

processes and apply these efficiencies as a new factor to the similar DPE processes. The

summary of factors which are applied to the DPE processes and their final contributions

in the two signal regions using 300 fb−1 IL is shown in table 4.

6 SM γγ → W+W−γ measurement

Considering the small predicted cross section of central exclusive W+W−γ process, the

measurements of this process needs a high amount of data. On the other hand, the ad-

vantage of having timing and tracking FDs allows us to measure this process in the high

pile-up run conditions of the LHC, also bring the backgrounds of this process in very small
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Backgrounds

Process DPE→W+W−γ DPE→ l+l−γ

Total cross section [fb] 5.5 7583

Gap survival rapidity [fb] 0.165 227.49

Type I selection cut eff [fb] 0.002 0.36

Type II selection cut eff [fb] 4e-6 (1e-4) 0e-5 (0e-5)

Type III selection cut eff [fb] 0e-6 (0e-4) 0e-5 (0e-5)

Final yield for 300 fb−1 (ee, µµ, eµ)) 0e-6 (0e-4) 0e-5 (0e-5)

Table 4. The sequence of different type of cuts on the cross sections of DPE→ W+W−γ and

DPE→ l+l−γ processes in two signal regions are presented. The last row represents the final yields

for 300 fb−1 IL.
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Figure 8. Expected significance as a function of IL for the SM central exclusive production of

W+W−γ process using only di-leptonic channel.

amount as shown in detail in the previous sections. We consider the fully leptonic decay

of W bosons in the SF and DF channels. In order to calculate the potential discovery of

this process, we use Profile Likelihood formalism. The median significance assuming the

signal hypothesis µ=1 can be obtained by

med[Z0|1] =
√

2((s+ b)ln(1 + s/b)− s), (6.1)

where s and b are the number of signal and backgrounds [86]. Figure 8 illustrates the

potential observation of this process considering only di-leptonic channel as a function of IL.

The amount of data for having a strong evidence of this process with 3σ significance

is about the 0.8 ab−1 while for full observation of this process with 5σ significance one

expected 2.1 ab−1 IL. The observation of this process is not the most interesting aspect

of this study but rather the power of this process to constrain anomalous couplings due to

very low amount of backgrounds which is going to be discussed in next two sections. It
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Figure 9. The invariant mass distribution of l1l2γ, measured in the central detector. The SM

backgrounds are indicated in shaded gray, solid green and dashed purple histograms. The red and

blue histograms show the two samples of dimension-8 coupling fM,2/Λ
4 = fM,3/Λ

4 = 10 TeV−4.

should be mentioned that estimated amount of data needed to observe this process, given

in figure 8, is obtained from the extrapolation of the present study based on < NPU >= 30.

7 Sensitivity to anomalous gauge boson couplings

In this section, we discuss the potential of W+W−γ CEP to probe aTGCs and aQGCs at

the LHC using forward detectors. In order to reach the highest sensitivity, one needs to

study these new couplings in the signal dominated region. Therefore, we need to modify

the type III of introduced cuts in the previous sections. The first modification is to restrict

the lower cut on the protons missing mass to more than 900 GeV, as the contribution of

anomalous couplings is enhanced at high missing mass values while the backgrounds are

effectively suppressed. Figure 3 right shows the distribution of protons missing mass for

two scenarios of anomalous couplings, SM W+W−γ CEP as the irreducible background,

and some other photon initiated backgrounds. In addition to this change, we introduce

a new cut on the invariant mass of visible central state i.e. lepton pair and photon. We

restrict the invariant mass of lepton pair and photon to be higher than 200 and 500 GeV

for the two considered scenarios of acceptance. Even though this cut is highly correlated

with the previous cuts for photon initiated backgrounds, it is fully independent for inclu-

sive backgrounds with pile-up protons. Therefore, this cut effectively suppresses inclusive

backgrounds while it is safe for keeping the signal contribution. Figure 9 illustrates the

invariant mass of lepton pair and photon for some of photon initiated and inclusive back-

grounds as well as two considered anomalous signals. We also require the difference between

the missing mass of protons and reconstructed mass state only to be greater than zero as we

observed the correlation between these two masses behave differently from what indicated

in figure 7 top-left when one includes the anomalous couplings. Thus, to avoid the drop in

signal efficiency we loosen this criterion.
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(L= 300fb−1,
√
s= 13TeV)

