Light-by-light scattering, a new process for potential
discoveries at the Large Hadron Collider
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The scheduled installation of forward proton detectors at the Large Hadron Collider (LHC) nearby
the CMS and ATLAS experiments will provide an unprecedented opportunity to measure the
light-by-light scattering with very good precision by taking advantage of the coherent photon flux
emitted by the protons. The detection of the intact protons allows to reconstruct the full kinematics
of the event, which is found to be very powerful to reject background. It is then possible to probe
four photon anomalous couplings (4γ) with an excellent accuracy whereas very few constraints
on those couplings exist at the moment. First, the Standard Model production is examined and
then model-independent bounds on generic massive charged particles are derived based on the full
statistics of proton-proton collisions expected at the LHC. We also discuss the sensitivity to new
neutral particles by using an effective field theory approach and claim they could be discovered
for masses in the multi-TeV range.
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1. Motivations for a light-by-light scattering measurement at the Large Hadron
Collider

Figure 1: Exclusive di-photon production via light-by-light scattering as predicted in the Standard Model
through quark, lepton or W boson loop (left) and possible contributions from higher dimension operators Oi
(right).

We show on purpose the peculiar case where the two initial-state photons are emitted coherently from the whole protons, so that the protons have high chances to stay intact after interaction [4, 5]. They can then be detected in dedicated forward proton detectors, planned to be installed
in 2016-2017 on both sides of the two multi-purpose detectors at the LHC, ie. the ATLAS and
CMS-TOTEM experiments [6, 7]. A sketch of one of the forward proton detectors and its future
location with respect to the interaction point (IP) is shown in Figure 2 (left). A similar station will
be located on the opposite side of the ATLAS and CMS IPs. The forward detectors will have a
limited acceptance in terms of proton missing momentum fraction ξ (about 0.015 < ξ < 0.15 is
expected for nominal runs) because of the
p LHC beam size and optics. It will directly impact the
acceptance of the proton missing mass ξ1 ξ2 s which can be reconstructed in case of a detection
on both side of the IP, as shown in Figure 2 (right).
Hence, the proposed channel gives the possibility to detect the two intact protons in addition to
the two photons which are reconstructed in the central part of the ATLAS (or CMS) detector [8, 9].
This allows to reconstruct the full kinematics of the event and thus to reject background very
efficiently, whereas it is usually the dominant source of uncertainty in photon measurements [10].
On the other hand, the production cross-section is reduced with respect to the inclusive channel due
to the requirement of intact protons within the forward detector acceptance.
All the Standard Model contributions to exclusive di-photon production at the LHC, including interference and main background processes, have been implemented in the Forward Physics
1 The

center-of-mass energy of the proton-proton collisions at the LHC has been decreased to 13 TeV for nominal
operation, due to technical reasons related to the magnets.
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The Large Hadron Collider (LHC) is the most powerful proton-proton collider in operation.
√
It is expected to deliver about 300 fb−1 of data at a center-of-mass energy s = 14 TeV1 between 2015 and 2019 [1]. In the following, we discuss a possible measurement of the four-photon
couplings (4γ) from exclusive di-photon production via light-by-light scattering at the LHC. The
leading-order diagrams of this process as predicted in the Standard Model (SM) are shown in Figure 1 (left). Possible additional contributions from anomalous 4γ couplings are illustrated by the
diagram in Figure 1 (right). Very few constraint on anomalous 4γ couplings are reported in literature, making the study of this channel an interesting probe to search for new physics [2, 3].
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Monte Carlo generator (FPMC), which is used for simulation [11]. The leading detector effects
such as reconstruction efficiency, fake rates and energy and angular resolutions are emulated based
on ECFA ATLAS studies [12]. In Section 2, we present the different contributions to exclusive
di-photon production predicted by the SM and study the possibility to a measure them at the LHC.
In Section 3, potential additional contributions to the 4γ couplings from new physics are reviewed. First, an Effective Field Theory (EFT) approach via higher dimension operators parametrized
by exotic coupling factors is used to compute beyond SM effects. Then, a full amplitude calculation
valid for any new charged particle mass is presented. Both calculations have been implemented in
FPMC. New physics signals are generated and compared to the background predictions for several
scenarios in Section 4, including new neutral particle contributions at tree-level and new charged
particles via loops. The corresponding sensitivities are shown in the different cases. Finally, conclusions and prospects are given in Section 5.

