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Abstract. We present the photon induced processes leading to intact protons at the final state that can be studied

at the LHC. We give the cross section predicted by the standard model for W and photon pair production. The

study of these processes lead to unprecedented sensitivities on quartic anomalous couplings between photons

and W, Z bosons, reaching the values expected for extra dimension models.

In this short report, we discuss some potential mea-

surements to be performed using proton tagging detectors

at the LHC. The main motivation is to explore rare events,

searching for beyond standard model physics such as quar-

tic anomalous couplings between photons and W/Z bosons

and photons. We assume in the following intact protons to

be tagged in dedicated detectors located at about 210 m for

ATLAS (220 m for CMS) as described in Ref. [1].

In the first part of this report, we discuss the Standard

Model (SM) production of W and γ pairs at the LHC via

photon exchanges. In the second, third and fourth sections,

we discuss the sensitivities of these processes to quartic

gauge anomalous couplings.

1 Standard Model exclusive γγ, WW and
ZZ production

1.1 Standard Model exclusive γγ production at the
LHC: Photon and gluon induced processes

In Fig. 1 and 2, we show the leading processes produc-

ing two photons and two intact protons in the final state

as an example. The first diagram (Fig. 1) corresponds to

exclusive QCD di-photon production via gluon exchanges

(the second gluon ensures that the exchange is colorless

leading to intact protons in the final state) and the second

one (Fig. 2) via photon exchanges, It is worth noticing that

quark, lepton and W loops need to be considered in or-

der to get the correct SM cross section for di-photon pro-

duction, as shown in Fig 2. The QCD induced processes

from the Khoze Martin Ryskin model are dominant at low

masses whereas the photon induced ones (QED processes)

dominate at higher di-photon masses [2]. It is very impor-

tant to notice that the W loop contribution dominates at

high di-photon masses [3–5] whereas this contribution is

omitted in most studies. We included those processes in

the Forward Physics Monte Carlo generator (FPMC) [6],
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which is as far as we know the first MC to include all of

them in a single framework.

1.2 Standard Model WW and ZZ production

In the standard model of particle physics, the couplings of

fermions and gauge bosons are constrained by the gauge

symmetries of the Lagrangian. The measurement of W
and Z boson pair productions via the exchange of two pho-

tons allows to provide directly stringent tests of one of the

most important and least understood mechanism in parti-

cle physics, namely the electroweak symmetry breaking.

In the pure SM, ZZ production is forbidden and its obser-

vation would be a direct sign of new physics.

The process that we study is the W/Z pair produc-

tion induced by the exchange of two photons [7]. It is a

pure QED process in which the decay products of the W/Z
bosons are measured in the central detector and the scat-

tered protons leave intact in the beam pipe at very small

angles and are detected in AFP or CT-PPS. All these pro-

cesses as well as the different diffractive backgrounds were

implemented in the FPMC Monte Carlo [6].

After simple cuts to select exclusive W pairs decay-

ing into leptons, such as a cut on the proton momentum

loss of the proton (0.0015 < ξ < 0.15) — which repre-

sent the acceptance of the AFP or CT-PPS detectors at 210

and 420 m — on the transverse momentum of the leading

and second leading leptons at 25 and 10 GeV respectively,

on �ET > 20 GeV, Δφ > 2.7 between leading leptons, and

160 < W < 500 GeV, W being the diffractive mass re-

constructed using the forward detectors, the background is

found to be less than 1.7 event for 30 fb−1 for a SM signal

of 51 events [7].

2 Quartic WW and ZZ anomalous
couplings

In this section, we discuss the quartic γγWW and γγZZ
anomalous couplings (the trilinear couplings were dis-

cussed in Ref. [8]). The parameterization of the quartic
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Figure 1. di-photon QCD exclusive production (left) and di-photon production via photon exchanges (right) at the lowest order of

perturbation theory.
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Figure 2. Integrated cross sections of the different exclusive di-photon processes with intact protons at the 13 TeV LHC, plotted against

the required minimum di-photon mass. Both photons are required to have a transverse momentum above 10 GeV.