Backgrounds λ= 0.05 fM,1/Λ
4 = 10TeV−4 fM,3/Λ

4 = 10TeV−4

eµ+ee+µµ eµ+ee+µµ eµ+ee+µµ eµ+ee+µµ

Type I 6745.9 116 3.5 64

TOF,0.008<ξ < 0.2(0.5) 38.8 (71.3) 7(85) 1.8 (2.9) 3 (43)

Wmiss> 900,Ml+l−γ > 200(500)GeV,
0.3 (0.9) 7(79) 0.3 (1.1) 2 (38)

Wmiss−Ml1l2γ(ν1+ν2)rec > 0

Table 5. The yield of the SM backgrounds and few signal samples after applying the Type I cut,

modified Type II, and Type III cuts for 300 fb−1 IL. The considered signal samples are λ= 0.05

and fM,1/Λ
4 = fM,3/Λ

4 = 10TeV−4.

Table 5 shows the effect of each type of selection cuts on the total SM backgrounds

including the photon initiated, DPE, and inclusive backgrounds and few cases of aQGCs

and aTGCs.

An important subject in studying the anomalous gauge boson couplings is to check

for the preservation of unitarity. It is well understood that the non-zero value of new EFT

operators could result in the rapid increase of scattering amplitude w.r.t. the energy which

could violate the unitarity in the sufficient high center-of-mass energy of colliding partons.

In this analysis, the presence of dimension-6 and -8 effective operators could potentially

cause this violation. However, considering the FDs acceptance e.g 0.008< ξ < 0.2 prevents

the center-of-mass energy of two colliding photons from exceeding 2.5 GeV which is shown

to be approximately safe [87]. For other cases in which the acceptance cut is not sufficient

to exclude the regions which unitarity is not preserved one usually uses the form factors

(FFs). These FFs essentially are energy dependent cutoff of a complete model at the scale

of Λ which is integrated out as the higher-order EFT operators. A dipole FF or a sharp

cutoff on the EFT operators at a fixed energy scale is usually considered to control the

unitarity. In the EFT description which is a model-independent approach, there is no

preferred method or functionality for FFs. Therefore, various forms of FFs are considered

in the literature. In this analysis, to compare our results in a FF independent way with

several experimental measurements [8, 48, 88–90], we also do not apply any unitarity dipole

form factor or cutoff.

7.1 Statistical method

In this section, we discuss the potential of this channel to constrain aTGCs and aQGCs

assuming one and two-dimensional scan of effective couplings. We use the signal region

defined in table 5 in order to count the contribution of signal and SM backgrounds in both

SF and DF di-leptonic channels. In order to extract the two-dimensional expected limit

on a pair of effective couplings, we define the profile likelihood test statistics as follows

q(cdi , c
d
j ) = −2ln

L(n|f(ci, cj) + b,
ˆ̂
θ)

L(n|f(ĉi, ĉj) + b, θ̂)
. (7.1)

The L is the product of Poisson distribution of expected events and log normal distribution

of nuisance parameters denoted by θ for each dileptonic signal region. ˆci,j and θ̂ are the
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Figure 10. Two-dimensional 68% and 95% C.L. expected limit on the λγ and ∆kγ couplings

assuming 0.008< ξ <0.2 (left) and 0.008< ξ <0.5 (right) and considering the IL corresponds to

300 fb−1.

values of parameter of interest and nuisance parameters which maximize the likelihood. The
ˆ̂
θ is the value of nuisance parameters that maximize the likelihood of the couplings which

are being tested. f(ci, cj) is the yield of anomalous couplings (ACs) plus SM W+W−γ for

a specific pair of couplings and b is the number of other SM backgrounds. In order to scan

the test statistics over the different values of ACs, one needs to have SM+AC yield as a

function of ACs. To obtain the functionality, we generate signal sample while switching on

the two couplings simultaneously using the re-weighting method in MadGraph5 aMC@NLO for

more than 100 different sets of couplings. Then the yield functionality obtained by fitting

these 100 points by a Quadratic Polynomial. In order to be conservative, we assume 100%

uncertainty on the background yields. It has been shown that the distribution of defined

test statistic approaches the χ2 distribution [91]. Thus, one can extract the expected

limit by defining the delta log-likelihood (deltaLL) function. Consequently, 68(95)% C.L.

allowed region of a pair of parameters can be calculated from q(ci, cj)= 2.30 (5.99). The

same procedure is followed for obtaining the expected limit on one coupling except for the

quantile for 68(95) % C.L. which are q(ci)= 1.00 (3.84).

