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Outline

‣ CEP - brief introduction

‣ SuperChic - what is it? Processes generated.

‣ Updates - new processes.

‣ Ongoing work - heavy ions.

Fig. 5.31: Di-photon exclusive Standard Model production via QCD (left) and photon induced (right)
processes at the lowest order of pertubation theory.

whereas the photon induced ones (QED processes) dominate at higher diphoton masses [176]. It is
very important to notice that the W loop contribution dominates at high diphoton masses [174, 175, 177]
whereas this contribution is omitted in most studies. This is the first time that we put all terms inside a
MC generator, FPMC [179].

6.1.2 Standard Model WW and ZZ prduction
In the Standard Model (SM) of particle physics, the couplings of fermions and gauge bosons are con-
strained by the gauge symmetries of the Lagrangian. The measurement of W and Z boson pair pro-
ductions via the exchange of two photons allows to provide directly stringent tests of one of the most
important and least understood mechanism in particle physics, namely the electroweak symmetry break-
ing.

The process that we study is the W pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of the W bosons are measured in the central detector
and the scattered protons leave intact in the beam pipe at very small angles and are detected in AFP or
CT-PPS. All these processes as well as theb different diffractive backgrounds were implemented in the
FPMC Monte Carlo [179].

After simple cuts to select exclusive W pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015 < x < 0.15) — we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m — on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, on Emiss

T > 20 GeV, Df > 2.7 between leading leptons, and 160 <W < 500
GeV, the diffractive mass reconstructed 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 [178].

6.2 Triple anomalous gauge couplings
In Ref. [180], we also studied the sensitivity to triple gauge anomalous couplings at the LHC. The
Lagrangian including anomalous triple gauge couplings l

g and Dk
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The strategy is the same as for the SM coupling studies: we first implement this lagrangian in FPMC [179]
and we select the signal events when the Z and W bosons decay into leptons. The difference is that the
signal appears at high mass for l

g and Dk

g only modifies the normalization and the low mass events
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SuperChic - overview



Central Exclusive Diffraction
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Central exclusive diffraction

Central exclusive diffraction, or central exclusive production (CEP) is the
process

h(p1)h(p2) → h(p′
1) + X + h(p′

2)

• Diffraction: colour singlet exchange between colliding hadrons, with large
rapidity gaps (‘+’) in the final state.

• Exclusive: hadrons lose energy, but remain intact after collision and can
in principal be measured by detectors positioned down the beam line.

• Central: a system of mass MX is produced at the collision point, and only
its decay products are present in the central detector region.
.
.
.
.
.
.
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Central Exclusive Production
Central Exclusive Production (CEP) is the interaction:

• Diffractive: colour singlet exchange between colliding protons, 
with large rapidity gaps (‘+’) in the final state.
• Exclusive: hadron lose energy, but remain intact after the collision.
• Central: a system of mass        is produced at the collision point and 
only its decay products are present in the central detector.

MX

4

hh ! h + X + h



Production mechanisms
Exclusive final state can be produced via three different mechanisms, 
depending on kinematics and quantum numbers of state:

Gluon-induced

from hadronic data. Although there is some uncertainty in the precise level of suppression (in particular
in its dependence on the c.m.s. energy

p
s), it is found to be a sizeable effect, reducing the CEP cross

section by about two orders of magnitude. It is in addition expected that there may be some suppression
due to rescatterings of the protons with the intermediate partons in the hard process. This is encoded
in the so–called ‘enhanced’ survival factor [59, 69, 129]: while this is expected to have a much less
significant effect to the eikonal survival factor, the precise level of suppression remains uncertain and
may be clarified by future CEP measurements.

We may in principle consider the CEP of any C–even particle which couples to gluons within
this mechanism, and an important advantage of these reactions is that they provide an especially clean
environment in which to investigate in detail the properties of a wide range of SM and BSM states [58,
71, 72, 127, 131]. In addition, as described above, the theoretical framework is sensitive to both hard
and, through the survival factors, soft aspects of QCD, as well as depending sensitively on the gluon
PDF in the low x and Q2 region, where it is currently quite poorly determined from global fits. This
process therefore provides a very promising framework within which to study various aspects of QCD,
both perturbative and non–perturbative, and new physics at the LHC in the future. Some representative
CEP processes are discussed below.
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Fig. 5.1: The perturbative mechanism for the exclusive process pp ! p + X + p, with the eikonal and
enhanced survival factors shown symbolically.

2 LHCb results on CEP
2.1 Introduction
Although designed with b-physics in mind, the LHCb detector is well suited to the detection and study of
CEP due to its ability to trigger and reconstruct low mass central systems, its good particle identification,
its large pseudorapidity acceptance, and the running conditions of the LHC.