2. Exclusive di-photon production in the Standard Model
The Standard Model predicts exclusive di-photon production with two intact protons through
various processes, which can be decomposed in QED production via photon exchange (see Figure 1, left) and QCD production via gluon exchange (see Figure 3, left) also called KMR production [13]. Those processes constitue the irreducible background for new physics searches. In
Figure 3 (right), the total integrated cross-section is shown for the different SM contributions. For
masses above a few hundred GeV, the SM predicts a cross-section below 0.01 fb, negligible with
respect to the expected statistics (300 fb−1 ). Consequently, the main background for new physics
searches will come from other sources, as it will be discussed in Section 3.
To perform a SM cross-section measurement of exclusive di-photon production using nominal
LHC run data is not realistic because of the too high threshold of the triggers and the too small
cross-section. However, a low mass measurement of the QCD contribution may be possible in the
case of the special runs at low luminosity and low pileup (< µ >' 1–2) with modified optics,
3
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Figure 2: Sketch of one of the two stations planned to be installed on both sides of the ATLAS interaction
point (left). Proton tracking and timing will be provided by the detection chain. The missing proton mass
acceptance is shown on the right plot. The CT-PPS upgrade project (CMS-TOTEM) has similar characteristics.
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Figure 3: Leading-order diagram of the QCD exclusive di-photon production (left) and integrated crosssection of the various SM processes contributing to exclusive di-photon production according to the cut on
the di-photon mass (right). The QCD contribution has been generated with the ExHuME MC generator [14].

currently being discussed among the different LHC experiments [15]. Indeed, thanks to the low
instantaneous luminosity of those special runs one should be able to implement a dedicated diphoton trigger with photon transverse momentum thresholds as low as 5 GeV. This would allow to
reach an integrated production cross-section of about 370 fb for the QCD production with about
0.1 fb−1 of data expected from the low luminosity runs, which gives about 37 expected events.
This measurement has already been done by the CDF experiment at the T EVATRON and results
compatible to the SM were found [16].
On the other hand, the QED contributions seems out of reach in proton-proton collisions, with
an expected integrated cross-section below 6 fb for special runs. However, they may be measured
from heavy ion collisions at the LHC, as suggested in a recent publication [17].

3. Potential beyond Standard Model contributions to the 4γ couplings
3.1 Effect Field Theory (EFT)
In the assumption of a new physics mass scale Λ heavier than the experimentally accessible
energy E, all new physics manifestations can be described using an effective Lagrangian valid for
Λ >> E. Among these operators, the two pure photon dimension-eight operators (see Equation 3.1)
can enhance the 4γ couplings [2, 18, 19]. They are parametrized in the following by two exotic
couplings ζ1 , ζ2 in GeV−4 .
L4γ = ζ1 Fµν F µν Fρσ F ρσ + ζ2 Fµν F νρ Fρλ F λ µ
γ

γ

(3.1)

This parametrization is useful for the study of a broad class of models. At leading order, two
kinds of new contributions can enhance the 4γ couplings : any new electrically charged particles
through a loop (Figure 4, left) or new neutral particles at tree-level (Figure 4, right). In case of
electrically charged particles (as for the SM contributions shown in Figure 1, left), the amplitude is
characterized only by the electric charge, spin and mass, whereas for neutral contributions a nonrenormalizable coupling f −1 needs to be introduced. One can show that the exotic couplings ζ1 ,
ζ2 are related to the quantum numbers and the mass of the new particles in a simple form for both
cases :
4
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2 Q4 m−4 N c , where c is a constant increasing with
• For heavy charged particles, ζi = αem
i,s
i,s
the spin s of the heavy particle of mass m and electric charge Q running in the loop. In
addition, the new particles have also in general a multiplicity N 6= 1 with respect to electromagnetism2 . For convenience, we define the effective charge Q4eff = Q4 N.
γ

• For neutral resonances, ζi = ( fs m)−2 di,s , where di,s and fs are respectively a constant and
the non-renormalizable γγX coupling. They depend on the spin and parity of the heavy
neutral particle of mass m.
γ

Figure 4: Typical contributions to light-by-light scattering from new electrically charged particles (left)
or new neutral particles X (right). For neutral contributions, a non-renormalizable γγX coupling f −1 is
introduced.