7.2 Triple gauge boson couplings

In this section, we calculate the two-dimensional limit on λγ and ∆κγ as well as one-

dimensional constraints on one of aTGC by setting the other one to zero. In this respect,

we consider the signal region explained in the previous part and summarized in table 5

in order to select signal events and employ the statistical method discussed in section 7.1.

Figure 10 indicates 68% and 95% C.L expected limit on the λγ and ∆kγ couplings assuming

two different acceptance regions, 0.008< ξ <0.2 (left) and 0.008< ξ <0.5 (right) and

considering the IL corresponds to 300 fb−1.

It is obvious that in the higher acceptance regions the sensitivity of the process to

the anomalous parameters especially λγ improve as the main contribution of the signal

– 21 –



J
H
E
P
0
7
(
2
0
2
0
)
1
9
1

(L = 300 fb−1,
√
s = 13 TeV)

aTGCs 0.008< ξ <0.2 0.008< ξ <0.5

λγ
68% C.L. [-0.019,0.019] 68% C.L. [-0.006,0.006]

95% C.L. [-0.032,0.032] 95% C.L. [-0.011,0.011,]

∆κγ
68% C.L. [-0.16,0.15] 68% C.L. [-0.17,0.16]

95% C.L. [-0.26,0.25] 95% C.L. [0.30,0.29]

Table 6. 68% and 95% C.L expected limit on the λγ and ∆kγ couplings assuming two different

acceptances, 0.008< ξ <0.2 and 0.008< ξ <0.5, considering the IL corresponds to 300 fb−1.
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Figure 11. The cross sections of pp → pW+W−γp as a function of four dimension-8 anomalous

QGCs at proton-proton center-of-mass energy of 13 TeV.

from this parameter appears at the high proton missing mass region. The one-dimensional

68% and 95% C.L. expected limits on these parameters are presented in table 6 for both

acceptance scenarios. It should be mentioned that since the ∆κγ contribution to the

W+W−γ CEP only increases the normalization of the SM, therefore, expected sensitivity

of this parameter can be improved by lowering the mass cut criterion in table 5. However,

as in general the sensitivity of this process to the coupling∆κγ is not high enough we decide

to keep the same signal region for both couplings.

7.3 Quartic gauge boson couplings

In this section, we examine the sensitivity of this process to the aQGCs arising from

dimension-8 effective operators. It has been shown that the dimension-6 operators could

contribute to both triple and quartic gauge boson couplings [62]. Therefore, the lowest

order of operators which only appear as quartic couplings is dimension-8. Figure 11 shows

the cross sections of W+W−γ CEP as a function of four main new quartic couplings which

give the contribution to this process via effective WWγγ vertex.
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Figure 12. Two-dimensional 68% and 95% C.L expected allowed regions between fM,1 and fM,0

for acceptance of 0.008< ξ <0.2 (top-left) and 0.008< ξ <0.5 (top-right). Also Two-dimensional

allowed region for fM,3 and fM,2 for acceptance of 0.008< ξ <0.2 (bottom-left) and 0.008< ξ <0.5

(bottom-right) assuming 300 fb−1 IL.

As it can be seen fM,2 and fM,3 have strong dependency to the cross section and

are expected to give tighter constraints comparing to the fM,0 and fM,1. Again in this

section, we used the signal regions defined in table 5. In the first step, we calculated the

expected 68% and 95% C.L exclusion regions between two couplings for both acceptance

scenarios. Figure 12 depicts these two dimensional allowed regions between fM,1 and fM,0

for acceptance of 0.008< ξ <0.2 (top-left) and 0.008< ξ <0.5 (top-right). The similar

expected exclusion regions between fM,3 and fM,2 couplings for 0.008< ξ <0.2 (bottom-

left) and 0.008< ξ <0.5 (bottom-right) are shown in figure 12.

We also estimate one-dimensional 68% and 95% C.L. expected limits on these anoma-

lous couplings by assuming one coupling as free parameter and the rest couplings are

set to zero. The one-dimensional constraints on aQGCs are presented in table 7. The

one-dimensional reported limit values in table 7 include both acceptance scenarios, also

considering the 300 fb−1 IL.
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68% and 95% Expected limit, (L = 300 fb−1,
√
s = 13 TeV)

dimension-8 aQGC 0.008< ξ <0.2 0.008< ξ <0.5

fM,0/Λ
4( TeV−4)

68% C.L. [-5.7,5.7] 68% C.L.[-1.3,1.3]

95% C.L. [-8.7,8.7] 95% C.L. [-2.0,2.0]

fM,1/Λ
4( TeV−4)