A brief description of the LHCb detector and the features that make it suitable for identifying CEP
is given in Sec. 2.2. Following this, preliminary and published measurements are presented divided up
by the production mechanism: photon-Pomeron fusion is dealt with in Sec. 2.3; two photon physics is
described in Sec. 2.4; and QCD exclusive production is discussed in Sec. 2.5.

2.2 The LHCb detector
The LHCb detector [3] is fully instrumented between pseudorapidities, h , of 2 and 4.5 and includes
a high-precision tracking system consisting of a silicon-strip vertex detector (VELO) surrounding the
pp interaction region [4], a large-area silicon-strip detector located upstream of a dipole magnet with a
bending power of about 4Tm, and three stations of silicon-strip detectors and straw drift tubes [5] placed
downstream of the magnet. Different types of charged hadrons are distinguished using information from
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Photon-inducedFig. 5.31: Di-photon exclusive Standard Model production via QCD (left) and photon induced (right)
processes at the lowest order of pertubation theory.

whereas the photon induced ones (QED processes) dominate at higher diphoton masses [176]. It is
very important to notice that the W loop contribution dominates at high diphoton masses [174, 175, 177]
whereas this contribution is omitted in most studies. This is the first time that we put all terms inside a
MC generator, FPMC [179].

6.1.2 Standard Model WW and ZZ prduction
In the Standard Model (SM) of particle physics, the couplings of fermions and gauge bosons are con-
strained by the gauge symmetries of the Lagrangian. The measurement of W and Z boson pair pro-
ductions via the exchange of two photons allows to provide directly stringent tests of one of the most
important and least understood mechanism in particle physics, namely the electroweak symmetry break-
ing.

The process that we study is the W pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of the W bosons are measured in the central detector
and the scattered protons leave intact in the beam pipe at very small angles and are detected in AFP or
CT-PPS. All these processes as well as theb different diffractive backgrounds were implemented in the
FPMC Monte Carlo [179].

After simple cuts to select exclusive W pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015 < x < 0.15) — we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m — on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, on Emiss

T > 20 GeV, Df > 2.7 between leading leptons, and 160 <W < 500
GeV, the diffractive mass reconstructed 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 [178].

6.2 Triple anomalous gauge couplings
In Ref. [180], we also studied the sensitivity to triple gauge anomalous couplings at the LHC. The
Lagrangian including anomalous triple gauge couplings l

g and Dk

g is the following
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The strategy is the same as for the SM coupling studies: we first implement this lagrangian in FPMC [179]
and we select the signal events when the Z and W bosons decay into leptons. The difference is that the
signal appears at high mass for l

g and Dk

g only modifies the normalization and the low mass events
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Photoproduction
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Fig. 5.10: Invariant mass of the J/yJ/y system in (left) exclusive and (right) inclusive events. The
shaded area is the theoretical prediction of Ref. [26]

3 Future measurement at low/medium luminosity: motivation
3.1 Photon–induced processes
3.1.1 Diffractive photoproduction g p !V p
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Fig. 5.11: Diagrams representing the exclusive diffractive g p !V p amplitude.

Two largely equivalent approaches to exclusive diffractive production of a vector meson of mass
MV at g p cms energy W , applicable at small values of x = M2

V/W 2, are the color-dipole approach and the
kT -factorization.

Within the color-dipole framework, the forward diffractive amplitude shown in Fig. 6.8 takes the
form

¡mA(g⇤(Q2
)p !V p;W, t = 0) =

Z 1

0
dz

Z

d2r yV (z,r)y

g

⇤
(z,r,Q2

)s(x,r) , (5.3)

where x = M2
V/W 2, yV and y

g

are the light-cone wave functions for the quark-antiquark Fock states of
the vector meson and photon respectively. The qq̄ separation r is conserved during the interaction (and so
are the longitudinal momentum fractions z,1� z carried by q and q̄). Color dipoles of size r are diagonal
states of the S-matrix and interact with the proton with the cross section

s(x,r) =
4p

3
aS

Z d2
k

k

4
∂xg(x,k2

)

∂ log(k2
)

h

1� exp(ikr)
i

, (5.4)

which in turn is related to the transverse-momentum dependent (or unintegrated) gluon distribution (see
Ref. [35] and references therein). Let us try to understand the behaviour of the amplitude A salient

58

C-even, couples to gluons

Couples to photons

C-odd, couples to photons + gluons
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SuperChic

exclusive continuum background is expected to be manageable [44, 45]. The CEP of the odd–parity hc,b2749

states, for which the cross sections are predicted to be similarly suppressed to the higher spin cc,b states,2750

would also represent a further potential observable. As discussed in Section 5.3.2, the distributions of2751

the outgoing protons are expected to be highly sensitive to the spin–parity of the produced quarkonium2752

state, as well as to the soft survival factors. Finally, exclusive photoproduction of C–odd quarkonia (J/y ,2753

y(2S), °...) is of much interest; this is discussed in more detail in Section 5.4.2754

Experimental results and outlook2755

A favourable decay mode of the cc meson is to J/yg , with the only significant experimental background2756

being contamination from y(2S)! J/yp

0
p

0 where only one photon is identified from the subsequent2757

pion decays.2758

Fig. 5.4: Invariant mass of the di-muon plus photon system in events having no other activity inside
LHCb.