3.2 Exact amplitudes
The effective field theory analysis has the advantage of being very simple. However it is only
valid as long as the center-of-mass energy is small with respect to the threshold of pair-production
of real particles in case of new loop-induced production, s << 4m2 . Since the maximum proton
missing mass which can be detected (which is equal to the final-state di-photon invariant mass) is
of the order of ' 2 TeV (see Figure 2, right), the effective field theory breaks down for particles
lighter than ' 1 TeV and cannot be trusted anymore. In the case of neutral particles, s < m2 is
usually the strongest condition of EFT validity (so m < 2 TeV) unless the underlying new physics
model is very strongly coupled so that unitarity bound starts playing a sizable role [3].
In literature, EFTs are usually corrected using ad-hoc form factors to extend their validity. A
more correct approach is to take into account the full momentum dependence of the 4γ amplitudes
instead. Generic fermion and boson loop contributions to light-by-light scattering have been calculated respectively in [21] and [22], and next-to-leading order corrections have been found to be
negligible in [23]. They are implemented together with the EFT in FPMC and used to produce
new physics signals. The full amplitude predictions are cross-checked with the EFT approach at
high mass and found to be in good agreement (see Section 4.3). The implementation of the full am√
plitudes in case of neutral resonances, taking into account the s width dependence, in is progress
and should be available in the coming year.
2 For

instance, the multiplicity is three if the particles are colored.
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Typical examples of new heavy charged particles are predicted for instance in the minimal
composite Higgs models [20] and new neutral resonances coupled to photons arise in many stronglycoupled conformal extensions of the SM, such as the dilaton (scalar) or Kaluza-Klein gravitons
γ
(spin 2) [3]. In all cases, ζi can easily exceed 10−14 -10−13 GeV−4 is certain regions of parameter
space.
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Hence, for completeness, we quote in this document results from the EFT approach with and
without form factors applied at amplitude-level (1/(1 + (m2γγ /Λ0 )2 ), Λ0 = 1 TeV), and results from
the full amplitude calculation for charged particles.

4. Sensitivity of the 4γ coupling to new physics
4.1 Background simulation
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Figure 5: Number of expected events with 300 fb−1 of data at s =14 TeV for the EFT signal (ζ1 6= 0,
ζ2 = 0) and various background processes with respect to the di-photon mass. Only events with two intact
protons tagged in the forward detectors and two photons with transverse momentum above 200 (100) GeV
and pseudorapidity |η γ | < 2.37 are considered.

4.2 Selection cut
In order to get rid of the remaining background coming from inclusive γγ production + intact
protons from pileup, we take advantage of the intact proton ξ measurement in the forward stations.
6
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As mentioned in Section 2, the irreducible background at high mass, which is the most relevant
region for new physics searches, is negligible. On the other hand, many other processes occurring
at the LHC can mimic the signal : electrons and jets can fake photons in the detector and nonexclusive diffractive processes can give the good final-state pγγ p (+ X). Moreover, intact protons
from pileup interactions (< µ > is assumed to be 50 in the following) in association to inclusive
γγ, di-jet or Drell-Yan production can also emulate the signal.
A broad range of possible background processes was generated with the FPMC generator and
combined with P YTHIA 8 [24] minimum bias events to simulate intact protons from pileup interactions. The number of expected event for each process is shown in Figure 5 after a minimal selection
: photon individual transverse momentum above 200 (100) GeV for the first (second) photon candidate, pseudorapidity |η γ | < 2.37 and two intact protons in the forward detector acceptance. "Exclusive background" includes irreducible background and exclusive di-electron production whereas
"DPE background" includes Double Pomeron Exchange backgrounds (DPE γγ, di-jet), which are
not exclusive processes due to the Pomeron remnants. One can see that requiring a di-photon mass
above 600 GeV suppresses all the backgrounds but the inclusive γγ production + intact protons
from pileup, while keeping most of the signal events. This cut is applied in the following and the
rest of the selection is discussed in the next Section.
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Figure 6: Comparison between the invariant mass (rapidity) of the di-photon system with respect to the
di-proton system for signal and the remaining background, left (right). The two quantities do not match
exactly for the signal because of the smearing applied to mimic the limited resolution of the detectors.

Cut / Process
[0.015 < ξ1,2 < 0.15,
pT1,(2) > 200, (100) GeV]
mγγ > 600 GeV
[pT2 /pT1 > 0.95,
p|∆φ | > π − 0.01]
ξ1 ξ2 s = mγγ ± 3%
|yγγ − y pp | < 0.03
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Table 1: Expected number of signal and background events after the various selection criteria in the case of
300 fb−1 of data at the 14 TeV LHC. The signal corresponds to an exotic charged boson of Qeff = 4 and m
= 340 GeV. The results from the full amplitude calculation and from the EFT with/without form factors are
provided.

