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The sensitivities to anomalous quartic photon couplings at the Large Hadron Collider are estimated using

diphoton production via photon fusion. The tagging of the protons proves to be a very powerful tool to

suppress the background and unprecedented sensitivities down to 7 × 10−15 GeV−4 are obtained, providing

a new window on extra dimensions and strongly interacting composite states in the multi-TeV range.

Generic contributions to quartic photon couplings from charged and neutral particles with arbitrary spin are

also presented.
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Several major experimental and conceptual facts, like the

overwhelming evidence for dark matter or the gauge-

hierarchy problem, point towards the existence of new

physics beyond the Standard Model (SM) at a scale

relatively close to the electroweak scale. In spite of natu-

ralness arguments, this paradigm of a TeV-scale new physics

is challenged by both direct searches at the Large Hadron

Collider (LHC) and by indirect measurements like the Large

Electron Positron (LEP) electroweak precision tests. In the

scenario of new physics out of reach from direct observation

at the LHC, one may expect that the first manifestations show

up in precision measurements of the SM properties. Such

powerful precision tests are already well advanced in the

electroweak and flavor sectors of theSM, anddistortions of the

newly discovered Higgs sector are also being scrutinized.

However, another sector of the SM can be tested with high

precision at the LHC, the one of pure gauge interactions.

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

diphoton production via photon fusion with intact outgoing

protons are considered (Fig. 1). Interactions between pho-

tons and Z, W bosons in a similar case have already been

studied [1]. The only existing direct limits on 4γ interactions

originate from low energy laser experiments [2]. The study

of this process in LHC proton-proton collisions at center-of-

mass energy of
ffiffiffi

s
p ¼ 14 TeV will benefit from the new

forward proton detectors considered in the ATLAS and

CMS/TOTEM experiments [3]. We first provide the generic

new physics contributions to the 4γ couplings and point out

sizable contributions from strongly coupled and warped-

extra dimension scenarios. The sensitivities of the upgrades

of the ATLAS and CMS/TOTEM experiments are then

given including all backgrounds.

In the assumption of a new physics mass scale Λ heavier

than experimentally accessible energy E, all new physics

manifestations can be described using an effective

Lagrangian valid for Λ ≫ E. Among these operators, the

pure photon dimension-eight operators

L4γ ¼ ζ
γ
1
FμνF

μνFρσF
ρσ þ ζ

γ
2
FμνF

νρFρλF
λμ ð1Þ

can induce the γγ → γγ process, highly suppressed in the

SM [4,5]. We discuss here possible new physics contribu-

tions to ζ
γ
1;2 that can be probed and discovered at the LHC

using the forward proton detectors. For the first time, we

provide the complete list of contributions to ζ1;2 from

particles with arbitrary quantum numbers, at both tree and

loop level. This parametrization is useful for the study of a

broad class of models. We also derive the predictions from

present models, finding large contributions from warped

Kaluza Klein (KK) gravitons [6] and from the strongly

interacting radion/dilaton [7].

Loops of heavy charged particles contribute to the 4γ

couplings [4] as ζ
γ
i ¼ α2emQ

4m−4Nci;s, where

c1;s ¼

8

>
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>

>

:

1

288
s ¼ 0

−
1

36
s ¼ 1

2

−
5

32
s ¼ 1

; c2;s ¼

8

>

>

<

>

>

:

1

360
s ¼ 0

7

90
s ¼ 1

2

27

40
s ¼ 1

ð2Þ

where s denotes the spin of the heavy particle of mass m
running in the loop and Q its electric charge. The factor N
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counts all additional multiplicities such as color or flavor.

These couplings scale as ∼Q4 and are enhanced in presence

of particles with large charges. For example, certain light

composite fermions, characteristic of composite Higgs

models, have typically electric charges of several units [4].

For a 500 GeV vector (fermion) resonance with Q ¼ 3ð4Þ,
large couplings ζ

γ
i of the order of10

−13−10−14 GeV−4 can be

reached.

Beyond perturbative contributions to ζ
γ
i from charged

particles, nonrenormalizable interactions of neutral par-

ticles are also present in common extensions of the SM.