LHCb has made preliminary measurements [39] of the production of cc mesons with 37 pb�1 of2759

data. The selection of events proceeds as for the J/y selection in Sec. 5.4.4 but now one (rather than no)2760

photon candidate is required. The invariant mass of the di-muon plus photon system is shown in Fig. 5.42761

fitted to expectations from the SuperCHIC simulation [31, 46] for cc0,cc1.cc2 signal contributions and2762

the y(2S) background. The CDF collaboration made the first observation [38] of CEP of cc mesons2763

but because of the limited mass resolution, assumed it all to consist of cc0 mesons. The mass resolution2764

of LHCb is sufficiently good to distinguish the three states. In this decay mode, the contribution from2765

cc2 dominates although much of that is due to the higher branching fraction for this state to decay to2766

J/yg . Unfortunately, the resolution is not good enough to separate the three states completely and so the2767

fraction of the sample that is exclusively produced is determined for the whole sample and is estimated to2768

be 0.39±0.13 using the pT of the reconstructed meson. The cross sections times branching fractions are2769

measured to be 9± 5,16± 9,28± 12 pb for cc0,cc1,cc2, respectively, slightly higher but in reasonable2770

agreement with the theoretical predictions of 4, 10, 3 pb. Only the relative cross sections for cc2 to cc0 of2771

3±1 appears to be somewhat higher in the data than the theory expectation that they are roughly equal.2772

This is consistent with the CDF measurement of p

+

p

� CEP [47], where a limit on the cc0 ! p

+

p

�
2773

cross section is set which indicates that less than ⇠ 50% of the previously observed cc ! J/yg events2774

at the Tevatron [38] are due to the cc0. As discussed above, one possible reason for this discrepancy is2775

that the fraction of elastic exclusive events in the sample differs for each of the three resonances. With2776

greater statistics, a more sophisticated fit can be performed in order to estimate the fraction of exclusive2777

events separately for each cc state.2778

Further discrimination of the cc states is possible by considering different decay modes. Of par-2779

ticular interest are the decays to two pions or two kaons, which are not possible for cc1 and are about2780

four times higher for cc0 than for cc2. In addition, the mass resolution in this channel is about a factor2781
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Exclusive physics at the LHC with SuperChic 2

L.A. Harland–Lang1, V.A. Khoze2,3, M.G. Ryskin3

1Department of Physics and Astronomy, University College London, WC1E 6BT, UK
2Institute for Particle Physics Phenomenology, University of Durham, Durham, DH1 3LE

3Petersburg Nuclear Physics Institute, NRC Kurchatov Institute, Gatchina,
St. Petersburg, 188300, Russia

Abstract

We present a range of physics results for central exclusive production processes at
the LHC, using the new SuperChic 2 Monte Carlo event generator. This includes
significant theoretical improvements and updates, most importantly a fully differential
treatment of the soft survival factor, as well as a greater number of generated processes.
We provide an overview of the latest theoretical framework, and consider in detail a
selection of final states, namely exclusive 2 and 3 jets, photoproduced vector mesons,
two–photon initiated muon and W boson pairs and heavy χc,b quarkonia.

1 Introduction

Central Exclusive Production (CEP) is the reaction

pp(p̄) → p+X + p(p̄) ,

where ‘+’ signs are used to denote the presence of large rapidity gaps, separating the systemX
from the intact outgoing protons (anti–protons). Over the last decade there has been a steady
rise of theoretical and experimental interest in studies of this process in high–energy hadronic
collisions, see [1–4] for reviews. Theoretically, the study of CEP requires the development of
a framework which is quite different from that used to describe the inclusive processes more
commonly considered at hadron colliders. Moreover, the dynamics of the CEP process leads
to unique predictions and effects which are not seen in the inclusive mode. Experimentally,
CEP represents a very clean signal, with just the object X and no other hadronic activity
seen in the central detector (in the absence of pile up).

• A MC event generator for CEP 
processes. Common platform for:

‣ QCD-induced CEP.
‣ Photoproduction.
‣ Photon-photon induced CEP.