couplings developped in Ref. [9] is adopted. The cuts to

select quartic anomalous gauge couplings WW events are

similar as the ones we mentioned in the previous section,

namely 0.0015 < ξ < 0.15 for the tagged protons corre-

sponding to the AFP or CT-PPS detector at 210 and 420 m,

�ET > 20 GeV, Δφ < 3.13 between the two leptons. In ad-

dition, a cut on the pT of the leading lepton pT > 160 GeV

and on the diffractive mass W > 800 GeV are requested

since anomalous coupling events appear at high mass. Af-

ter these requirements, we expect about 0.7 background

events for an expected signal of 17 events if the anoma-

lous couplings is about four orders of magnitude lower

than the present LEP limit [10] (|aW
0
/Λ2| = 5.4 10−6) or

two orders of magnitude lower with respect to the D0 and

CDF limits [11] for a luminosity of 30 fb−1. The strat-

egy to select anomalous couplings ZZ events is analogous

and the presence of three leptons or two same sign lep-

tons are requested. Table 1 gives the reach on anomalous

couplings at the LHC for luminosities of 30 and 200 fb−1

compared to the present OPAL limits from the LEP accel-

erator [10]. More recent limits were published recently by

the D0 and CMS collaborations [11] on aW
0

and aW
C , and

they are respectively 1.5 10−4 and 5 10−4 from CMS with

a form factor of 500 GeV. D0 limits are lower.

With the new predicted sensitivity it is possible to

reach the values expected in extra dimension models. The

tagging of the protons using the ATLAS Forward Physics

detectors is the only method at present to test so small val-

ues of quartic anomalous couplings.

The search for quartic anomalous couplings between

γ and W bosons was performed again after a full simu-

lation of the ATLAS detector including pile up [12] as-

suming the protons to be tagged in AFP or CT-PPS [1] at

210 m only. Integrated luminosities of 40 and 300 fb−1

with, respectively, 23 or 46 average pile up events per

beam crossing have been considered. In order to reduce

the background, each W is assumed to decay leptonically

(note that the semi-leptonic case in under study). The full

list of background processes used for the ATLAS measure-

ment of Standard Model WW cross-section was simulated,

namely tt̄, WW, WZ, ZZ, W+jets, Drell-Yan and single top

events. In addition, the additional diffractive backgrounds

mentioned in the previous paragraph were also simulated,

The requirement of the presence of at least one proton on

each side of AFP or CT-PPS within a time window of 10

ps allows us to reduce the background by a factor of about

200 (50) for μ = 23 (46). The pT of the leading lepton

originating from the leptonic decay of the W bosons is re-

quired to be pT > 150 GeV, and that of the next-to-leading

lepton pT > 20 GeV. Additional requirement of the di-

lepton mass to be above 300 GeV allows us to remove

most of the di-boson events. Since only leptonic decays

of the W bosons are considered, we require in addition

less than 3 tracks associated to the primary vertex, which

allows us to reject a large fraction of the non-diffractive

backgrounds (e.g. tt̄, di-boson productions, W+jet, etc.)

since they show much higher track multiplicities. Remain-

ing Drell-Yan and QED backgrounds are suppressed by re-
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Couplings OPAL limits Sensitivity @ L = 30 (200) fb−1

[GeV−2] 5σ 95% CL

aW
0
/Λ2 [-0.020, 0.020] 5.4 10−6 2.6 10−6

(2.7 10−6) (1.4 10−6)

aW
C /Λ

2 [-0.052, 0.037] 2.0 10−5 9.4 10−6

(9.6 10−6) (5.2 10−6)

aZ
0/Λ

2 [-0.007, 0.023] 1.4 10−5 6.4 10−6

(5.5 10−6) (2.5 10−6)

aZ
C/Λ

2 [-0.029, 0.029] 5.2 10−5 2.4 10−5

(2.0 10−5) (9.2 10−6)

quiring the difference in azimuthal angle between the two

leptons Δφ < 3.1. After these requirements, a similar sen-

sitivity with respect to fast simulation without pile up was

obtained.

3 Quartic photon anomalous couplings

3.1 Theretical motivations

In this section, four-photon (4γ) interactions through di-

photon production via photon fusion with intact outgoing

protons are considered. In the assumption of a new physics

mass scale Λ heavier than experimentally accessible en-

ergy E, all new physics manifestations can be described

using an effective Lagrangian valid for Λ � E. Among

these operators, the pure photon dimension-eight opera-

tors

L4γ = ζ
γ
1

FμνFμνFρσFρσ + ζγ
2

FμνFνρFρλFλμ (1)

can induce the γγγγ process, highly suppressed in the

SM [3, 13]. We discuss here possible new physics con-

tributions to ζ
γ
1,2 that can be probed and discovered at the

LHC using the forward proton detectors.

Loops of heavy charged particles contribute to the 4γ
couplings [3, 13] as ζ

γ
i = α

2
emQ4 m−4 N ci,s, where c1,s is

related to the spin of the heavy particle of mass m run-

ning in the loop and Q its electric charge. The factor N
counts all additional multiplicities such as color or flavor.