Such theories can contain scalar, pseudoscalar and spin-2

resonances, respectively denoted φ, ~φ, hμν, that couple to

the photon as

Lγγ ¼ f−1
0þφðFμνÞ2 þ f−1

0−
~φFμνFρλϵ

μνρλ

þ f−1
2
hμνð−FμρF

ρ
ν þ ημνðFρλÞ2=4Þ; ð3Þ

and generate the 4γ couplings by tree-level exchange as

ζ
γ
i ¼ ðfsmÞ−2di;s, where

d1;s ¼

8

>

>

<

>

>

:

1

2
s ¼ 0þ

−4 s ¼ 0−

−
1

8
s ¼ 2

; d2;s ¼

8

>

>

<

>

>

:

0 s ¼ 0þ

8 s ¼ 0−

1

2
s ¼ 2

. ð4Þ

Strongly coupled conformal extensions of the SM

contain a scalar particle (s ¼ 0þ), the dilaton. In the case

of small explicit conformal breaking, the dilaton is light and

couples only weakly to the photon, f−1φ ≪ m−1
φ . However, a

more natural situation occurs when explicit conformal

breaking is large [7–9], in which case the dilaton has a

mass comparable to the other resonances of the theory and

can be much more strongly coupled f−1φ ∼ π=mφ, as long as

photons are mostly composite. In this case, even a 2 TeV

dilaton can produce a sizable effective photon interac-

tion, 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. The dilaton is identified as the radion, and a

mainly composite photon corresponds to a large infrared

(IR) brane kinetic term. Warped-extra dimensions also

feature KK gravitons [6]. These are interpreted as spin-2

resonances in the gauge theory. A mostly elementary

photon does not yield a sizeable coupling. However, a

mostly composite one couples more strongly to the KK

fields, in that case the whole set of KK modes induces [4]

ζ
γ
i ¼

κ2

8~k4
di;2; ð5Þ

where ~k is the IR scale that determines the first KK graviton

mass as m2 ¼ 3.83~k, and κ is a parameter that can be taken

Oð1Þ. For κ ∼ 1, and m2 ≲ 6 TeV, the photon vertex can

easily exceed ζ
γ
2
∼ 10−14 GeV−4.

Present searches for warped-extra dimensions at the

LHC in the diphoton channel have been mainly performed

in looking for resonances in the diphoton mass spectrum,

which leads to the best present limits at low κ [10]. At high

κ, the narrow-width approximation for warped KK grav-

itons breaks down, such that the excess is more difficult to

detect. In contrast, this is precisely in the high-κ regime that

the warped-extra dimension searches through 4γ vertices

are the more competitive, as the effective operators are valid

for arbitrary large κ. Both type of searches are therefore

complementary.

Since we deal with nonrenormalizable couplings pertur-

bative unitarity (and effective field theory) breaks down at

some scale Λ0. This can partially be avoided by using full

amplitudes, but even then some couplings (such as the

dilaton coupling f−1φ ) grow with energy. Whenever the

scale Λ0 falls below the detector acceptance a form factor

1=ð1þ ðmγγ=Λ
0Þ4Þ is applied to mimic the effects that

restore unitarity [5]. However, for completeness sensitivities

with Λ0 ¼ 1 TeV are quoted. The form factor is only

required for light new physics states of mass ≤ 2 TeV

(1 TeV) for states contributing at tree level (loop level). For

heavier masses the experimentally achievable center-of-

mass energies lie below the one for single (pair) production

of the new particles, and effective field theory is valid. In

many cases such a form factor is not necessary (for instance,

when the new particles have a large enough mass).

The γγ → γγ process (Fig. 1) can be probed via the

detection of two intact protons in the forward proton

detectors proposed by the ATLAS and CMS [3]

Collaborations, and two energetic photons in the corre-

sponding electromagnetic calorimeters [11,12]. The for-

ward detectors are expected to be located symmetrically at

about 210 m from the main interaction point and cover the

range 0.015 < ξ < 0.15, where ξ is the fractional proton

momentum loss. The time of flight of the scattered proton

can be measured with a precision of∼10 ps that allows us to

determine the production point of the protonswithin 2.1mm

inside ATLAS/CMS and to check if they originate from the

same scattering vertex as the two photons. It is worth

noticing that the SM cross section of diphoton production

FIG. 1. Diphoton production via photon fusion sensitive to 4γ

anomalous couplings. Both protons are intact in the final state.
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with intact protons is dominated by the QED process at high

diphoton mass—and not by gluon exchanges—and is thus

very well known. If the protons are not intact, the two-

photon quasielastic diphoton production with large theo-

retical uncertainties needs to be considered [13], leading to

a large uncertainty in the background determination. In

the present case, any deviation from the standard model

prediction will be a sign of beyond SM effects.