• With fully differential treatment of survival effects.
• Fortran-based. Generates histograms and unweighted (LHE/
HEPEVT) events with arbitrary user-defined cuts.

arXiv:1508.02718
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Availability

• Code and user manual available on Hepforge:

https://superchic.hepforge.org

SuperChic v2.04

A Monte Carlo for Central Exclusive Production

Users guide

Lucian Harland-Lang (l.harland-lang@ucl.ac.uk)

Updated: October 10, 2016
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QCD-mediated production
‣ SM Higgs to     .
‣ Dijets -
‣ Trijets - 
‣ Light meson pairs -
‣ Quarkonium pairs -
‣         quarkonia, via 2/3 body decays
‣        .
‣         .

bb

qq, gg, bb(cc)

qqg, ggg

⇡⇡, ⌘(0)⌘(0),KK,��

J/ , (2S)

�c,b

⌘c,b

• Applies ‘Durham’ pQCD-based 
model.

from hadronic data. Although there is some uncertainty in the precise level of suppression (in particular
in its dependence on the c.m.s. energy

p
s), it is found to be a sizeable effect, reducing the CEP cross

section by about two orders of magnitude. It is in addition expected that there may be some suppression
due to rescatterings of the protons with the intermediate partons in the hard process. This is encoded
in the so–called ‘enhanced’ survival factor [59, 69, 129]: while this is expected to have a much less
significant effect to the eikonal survival factor, the precise level of suppression remains uncertain and
may be clarified by future CEP measurements.

We may in principle consider the CEP of any C–even particle which couples to gluons within
this mechanism, and an important advantage of these reactions is that they provide an especially clean
environment in which to investigate in detail the properties of a wide range of SM and BSM states [58,
71, 72, 127, 131]. In addition, as described above, the theoretical framework is sensitive to both hard
and, through the survival factors, soft aspects of QCD, as well as depending sensitively on the gluon
PDF in the low x and Q2 region, where it is currently quite poorly determined from global fits. This
process therefore provides a very promising framework within which to study various aspects of QCD,
both perturbative and non–perturbative, and new physics at the LHC in the future. Some representative
CEP processes are discussed below.

X

Q?

x2

x1

Seik Senh

p2

p1

fg(x2, · · · )

fg(x1, · · · )

Fig. 5.1: The perturbative mechanism for the exclusive process pp ! p + X + p, with the eikonal and
enhanced survival factors shown symbolically.

2 LHCb results on CEP
2.1 Introduction
Although designed with b-physics in mind, the LHCb detector is well suited to the detection and study of
CEP due to its ability to trigger and reconstruct low mass central systems, its good particle identification,
its large pseudorapidity acceptance, and the running conditions of the LHC.

A brief description of the LHCb detector and the features that make it suitable for identifying CEP
is given in Sec. 2.2. Following this, preliminary and published measurements are presented divided up
by the production mechanism: photon-Pomeron fusion is dealt with in Sec. 2.3; two photon physics is
described in Sec. 2.4; and QCD exclusive production is discussed in Sec. 2.5.

2.2 The LHCb detector
The LHCb detector [3] is fully instrumented between pseudorapidities, h , of 2 and 4.5 and includes
a high-precision tracking system consisting of a silicon-strip vertex detector (VELO) surrounding the
pp interaction region [4], a large-area silicon-strip detector located upstream of a dipole magnet with a
bending power of about 4Tm, and three stations of silicon-strip detectors and straw drift tubes [5] placed
downstream of the magnet. Different types of charged hadrons are distinguished using information from

51
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Photoproduction
‣ 
‣ 
‣ 
‣ 

⇢(! ⇡+⇡�)

�(! K+K�)

J/ (! µ+µ�)

⌥(! µ+µ�)

 (2S)(! µ+µ�, J/ ⇡+⇡�)

• Takes simple power-law fit to HERA/LHC data.

W (GeV)
210 310

 (n
b)

σ

10

210

310

LHCb (W+ solutions)
LHCb (W- solutions)
H1
ZEUS
Fixed target experiments
Power law fit to H1 data

LHCb

Figure 6: Photoproduction cross-section as a function of the centre-of-mass of the photon-proton
system with the power-law fit from [8] superimposed. The LHCb data points for W+(W�) are
derived assuming the power-law fit for W�(W+). The uncertainties are correlated between bins.
Fixed target results are from the E401 [33], E516 [34] and E687 [35] collaborations.

Exclusive production of J/ in pp collisions is related to photoproduction through

d�

dy

pp!pJ/ p

= r+k+
dn

dk+
�

�p!J/ p

(W+) + r�k�
dn

dk�
�

�p!J/ p

(W�) (3)

where dn/dk± are photon fluxes for photons of energy k± ⇡ (M
J/ 

/2) exp(±|y|),
(W±)2 = 2k±

p
s, and r± are absorptive corrections as given, for example, in [5, 30]. The

LHCb results cannot unambiguously determine the photoproduction cross-section due
to contributions from both W+ and W�, corresponding to the photon being either an
emitter or a target, respectively. However, a comparison can be made to the HERA photo-
production results using the power-law relationship, �

�p!J/ p

(W ) = 81(W/90GeV)0.67 nb,
determined by the H1 collaboration [8]. A model-dependent measurement of �

�p!J/ p

(W+)
is obtained from the LHCb di↵erential cross-section measurement by applying Eq. 3
and assuming the power-law result for �

�p!J/ p

(W�), while ��p!J/ p

(W�) is obtained by
assuming the power-law result for �

�p!J/ p

(W+). The result of this procedure is shown
in Fig. 6, which compares the modified LHCb data with HERA and fixed target pho-
toproduction results: note that there are two correlated points plotted for each LHCb
measurement, corresponding to the W+ and W� solutions. It was shown in our previous
publication [11] that the LHCb data were consistent, within large statistical uncertainties,
with a simple power-law extrapolation of HERA J/ photoproduction results to LHC
energies. With increased statistics, an extrapolation of the power-law obtained in [8] is in
marginal agreement with the LHCb data.