68% C.L. [-21.9,21.9] 68% C.L. [-5.0,5.0]

95% C.L. [-32.8,32.8] 95% C.L. [-7.7,7.7]

fM,2/Λ
4( TeV−4)

68% C.L. [-1.9,1.9] 68% C.L. [-0.5,0.5]

95% C.L. [-3.2,3.2] 95% C.L. [-0.9,0.9]

fM,3/Λ
4( TeV−4)

68% C.L. [-5.0,5.0] 68% C.L. [-1.2,1.2]

95% C.L. [-7.9,7.9] 95% C.L. [-1.9,1.9]

aW0 /Λ
2( TeV−2)

68% C.L. [-1.1,1.1] 68% C.L. [-0.3,0.3]

95% C.L. [-1.8,1.8] 95% C.L. [-0.5,0.5]

aWC /Λ
2( TeV−2)

68% C.L. [-3.3,3.3] 68% C.L. [-0.8,0.8]

95% C.L. [-5.2,5.2] 95% C.L. [-1.2,1.2]

Table 7. 68% and 95% C.L. expected limits on dimension-8 aQGCs assuming only one of them

non-zero while the rest are set to zero. Expected limits on the dimension-6 aQGCs are also presented

from translation of dimension-8 couplings. The limits include both acceptance scenarios and the

300 fb−1 IL.

As it was explained in section 3 due to similar Lorentz structure of dimension-8 and

dimension-6 operators they can be expressed in terms of each other which is shown in

equation (3.5). Using this relation we translated limits on dimension-8 fM,0,2 and fM,1,3

anomalous couplings to the expected limit on dimension-6 aW0 and aWC anomalous cou-

plings which are shown in table 7 for both assumed acceptance regions of protons. In

addition, we calculated the expected allowed two-dimensional regions for aW0 and aWC by

generating the signal sample that includes the simultaneous variation of fM,0,1,2,3 using the

re-weighting approach implemented in the MadGraph5 aMC@NLO package [64, 65]. By scan-

ning the fM,0,1,2,3 simultaneously over 400 points and translation of the expected limit on

the aW0 and aWC we obtain the two-dimensional 68% and 95% C.L. expected limit assuming

the 300 fb−1 IL shown in figure 13 left and right for the acceptance regions of 0.008< ξ <0.2

and 0.008< ξ <0.5, respectively.

8 Summary and remarks

For the first time, the potential of the LHC to measure the CEP of W+W−γ as well as the

sensitivity of this process to the aTGCs and aQGCs, in the fully leptonic decay channel of

W bosons, is explored. In contrast to the small predicted cross section of W+W−γ CEP,

this process is highly sensitive to multiple gauge boson couplings as the tree level diagrams

made of purely gauge bosons.

To assess this goal first the feasibility of the LHC to measure the SM W+W−γ produc-

tion via quasi-real photon-photon scattering is investigated. The detailed understanding
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Figure 13. Two-dimensional 68% and 95% C.L. expected allowed regions of aW0 and aWC for

acceptance of 0.008< ξ <0.2 (left) and 0.008< ξ <0.5 (right), assuming 300 fb−1 IL.

of final state objects both in the central and FDs are essential to distinguish signal process

from the backgrounds. Signal events suffer from two major sources of background that arise

from the other CEP processes with the common final state particles and inclusive processes

which are coincided with the pile-up protons. Therefore, the presence of forward detectors

with high resolution on momentum and arrival time of protons is vital to suppress back-

ground contributions. To preserve the optimum amount of signal also having maximum

rejection of backgrounds we introduce three categories of selection cuts. The first set of cuts

aims to keep the least number of objects needed to reconstruct the signal in the central de-

tector. The second one reflects the acceptance limitations of FDs to tag intact protons. The

final category of cuts benefits from the high kinematical correlation of central final state

objects with the scattered protons detected by the FDs. The first and third type of cuts

are very efficient for other CEP backgrounds such as e+e−γ, µ+µ−γ, τ+τ−γ processes while

all three categories of criterion are useful to reject the inclusive backgrounds which occur

simultaneously with pile-up protons. The contribution of the latter background will grow

as the mean number of pile-up increase in the high luminosity condition of the LHC. We

evaluate the probability of tagging protons on FDs considering the energy acceptance and

time of flight resolution w.r.t. the vast range of mean pile-up scenarios from 10−140. The

obtained probabilities can be used for any other studies aiming to estimate the contribution