These couplings scale as ∼ Q4 and are enhanced in pres-

ence of particles with large charges. For example, cer-

tain light composite fermions, characteristic of compos-

ite Higgs models, have typically electric charges of sev-

eral units. For a 500 GeV vector (fermion) resonance with

Q = 3 (4), large couplings ζ
γ
i of the order of 10−13 − 10−14

GeV−4 can be reached.

Beyond perturbative contributions to ζ
γ
i from charged

particles, non-renormalizable interactions of neutral par-

ticles are also present in common extensions of the SM.

Such theories can contain scalar, pseudo-scalar and spin-

2 resonances that couple to the photon and generate the

4γ couplings by tree-level exchange as ζ
γ
i = ( fs m)−2 di,s,

where d1,s is related to the spin of the particle. Strongly-

coupled conformal extensions of the SM contain a scalar

particle (s = 0+), the dilaton. Even a 2 TeV dilaton can

produce a sizable effective photon interaction, ζ
γ
1
∼ 10−13

GeV−4. These features are reproduced at large number of

colors by the gauge-gravity correspondence in a warped

extra dimension. Warped-extra dimensions also feature

Kaluza-Klein (KK) gravitons [14], that can induce anoma-

lous couplings [13]

ζ
γ
i =

κ2

8k̃4
di,2 , (2)

where k̃ is the IR scale that determines the first KK gravi-

ton mass and κ is a parameter that can be taken O(1). For

κ ∼ 1, and m2 � 6 TeV, the photon vertex can easily exceed

ζ
γ
2
∼ 10−14 GeV−4.

3.2 Experimental sensitivity to quartic four photon
couplings

As we mentionned already, the γγγγ process (Fig. 2) can

be probed via the detection of two intact protons in the

forward proton detectors and two energetic photons in

the corresponding electromagnetic calorimeters. The SM

cross section of di-photon production with intact protons

is dominated by the QED process at high di-photon mass

— and not by gluon exchanges — and is thus very well

known.

As mentioned in Ref. [15], the photon identification ef-

ficiency is expected to be around 75% for pT > 100 GeV,

with jet rejection factors exceeding 4000 even at high pile

up (>100). In addition, about 1% of the electrons are mis-

identified as photons. These numbers are used in the phe-

nomenological study presented below.

As for the previous studies, the anomalous γγγγ pro-

cess has been implemented in the Forward Physics Monte

Carlo (FPMC) generator [6]. The FPMC generator was

also used to simulate the background processes giving rise

to two intact protons accompanied by two photons, elec-

trons or jets that can mimic the photon signal. Those in-

clude exclusive SM production of γγγγ via lepton and

quark boxes and γγ → e+e−. The central exclusive

production of γγ via two-gluon exchange, not present in

FPMC, was simulated using ExHuME [16]. This series of

backgrounds is called “Exclusive" in Table 2 and Fig. 3, 4.
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Table 1. Reach on anomalous couplings obtained in γ induced processes after tagging the protons in AFP or CT-PPS compared to the

present OPAL limits. The 5σ discovery and 95% C.L. limits are given for a luminosity of 30 and 200 fb−1 [7]
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Figure 3. Di-photon invariant mass distribution for the signal (ζ1 = 10−12, 10−13 Gev−4, see Eq. 1) and for the backgrounds (dominated

by γγ with protons from pile up), requesting two protons in the forward detectors and two photons of pT > 50 GeV with at least one

converted photon in the central detector, for a luminosity of 300 fb−1 and an average pile up of μ = 50.

Table 2. Number of signal (for a baseline coupling of GeV−4) and background events after various selections for an integrated

luminosity of 300 fb−1 and μ = 50 at
√

s = 14 TeV. At least one converted photon is required. The standard cuts correspond to the

AFP or CT-PPS acceptance (0.015 < ξ < 0.15) and the request of the photon pT to be above 50 GeV.

Cut / Process Signal Excl. DPE e+e−, dijet γγ +

+ pile up pile-up

standard 20.8 3.7 48.2 2.8 · 104 1.0 · 105

pT1 > 200GeV, pT2 > 100 GeV 17.6 0.2 0.2 1.6 2968

mγγ > 600 GeV 16.6 0.1 0 0.2 1023

pT2/pT1 > 0.95, |Δφ| > π − 0.01 16.2 0.1 0 0 80.2√
ξ1ξ2 s = mγγ ± 3% 15.7 0.1 0 0 2.8

|yγγ − ypp| < 0.03 15.1 0.1 0 0 0

FPMC was also used to produce γγ, Higgs to γγ and di-

jet productions via double pomeron exchange (called DPE

background in Table 2 and Fig. 3). Such backgrounds tend

to be softer than the signal and can be suppressed with re-

quirements on the transverse momenta of the photons and

the di-photon invariant mass. In addition, the final-state

photons of the signal are typically back-to-back and have

about the same transverse momenta. Requiring a large az-

imuthal angle |Δφ| > π−0.01 between the two photons and

a ratio pT,2/pT,1 > 0.95 greatly reduces the contribution of

non-exclusive processes.