12

arXiv:1401.3288

V

(a) bare

V
k

(b) screened

Figure 2: Schematic diagrams for the exclusive photoproduction process pp → pV p with (a)
and without (b) screening corrections included.

3.2 Soft survival effects

For photon–mediated processes, survival effects can be included exactly as described in Sec-
tion 2.2, however some additional care is needed. From (10) we can see that it is the ampli-
tude for the production process that is the relevant object when including these effects. On
the other hand, (16) and (17) and the flux (12) are defined at the cross section level, with
the squared amplitude for the photon–initiated subprocesses summed over the (transverse)
photon polarisations.

To translate these expressions to the appropriate amplitude level, it is important to in-
clude the photon transverse momentum q⊥ dependence in the appropriate way, corresponding
to a correct treatment of the photon polarisation, see [48]. To demonstrate this, we will only
consider the FE term in (12) in what follows, but will comment on the contribution of the
magnetic form factor at the end. Schematic diagrams for the bare and screened photopro-
duction amplitudes are shown in Fig. 2, with the relevant momenta indicated; for the bare
amplitude we have qi⊥ = −pi⊥ , while for the screened we have qi⊥ = −p′i⊥ , see Section 2.2.
Using the same decomposition that leads to (4), the photoproduction amplitude correspond-
ing to the figure behaves as

T (q1⊥) ∼ qx1⊥(A
+ − A−) + iqy1⊥(A

+ + A−) , (20)

where A± is the γp → V p amplitude for a photon of ± helicity, and if the photon is emitted
from the other proton we simply interchange 1 ↔ 2. In the bare case (q1⊥ = −p1⊥) we
simply square this, and after performing the azimuthal angular integration, the cross terms
∼ px1⊥p

y
1⊥

vanish and we have
|T (p1⊥)|

2 ∼ p21⊥σγp→V p , (21)

where σγp→V p is the subprocess cross section summed over the incoming photon transverse
polarisations. This is consistent with the FE term in (12) and with (16), and indeed a full

9



10

Photon-induced production

‣ SM Higgs to      
‣                             , including spin correlations.
‣         
‣       (light-by-light).

bb

W+W� ! ll⌫⌫

l+l�

��

16

Exclusive production: theory

Rd�pp!pXp

dM2
XdyX

⇠
dLEPA

��

dM2
XdyX

�̂(�� ! X)

• Recall formula for exclusive     -initiated production in terms of EPA 
photon flux

• Why is this not an exact equality? Because we are asking for final state 
with intact protons, object      and nothing else- colliding protons may 
interact independently: ‘Survival factor’.

X

��

X
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Updates
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Updates

• Various updates to photon-induced CEP:
‣ Light-by-light       loop contribution (                                 ).
‣ Axion-like particle             
‣ Monopole/monopolium 

 all implemented and available on request.

• Work ongoing to include ultra-peripheral heavy ions.

�� ! W ⇤W ⇤ ! ��W
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Light-by-light scattering
• Possibility for first observation of light-by-light scattering: until 
recently not seen experimentally, sensitive to new physics in the loop. 
Same final state sensitive to axion-like particle production.
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Observing light-by-light scattering at the Large Hadron Collider

David d’Enterria1 and Gustavo G. Silveira2

1CERN, PH Department, 1211 Geneva, Switzerland
2UC Louvain, Center for Particle Physics and Phenomenology (CP3), Louvain-la-Neuve, Belgium

Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].

γ

γ

γ

γ

p,Pb

p,Pb

p,Pb

p,Pb

FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and

• Analysis of d’Enterria and Silveira (arXiv:1305.7142,1602.08088): 
realistic possibility, in particular in           collisions.
• Subsequently, first evidence presented by ATLAS (arXiv:1702.01625)

PbPb

The normalisation is performed using the condition:

f norm,b
gg!�� =

Ndata(Aco > b) � Nsig(Aco > b) � N��!ee (Aco > b)
Ngg!�� (Aco > b)

, (2)

for each value of b, where Ndata is the number of observed events, Nsig is the expected number of
signal events and N��!ee is the expected background. This procedure is demonstrated in Figure 10.
The normalisation factors are found to be f norm,b=0.01

gg!�� = 0.3 ± 0.2 (stat.) for b = 0.01, f norm,b=0.02
gg!�� =

0.5 ± 0.3 (stat.) for b = 0.02 and f norm,b=0.03
gg!�� = 0.6 ± 0.5 (stat.) for b = 0.03. The background due to

CEP is thus estimated to be 0.9 ± 0.5 counts.
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Figure 10: The diphoton acoplanarity distribution for events in the signal region (p��T < 2 GeV) before (left) and
after (right) applying the CEP gg ! �� background normalisation. The normalisation procedure is performed in
the Aco > 0.01 region.