The electromagnetic calorimeters cover the pseudorapid-

ity range jηj≲ 2.5 and provide excellent resolution in terms

of energy (< 1% at transverse momenta pT > 100 GeV)

and position (0.001 in η and 1mrad in the azimuthal angleϕ)

for photons with pT ranging from fewGeV to few TeV [14].

A fraction of the photons (∼15%–30%) converts to electron-

positron pairs in the region instrumented with silicon

tracking detectors. The reconstruction of at least one

conversion allows us to locate the photon production point

with submillimeter accuracy and, when combined with the

information from the proton detectors, constrains the full

event kinematics. This is extremely powerful to reject

backgroundswith real or fake photons from a hard scattering

process and protons coming from additional interactions

occurring in the same or neighboring bunch crossings

(pileup). The average number of multiple proton-proton

collisions per bunch crossing is denoted as μ in the

following. In the case of theATLAS detector, the production

point of the photons can be determined within ∼15 mm

exploiting the longitudinal segmentation of the ATLAS

calorimeter [15]. Consequently, an alternative scenario with

no converted photons is also considered.

According to Ref. [16], even in the presence of more than

100 pileup interactions, the photon identification efficiency

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

rejection factors exceeding 4000. In addition, about 1% of

the electrons are misidentified as photons. These numbers

are used in the phenomenological study presented below.

The anomalous γγ → γγ process has been implemented

in the Forward Physics Monte Carlo (FPMC) generator

[17] that aims at providing a variety of diffractive and

photon-induced processes in a common framework, includ-

ing a survival probability of 0.9. This factor is necessary

to take into account the possibility of additional soft

interactions occurring between the two intact protons.

The FPMC generator was used to simulate the signal

and background processes giving rise to two intact protons

accompanied by two photons, electrons or jets that can

mimic the photon signal. Those include exclusive SM

production of γγ → γγ via lepton and quark boxes and

γγ → eþe−. The central exclusive production of γγ via two-
gluon exchange, not present in FPMC, was simulated using

ExHuME [18]. This series of backgrounds is called

“Exclusive” in Table I and Figs. 2, 3. FPMC was also

used to produce γγ, Higgs to γγ and dijet productions via

double pomeron exchange (called DPE background in

Table I and Fig. 2). Such backgrounds tend to be softer

than the signal and can be suppressed with requirements on

the transverse momenta of the photons (pT1 > 200 GeV

for the leading and pT2 > 100 GeV for the subleading

photons, respectively) and the diphoton invariant mass

(mγγ > 600 GeV), as shown in Fig. 2. The shape of the

signal distribution is similar for ζ2 with a different

normalization. In addition, the final-state photons of the

signal are typically back to back and have about the same

transverse momenta. Requiring a large azimuthal angle

jΔϕj > π − 0.01 between the two photons and a ratio

pT2=pT1 > 0.95 greatly reduces the contribution of non-

exclusive processes.

TABLE I. Number of signal (for ζ1 ¼ 2 × 10−13 GeV−4) and background events after various selections for an integrated luminosity

of 300 fb−1 and μ ¼ 50 at
ffiffiffi

s
p ¼ 14 TeV. At least one converted photon is required. Excl. stands for exclusive backgrounds and DPE for

double pomeron exchange backgrounds (see text).

Cut/process Signal Excl. DPE eþe−, dijetþ pileup γγ þ pileup

0.015 < ξ < 0.15, pT1;2 > 50 GeV 20.8 3.7 48.2 2.8 × 104 1.0 × 105

pT1 > 200 GeV, 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, jΔϕj > π − 0.01 16.2 0.1 0 0 80.2
ffiffiffiffiffiffiffiffiffiffiffi

ξ1ξ2s
p ¼ mγγ � 3% 15.7 0.1 0 0 2.8

jyγγ − yppj < 0.03 15.1 0.1 0 0 0

 (GeV)γγm
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FIG. 2 (color online). Diphoton invariant mass distribution for

the signal [ζ1 ¼ 10−12, 10−13 GeV−4, see Eq. (1)] and for the

backgrounds (dominated by γγ with protons from pileup),

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 pileup of

μ ¼ 50. Excl. stands for exclusive backgrounds and DPE for

double pomeron exchange backgrounds (see text).
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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 pileup interactions (these backgrounds

are called γγ þ pileup and eþe−, dijetþ pileup in Table I).