of inclusive backgrounds coincides with the pile-up protons. Then we estimate the amount

of data that is needed to have strong evidence of SM predicted W+W−γ central exclusive

process and finally the observation of this process. In the second part, we estimate the

power of this process to probe the aTGCs and aQGCs. In this regard, the W+W−γ CEP

also counts as irreducible background for the signal with anomalous couplings. As these

anomalous couplings usually are emanated from momentum dependent terms in the effec-

tive Lagrangian. Therefore, the selection cuts introduced in the previous part upgraded to

obtain the optimum signal region in the high momentum phase space. To study the new
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Figure 14. Comparison of expected 95% C.L. limit on aTGCs and aQGCs obtained from

γγ →WWγ analysis with center-of-mass energy of 13 TeV with current experimental observed

limits [5, 6, 8–15, 48].

couplings, we consider the Lagrangian based on anomalous coupling approach for aTGCs.

For aQGCs we employ dimension-8 effective terms that contribute to the WWγγ vertex.

Then the expected limits are translated to the two dimension-6 operators contribute to the

aQGCs. The expected 68% and 95% C.L. limit for all anomalous couplings are calculated

individually. The two-dimensional limits are also extracted by obtaining the signal yields

when two parameters vary simultaneously. All the limits are expressed in two considered

acceptances of 0.008< ξ <0.2 and 0.008< ξ <0.5 for protons.

We have compared the obtained limits of this analysis with the current experimental

bounds on aTGCs and aQGCs [5, 6, 8–15, 48] which are shown in figure 14. Left-top

plot shows this process is highly sensitive to the λγ while right-top plot indicates the ob-
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tained limits on ∆κγ are not competitive to the current bounds. This is partly because

the high invariant mass cuts define the signal region while the ∆κγ coupling only alters

the normalization of the SM process. Regarding the aQGCs, this analysis shows very good

sensitivity to these couplings as it is obvious from left-middle, right-middle, left-bottom,

and right-bottom plots which compare the expected limits on the fM,0,1,2,3 to the current

experimental observed limits by the CMS and ATLAS experiments, respectively. These

plots show using γγ →W+W−γ process one could obtain considerable improvement, espe-

cially on fM,2 and fM,3 couplings. Also, sensitivity on all four couplings is competitive with

the inclusive γγ → W+W− process measured by the CMS experiment [48]. In summary,

this study shows the W+W−γ CEP is very effective to probe the aQGCs and could be

used by the current LHC experiments as a sensitive as well as a complementary channel to

probe the multi-gauge boson couplings predicted in the SM.
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[43] T. Corbett, O.J.P. Éboli, J. Gonzalez-Fraile and M.C. Gonzalez-Garcia, Determining Triple

Gauge Boson Couplings from Higgs Data, Phys. Rev. Lett. 111 (2013) 011801

[arXiv:1304.1151] [INSPIRE].

[44] B. Dumont, S. Fichet and G. von Gersdorff, A Bayesian view of the Higgs sector with higher

dimensional operators, JHEP 07 (2013) 065 [arXiv:1304.3369] [INSPIRE].

[45] E. Masso, An Effective Guide to Beyond the Standard Model Physics, JHEP 10 (2014) 128

[arXiv:1406.6376] [INSPIRE].

[46] M. Albrow et al., CMS-TOTEM Precision Proton Spectrometer, Tech. Rep.

CERN-LHCC-2014-021; TOTEM-TDR-003. CMS-TDR-13 (2014).

[47] AFP collaboration, The ATLAS Forward Proton Detector (AFP), Nucl. Part. Phys. Proc.

273-275 (2016) 1180 [INSPIRE].

[48] CMS collaboration, Evidence for exclusive γγ →W+W− production and constraints on

anomalous quartic gauge couplings in pp collisions at
√
s = 7 and 8 TeV, JHEP 08 (2016)

119 [arXiv:1604.04464] [INSPIRE].

[49] ATLAS collaboration, Measurement of exclusive γγ →W+W− production and search for

exclusive Higgs boson production in pp collisions at
√
s = 8 TeV using the ATLAS detector,

Phys. Rev. D 94 (2016) 032011 [arXiv:1607.03745] [INSPIRE].

[50] CMS collaboration, Study of Exclusive Two-Photon Production of W+W− in pp Collisions

at
√
s = 7 TeV and Constraints on Anomalous Quartic Gauge Couplings, JHEP 07 (2013)

116 [arXiv:1305.5596] [INSPIRE].
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