7 Results

7.1 Kinematic distributions

Photon kinematic distributions for events satisfying all selection criteria are shown in Figure 11. In total,
13 events were observed in data where 7.3 signal events and 2.6 background events are expected. In
general, a good agreement between data and MC is observed. The result of each step of the selection
applied to the data, signal and background samples is shown in Table 2.

7.2 Cross section measurement

The cross section for the �� ! �� process is measured in a fiducial phase space, defined by the following
requirements on the diphoton final state, reflecting the selection at reconstruction level: Both photons
have to be within |⌘ | < 2.4 with a transverse energy of ET > 3 GeV. The invariant mass of the di-photon
system has to be m�� > 6 GeV with a transverse momentum of p��T < 2 GeV. In addition, the photons

14
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LbyL -       loops

As in fermionic part we can choose only positive or negative charge bosons and X+, X� ghosts to
appear as loop particles and multiply the result by factor 2 to dissmiss the double counting diagrams,
which di↵er from another only by the orientation of the loop charge flow.

So, we have three structures (3 channels) in box type of diagrams, twelve structures (3 channels by 4
corresponding pinches) in pinch type and six structures (3 channels by 2 corresponding combinations of
propagators — direct and crossed) in fish type of diagrams — each of ones is a sum of the appropriate
sets of loop particles diagrams.

(a) box topology

(b) pinch topology

(c) fish topology

Figure 2: �� ! �� process EW diagrams

The full CA of given process for o↵-shell photons (p
i

✏
i

6= 0) with corresponding combinatorical factors
can be written as sum of bosonic part minus fermionic and ghost part:

A
��!��

= +2⇥
h P

+ 1

2

⇥P
+ 1

4

⇥P i

�2⇥
h P i

�2⇥
h P i

(6)

In terms of Lorenz-structures we have:

A
��!��

=
43X

i=1

h
Fbosons

i

(s , t , u) + F fermions

i

(s , t , u)
i
T↵�µ⌫

i

. (7)

The F
i

are normilized by corresponding factors for fermion and boson parts:

Cfermions = 8↵2Q4

f

N
c

,

Cbosons = 12↵2 , (8)

where ↵ is the fine structure constant, Q
f

is the fraction of charge of loop fermion in units of electron
charge e, N

c

is the number of colours for given fermion, T↵�µ⌫

i

are tensors defined with an aid of auxiliary
strings ⌧

j

presented in the Appendix section IV. The o↵-shell process contains 43 basis elements, but for
the on-shell real photons we need only first 10 structures.

4

W

• Light-by-light scattering mediated in the SM by virtual lepton, 
quark and       boson loops. Latter not relevant until                        .
• Earlier versions omitted      loop contribution. Fine for                 
but not above.

As in fermionic part we can choose only positive or negative charge bosons and X+, X� ghosts to
appear as loop particles and multiply the result by factor 2 to dissmiss the double counting diagrams,
which di↵er from another only by the orientation of the loop charge flow.

So, we have three structures (3 channels) in box type of diagrams, twelve structures (3 channels by 4
corresponding pinches) in pinch type and six structures (3 channels by 2 corresponding combinations of
propagators — direct and crossed) in fish type of diagrams — each of ones is a sum of the appropriate
sets of loop particles diagrams.
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is the fraction of charge of loop fermion in units of electron
charge e, N
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is the number of colours for given fermion, T↵�µ⌫

i

are tensors defined with an aid of auxiliary
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j

presented in the Appendix section IV. The o↵-shell process contains 43 basis elements, but for
the on-shell real photons we need only first 10 structures.
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!  Must include to get high mass region right.
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As in fermionic part we can choose only positive or negative charge bosons and X+, X� ghosts to
appear as loop particles and multiply the result by factor 2 to dissmiss the double counting diagrams,
which di↵er from another only by the orientation of the loop charge flow.