The hard scattering processes are simulatedwith theHERWIG

6.5 [19] generatorwhile the pileup interactions are simulated

by PYTHIA8 [20]. The probability to detect at least one proton

in each of the two forward detectors is estimated to be 32%,

66% and 93% for 50, 100 and 200 additional interactions,

respectively. The pileup background is further suppressed

by requiring the proton missing invariant mass to match

the diphoton invariant mass within the expected resolution

(mmiss
pp ¼ ffiffiffiffiffiffiffiffiffiffiffi

ξ1ξ2s
p ¼ mγγ � 3%), and the diphoton system

rapidity and the rapidity of the two protons defined as

ypp ¼ 0.5 lnðξ1
ξ2
Þ to be the same within the resolution

(jyγγ − yppj < 0.03), as shown in Fig. 3.

The number of expected signal and background events

passing respective selections is shown in Table I for an

integrated luminosity of 300 fb−1 (≃ 3 years of data taking

at the LHC) and 50 pileup interactions for a center-of-mass

energy of 14 TeV. It is required that at least one photon

converts in the tracker. Gaussian smearings of 1% for the

total energy, 0.001 for the pseudorapidity and 1 mrad for

the azimuthal angle are applied to each photon. Exploiting

the full event kinematics with the forward proton detectors

allows us to completely suppress the background with a

signal selection efficiency after the acceptance cuts exceed-

ing 70%. Tagging the protons is absolutely needed to

suppress the γγ þ pileup events. Further background reduc-

tion is even possible by requiring the photons and the

protons to originate from the same vertex that provides an

additional rejection factor of 40 for 50 pileup interactions,

showing the large margin on the background suppression.

A similar study at a higher pileup of 200 was performed and

led to a negligible background (0.3 expected background

events for300 fb−1), showing the robustness of this analysis.

Moreover, if one relaxes the request of at least one photon to

be converted, the signal is increased by a factor 3 to 4. The

sensitivities on photon quartic anomalous couplings are

given in Table II for different scenarios corresponding to the

medium luminosity at the LHC (300 fb−1) and the high

luminosity (3000 fb−1 in ATLAS) with and without form

factor. The sensitivity extends up to 7 × 10−15 GeV−4

allowing us to probe further the models of new physics

described above. Using a form factor with higher values of

Λ0 ¼ 2 TeV leads to similar results as without form factors.

In this article, the sensitivities to quartic photon cou-

plings at the LHC, obtained by measuring the photons in

the central CMS and ATLAS detectors and the intact

protons in dedicated forward proton detectors, are esti-

mated. For the first time, sensitivities on anomalous quartic

couplings are large enough to probe models of new physics.

The imprint of warped KK gravitons and of a strongly

coupled dilaton can be discovered in the multi-TeV range.

Also, a generic 500 GeV fermion (vector) resonance can be

probed for electric charge Q≳ 4 ð3Þ via loop effects. The

analysis greatly benefits from the kinematical constraints

from the photon and proton measurements, which allows us

to obtain negligible backgrounds.
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FIG. 3 (color online). Diphoton 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, diphoton

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 pileup is μ ¼ 50.

TABLE II. 5σ discovery and 95% C.L. exclusion limits on ζ1
and ζ2 couplings in GeV−4 [see Eq. (1)] with and without form

factor (f.f.) with Λ0 ¼ 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 ¼ 50 pileup events (medium luminosity LHC)

except for the numbers of the last column which are given for

3000 fb−1 and μ ¼ 200 pileup 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

Pileup (μ) 50 50 50 200

Coupling ≥1 conv γ ≥1 conv γ all γ all γ

(GeV−4) 5σ 95% C.L. 95% C.L. 95% C.L.

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
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