4.3 Final results
We show in Table 2 the final sensitivies in terms of exotic couplings ζ1 , ζ2 for various scenarios
of statistics and pileup. In addition, we consider the case where at least one photon is explicitely
required to convert to an electron-positron pair in the detector so that the vertex of the interaction
7
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Indeed, since all final-state particles are detected for the signal, it is possible to perform a rapidity
and invariant mass measurement from the central detector
p via the di-photon system and from the
forward detectors via the two intact protons, ie. mγγ = ξ1 ξ2 s and yγγ = 0.5 × ln(ξ1 /ξ2 ) in case of
signal. Matching those quantities is very efficient and essential to get rid of the background from
pileup, where the two protons do not share the kinematics of the di-photon (see Figure 6).
In order to further reject background, we also require the two photons to be balanced in transverse momenta and back-to-back in terms of azimuthal angle (exclusive production). The cutflow
for a signal corresponding to an exotic charged boson of Qeff = 4 and m = 340 GeV is given in
Table 1. The full amplitude signal predictions lie in between the predictions from the EFT with and
without form factors, which is expected for this medium mass range (m < 1 TeV). After selection,
no background events remains so that a single detection reaches a very high significance. A similar study at a higher pile-up of 200 was performed and led to an expected number of background
events below 5 events, showing the robustness of the study.
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300 fb−1
50
≥ 1 conv. γ
5σ
1.5 · 10−13
3.5 · 10−14
2.5 · 10−13
7.5 · 10−14

Luminosity
pile-up < µ >
coupling
(GeV−4 )
ζ1 f.f.
ζ1 no f.f.
ζ2 f.f.
ζ2 no f.f.

300 fb−1
50
≥ 1 conv. γ
95% CL
7.5 · 10−14
2.5 · 10−14
1.5 · 10−13
4.5 · 10−14

300 fb−1
50
all γ
95% CL
4 · 10−14
1 · 10−14
8.5 · 10−14
2.5 · 10−14

3000 fb−1
200
all γ
95% CL
3.5 · 10−14
1.5 · 10−14
7 · 10−14
2.5 · 10−14

Table 2: Final 5 σ discovery and 95% Confidence Level (CL) limit on the EFT exotic couplings ζ1 ,ζ2 for
different assumption in terms of statistics and pileup at the 14 TeV LHC.
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Figure 7: Final 5 σ discovery, 3 σ evidence and 95% Confidence Level (CL) limits on new heavy charged
vectors (left) and fermions (right) at the 14 TeV LHC assuming a pileup < µ >= 50 and an integrated
luminosity of 300 fb−1 . The sensitivities are computed from the full amplitude calculation and cross-checked
with the EFT 5 σ prediction with no form factors applied at high mass.

5. Conclusion and plans
We presented an estimation of the discovery potential for light-by-light scattering at the 14
TeV LHC. The irreducible background predicted by the Standard Model was found to be negligible, however, backgrounds due to intact protons from pileup interactions are sizable. Proton
tagging seems absolutely compulsory to get rid of them and will soon be possible at the ATLAS
and CMS-TOTEM experiments. After selection cuts, no background remains and anomalous 4γ
8
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is located with a very good precision and can be compared with proton timing measurement. This
technique may be very useful to reject further non-collision background such as beam halo, which
is difficult to predict at the moment [25]. Anomalous 4γ couplings down to 10−14 GeV−4 can
be probed, reaching the predictions of a large panel of extra-dimension models in the multi-TeV
range [2, 3]. In Figure 7, we show the final sensitivities for new heavy charged particles (vectors,
left, fermions, right) in the case of a pileup < µ >= 50, an integrated luminosity of 300 fb−1 and
no particuliar requirement on photon conversion status. The predictions are computed from the
full amplitude calculation and cross-checked with the EFT prediction with no form factors at high
mass. Vectors (fermions) with an effective charge Qeff = 5 can be discovered up to m = 810 (460)
GeV. Even if the current constraints from the LHC on benchmark models such as composite Higgs
are typically stronger, our results are completely model-independent and thus provide interesting
complementary constraints.
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couplings down to 10−14 GeV−4 can be probed. In addition, model-independent constraints can be
set on any new charged particles only based on their charge, mass and spin. Results based on full
amplitude calculation in the case of neutral particle contributions is expected to be published in the
coming year. Sensitivities to higher spin resonances are promising but require important theoretical
developments. Finally, the three-photon final-state at the LHC may also show a good sensitivity to
anomalous 4γ couplings and should be scrutinized with a special care in the coming runs.