Additional background processes include the quark

and gluon-initiated production of two photons, two jets

and Drell-Yan processes leading to two electrons. The

two intact protons arise from pile up interactions (these

backgrounds are called γγ + pile up and e+e−, dijet + pile-

up in Table 2). These events were produced using HER-

WIG [17] and PYTHIA [18]. The pile up background is

further suppressed by requiring the proton missing invari-

ant mass to match the di-photon invariant mass within the

expected resolution and the di-photon system rapidity and

the rapidity of the two protons to be similar.

The number of expected signal and background events

passing respective selections is shown in Table 2 for an

integrated luminosity of 300 fb−1 and for a center-of-mass

energy of 14 TeV. Exploiting the full event kinematics with

the forward proton detectors allows to completely suppress

the background with a signal selection efficiency after the

acceptance cuts exceeding 70%. Tagging the protons is ab-

solutely needed to suppress the γγ + pile up events. Fur-

ther background reduction is even possible by requiring

the photons and the protons to originate from the same ver-

tex that provides an additional rejection factor of 40 for 50

pile up interactions, showing the large margin on the back-

ground suppression. A similar study at a higher pile up of

200 was performed and led to a very small background.

The sensitivities on photon quartic anomalous couplings

are given in Table 3. The sensitivity extends up to 7 ·10−15

GeV−4, allowing us to probe further the models of new

physics described above.

If discovered at the LHC, γγγγ quartic anomalous

couplings would be a major discovery which could be re-

lated to the existence of extra dimensions in the universe.

In addition, it might be inveestigated if there could be

a link with some experiments in atomic physics. As an

example, the Aspect photon correlation experiments [19]

might be interpreted via the existence of extra dimensions.

Photons could communicate through extra dimensions and

the deterministic interpretation of Einstein for these exper-

iments might be true if such anomalous couplings exist.

From the point of view of atomic physics, the results of

the Aspect experiments would depend on the distance of
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Figure 4. Di-photon to missing proton mass ratio (left) and rapidity difference (right) distributions for signal considering two different

coupling values (10−12 and 10−13 GeV−4, see Eq. 1) and for backgrounds after requirements on photon pT , di-photon invariant mass,

pT ratio between the two photons and on the angle between the two photons. At least one converted photon is required. The integrated

luminosity is 300 fb−1 and the average pile up is μ = 50.

Table 3. 5σ discovery and 95% CL exclusion limits on ζ1 and ζ2 couplings in GeV−4 (see Eq. 1) with and without form factor (f.f.)

with Λ′=1 TeV, requesting at least one converted photon (≥ 1 conv. γ) or not (all γ). All sensitivities are given for 300 fb−1 and μ = 50

pile up events (medium luminosity LHC) except for the numbers of the last column which are given for 3000 fb−1 and μ = 200 pile up

events (high luminosity LHC) where we do not request converted photons in the case of ATLAS.

Luminosity 300 fb−1 300 fb−1 300 fb−1 3000 fb−1

pile up (μ) 50 50 50 200

coupling ≥ 1 conv. γ ≥ 1 conv. γ all γ all γ
(GeV−4) 5 σ 95% CL 95% CL 95% CL

ζ1 f.f. 1. · 10−13 9. · 10−14 5. · 10−14 2.5 · 10−14

ζ1 no f.f. 3.5 · 10−14 2.5 · 10−14 1.5 · 10−14 7. · 10−15

ζ2 f.f. 2.5 · 10−13 1.5 · 10−13 1. · 10−13 4.5 · 10−14

ζ2 no f.f. 7.5 · 10−14 5.5 · 10−14 3. · 10−14 1.5 · 10−14

the two photon sources. Furthermore, extra dimensions

might be relevant also for the fast expansion of the uni-

verse within inflation models.

4 Conclusion

In this short report, we detailled the interest of tagging

the intact protons to study in detail WW, ZZ and γγ pro-

ductions via photon exchanges. Uprecedented sensitivities

can be achieved at the LHC in the CMS-TOTEM and AT-

LAS experiments on quartic anomalous gauge couplings,

especially on γγγγ couplings, which lead to one of the

best sensitivity on extra dimensions at the LHC.
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