So, we have three structures (3 channels) in box type of diagrams, twelve structures (3 channels by 4
corresponding pinches) in pinch type and six structures (3 channels by 2 corresponding combinations of
propagators — direct and crossed) in fish type of diagrams — each of ones is a sum of the appropriate
sets of loop particles diagrams.
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(b) pinch topology

(c) fish topology

Figure 2: �� ! �� process EW diagrams
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are normilized by corresponding factors for fermion and boson parts:
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,
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where ↵ is the fine structure constant, Q
f

is the fraction of charge of loop fermion in units of electron
charge e, N

c

is the number of colours for given fermion, T↵�µ⌫

i

are tensors defined with an aid of auxiliary
strings ⌧

j

presented in the Appendix section IV. The o↵-shell process contains 43 basis elements, but for
the on-shell real photons we need only first 10 structures.
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•Earlier version used explicit implementation of fermion loop 
amplitudes, with no      loops.
• Now, instead interface           implementation directly to MC:

Standard Model light-by-light scattering in SANC:
analytic and numeric evaluation.

D. Bardin, L. Kalinovskaya, E. Uglov

Dzhelepov Laboratory for Nuclear Problems, JINR,

ul. Joliot-Curie 6, RU-141980 Dubna, Russia

Abstract

In this paper we describe the implementation of the SM process �� ! �� through a fermion and

boson loops into the framework of SANC system. The computations of this process takes into account

non-zero mass of loop particles. We briefly describe additional precomputation modules used for

calculation of massive box diagrams. We present the covariant and helicity amplitudes for this

process, some particular cases of D0 and C0 Passarino–Veltman functions and also numerical results

of corresponding SANC module evaluation. Whenever possible, we compare the results with those

existing in the literature.

E-mails: bardin@nusun.jinr.ru, kalinov@nusun.jinr.ru, corner@nusun.jinr.ru
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• Impact of      loops at high mass clear. For                    completely 
dominates!      
• Also shown is QCD-mediated contribution (       ). In the mass 
region the       mediated contribution dominates  (        Sudakov 
suppression of      ).
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Monopoles/monopolium

gβ

gβ

gβ

gβ

Figure 2: Elementary processes of monopole-antimonopole production via photon
fusion.

and moreover, we assume, with Ginzburg and Schiller, that this effective theory is
valid only to lowest non-vanishing order. The momentum dependence is probably
much more involved, but we know of two instances where it reduces to βg, namely
those of the figures. Effective theories, as it was said, are not renormalizable, and
moreover higher orders in the field expansion will require additional counter terms and
new constants to be fitted to the data, therefore our theory is at present only defined
to lowest non-vanishing order. To construct the higher order approximation we should
apply Weinberg’s theorem [37] and construct all terms compatible with the symmetries.
At present, and close to monopole-antimonopole threshold, we expect the lowest order
term to be sufficient, for our purposes. Guided by simplicity and phenomenological
inspiration we introduce an effective theory which is finite and well defined and we call
this proposal the β scheme.

Note that the Ginzburg-Schiller scheme and the β scheme are in some sense com-
plementary. The former is valid below the monopole threshold, while the latter above
since β vanishes below threshold.

The aim here is to study possible signals of magnetic monopoles at LHC. According
to previous studies [26], the most promising mechanism is photon fusion. The elemen-
tary diagrams contributing to pair production are those in Fig. 2, where the explicit
couplings have been shown.

The photon-fusion elementary cross section is obtained from the well-known QED
electron-positron pair creation cross section [38], simply changing the coupling constant
(e → gβ ) and the electron mass by the monopole mass me → m, leading to

σ(γ γ → mm) =
π g4 (1− β2) β4

2m2

!

3− β4

2β
log

!

1 + β

1− β

"

− (2− β2)

"

, (4)

where β is the monopole velocity, a function of the center-of-mass energy, E. In Fig. 3
we show the ω = E/2m dependence of the adimensional functional form of Eq.(4) to
show the effect of the β g coupling. The solid curve corresponds to the electron-positron
case, the dashed one to the monopole case which contains the β4 factor. One should

4

1 Introduction

The theoretical justification for the existence of classical magnetic poles, hereafter
called monopoles, is that they add symmetry to Maxwell’s equations and explain charge
quantization [1,2]. Dirac showed that the mere existence of a monopole in the universe
could offer an explanation of the discrete nature of the electric charge. His analysis
leads to the Dirac Quantization Condition (DQC),

e g =
N

2
, N = 1,2,... , (1)

where e is the electron charge, g the monopole magnetic charge and we use natural
units h̄ = c = 1. In Dirac’s formulation, monopoles are assumed to exist as point-like
particles and quantum mechanical consistency conditions lead to Eq. (1), establishing
the value of their magnetic charge. Their mass, m, is a parameter of the theory.

Monopoles and their experimental detection have been a subject of much study
since many believe in Dirac’s statement [1],

“...one would be surprised if Nature had made no use of it [the monopole].”

All experimental searches for magnetic monopoles up to now have met with failure
[3–13]. These experiments have led to a lower mass limit in the range of 350 GeV. The
lack of experimental confirmation has led many physicists to abandon the hope in their
existence.