References

[2] S. Fichet, G. von Gersdorff, O. Kepka, B. Lenzi, C. Royon, and M. Saimpert, Probing new physics in
diphoton production with proton tagging at the Large Hadron Collider, Phys. Rev. D89 (2014)
114004, [arXiv:1312.5153].
[3] S. Fichet, G. von Gersdorff, B. Lenzi, C. Royon, and M. Saimpert, Light-by-light scattering with
intact protons at the LHC: from Standard Model to New Physics, JHEP 02 (2015) 165,
[arXiv:1411.6629].
[4] H. Terazawa, Two photon processes for particle production at high-energies, Rev. Mod. Phys. 45
(1973) 615–662.
[5] V. M. Budnev, I. F. Ginzburg, G. V. Meledin, and V. G. Serbo, The Two photon particle production
mechanism. Physical problems. Applications. Equivalent photon approximation, Phys. Rept. 15
(1975) 181–281.
[6] Letter of Intent for the Phase-I Upgrade of the ATLAS Experiment, Tech. Rep.
CERN-LHCC-2011-012. LHCC-I-020, CERN, Geneva, Nov, 2011.
[7] CMS-TOTEM Collaboration, M. Albrow et al., CMS-TOTEM Precision Proton Spectrometer, Tech.
Rep. CERN-LHCC-2014-021. TOTEM-TDR-003. CMS-TDR-13, CERN, Geneva, Sep, 2014.
[8] ATLAS Collaboration, G. Aad et al., The ATLAS Experiment at the CERN Large Hadron Collider,
JINST 3 (2008) S08003.
[9] CMS Collaboration, S. Chatrchyan et al., The CMS experiment at the CERN LHC, JINST 3 (2008)
S08004.
[10] ATLAS Collaboration, G. Aad et al., Measurement of isolated-photon pair production in pp
√
collisions at s = 7 TeV with the ATLAS detector, JHEP 01 (2013) 086, [arXiv:1211.1913].
[11] M. Boonekamp, A. Dechambre, V. Juranek, O. Kepka, M. Rangel, C. Royon, and R. Staszewski,
FPMC: a generator for forward physics, Tech. Rep. arXiv:1102.2531, Feb, 2011.
[12] Performance assumptions based on full simulation for an upgraded ATLAS detector at a
High-Luminosity LHC, Tech. Rep. ATL-PHYS-PUB-2013-009, CERN, Geneva, Sep, 2013.
[13] V. A. Khoze, A. D. Martin, M. G. Ryskin, and W. J. Stirling, Diffractive gamma-gamma production at
hadron colliders, Eur. Phys. J. C38 (2005) 475–482, [hep-ph/0409037].
[14] J. Monk and A. Pilkington, ExHuME: A Monte Carlo event generator for exclusive diffraction,
Comput. Phys. Commun. 175 (2006) 232–239, [hep-ph/0502077].
[15] C. Royon, Presentation at the open LHCC meeting, September 24-25 2014.

9

PoS(EPS-HEP2015)345

[1] L. Evans and P. Bryant, LHC Machine, JINST 3 (2008) S08001.

Light-by-light scattering with intact protons at the LHC

Matthias Saimpert

[16] CDF Collaboration, T. Aaltonen et al., Observation of Exclusive Gamma Gamma Production in p p̄
√
Collisions at s = 1.96 TeV, Phys. Rev. Lett. 108 (2012) 081801, [arXiv:1112.0858].
[17] D. d’Enterria and G. G. da Silveira, Observing light-by-light scattering at the Large Hadron Collider,
Phys.Rev.Lett. 111 (2013) 080405, [arXiv:1305.7142].
[18] R. S. Gupta, Probing Quartic Neutral Gauge Boson Couplings using diffractive photon fusion at the
LHC, Phys.Rev. D85 (2012) 014006, [arXiv:1111.3354].
[19] S. Fichet and G. von Gersdorff, Anomalous gauge couplings from composite Higgs and warped extra
dimensions, JHEP 03 (2014) 102, [arXiv:1311.6815].

[21] V. Costantini, B. De Tollis, and G. Pistoni, Nonlinear effects in quantum electrodynamics, Nuovo Cim.
A2 (1971) 733–787.
[22] G. Jikia and A. Tkabladze, Photon-photon scattering at the photon linear collider, Phys.Lett. B323
(1994) 453–458, [hep-ph/9312228].
[23] Z. Bern, A. De Freitas, L. J. Dixon, A. Ghinculov, and H. Wong, QCD and QED corrections to light
by light scattering, JHEP 0111 (2001) 031, [hep-ph/0109079].
[24] T. Sjostrand, S. Mrenna, and P. Z. Skands, A Brief Introduction to PYTHIA 8.1,
http://arxiv.org/abs/0710.3820v1.
[25] LHC Forward Physics, Tech. Rep. CERN-PH-LPCC-2015-001, CERN, Geneva, 2015.

10

PoS(EPS-HEP2015)345

[20] K. Agashe, R. Contino, and A. Pomarol, The Minimal composite Higgs model, Nucl.Phys. B719
(2005) 165–187, [hep-ph/0412089].