Although monopoles symmetrize Maxwell’s equations in form, there is a numerical
asymmetry arising from the DQC, namely that the basic magnetic charge is much
larger than the smallest electric charge. This led Dirac himself in his 1931 paper [1] to
state,

“... the attractive force between two one-quantum poles of opposite sign is (137/2)2 ≈
46921/4 times that between the electron and the proton. This very large force may
perhaps account for why the monopoles have never been separated.”

Inspired by this old idea of Dirac and Zeldovich [1,14,15], namely, that monopoles
are not seen freely because they are confined by their strong magnetic forces forming
a bound state called monopolium [16, 17], we proposed that monopolium, due to its
bound state structure, might be easier to detect than free monopoles [18, 19].

The Large Hadron Collider (LHC), which entered last year in operation colliding
3.5-TeV protons, will probe the energy frontier opening possibilities for new physics in-
cluding the discovery of magnetic monopoles either directly, a possibility contemplated
long time ago [20, 21], and revisited frequently [5, 9, 22–26] or through the discovery
of monopolium, as advocated in refs. [18, 19]. The direct observation is based on the

1

• Monopoles - add symmetry to Maxwell’s equations and explain 
charge quantisation. As Dirac said:

• Dirac quantization leads to monopole coupling,                       .

• Photon-initiated production ideal channel to search for these object, 
with large QED couplings.
• As well as monopole pair production, can produce a            bound 
state - monopolium.

g2 = N2⇡/↵

MM

g β

g β

M
V(r)

Figure 3: Diagramatic representation of the model describing the coupling of photons to mo-
nopolium.

mass, M , because the latter will take care of the binding. Here αg corresponds to the
photon–monopole coupling and ψM is the monopolium ground state wave function.

Using the Coulomb wave functions of ref.[15] expressed in the most convenient way to
avoid details of the interaction, which will be parameterized by the binding energy, one
has

|ψM(0)|2 =
1

π
(2−

M

m
)3/2 m3, (6)

and the scheme of Dougall and Wick [18, 19] adapted to monopolium production, gives
rise to

Γ(E) =
2β4

M2α2
(2−

M

m
)3/2m3. (7)

Here, α is the fine structure constant and β the monopolium velocity,

β =

!

1−
M2

E2
. (8)

which is the velocity of the monopoles moving in the monopolium system.
Note that due to the value of β the width vanishes at the monopolium mass, where

the velocity is zero. Therefore a static monopolium is stable under this interaction.
A caveat must be made. There is a duality of treatments in the above formulation,

see Fig. 3. The static coupling is treated as a Coloumb like interaction of coupling g
binding the monopoles into monopolium, although ultimately the details are eliminated
in favor of the binding energy parameterized by the monopolium mass M . We find in this
way a simple parametric description of the bound state. The dynamics of the production
of the virtual monopoles, to be bound in monopolium, is described in accordance with
the effective theory [18, 19], and this coupling is βg. This is similar to what is done
in heavy quark physics [25](see his figure 5), where the wave function is obtained by a

4

T. Dougall and S. D. Wick, Eur.Phys.J. A39 (2009) 213-217
L. N. Epele et al., Eur.Phys.J C62 (2009) 587-592
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• Dirac quantization leads to monopole coupling g2 = N⇡/↵

!Monopole production non-perturbative process.

• Different approaches to deal with this are available, correspond 
to different choices of coupling. We implement two:

‣ Basic Dirac monopole coupling                      .
‣ The beta-coupling         , where     is monopole velocity.

gβ

gβ

gβ

gβ

Figure 2: Elementary processes of monopole-antimonopole production via photon
fusion.

and moreover, we assume, with Ginzburg and Schiller, that this effective theory is
valid only to lowest non-vanishing order. The momentum dependence is probably
much more involved, but we know of two instances where it reduces to βg, namely
those of the figures. Effective theories, as it was said, are not renormalizable, and
moreover higher orders in the field expansion will require additional counter terms and
new constants to be fitted to the data, therefore our theory is at present only defined
to lowest non-vanishing order. To construct the higher order approximation we should
apply Weinberg’s theorem [37] and construct all terms compatible with the symmetries.
At present, and close to monopole-antimonopole threshold, we expect the lowest order
term to be sufficient, for our purposes. Guided by simplicity and phenomenological
inspiration we introduce an effective theory which is finite and well defined and we call
this proposal the β scheme.

Note that the Ginzburg-Schiller scheme and the β scheme are in some sense com-
plementary. The former is valid below the monopole threshold, while the latter above
since β vanishes below threshold.

The aim here is to study possible signals of magnetic monopoles at LHC. According
to previous studies [26], the most promising mechanism is photon fusion. The elemen-
tary diagrams contributing to pair production are those in Fig. 2, where the explicit
couplings have been shown.

The photon-fusion elementary cross section is obtained from the well-known QED
electron-positron pair creation cross section [38], simply changing the coupling constant
(e → gβ ) and the electron mass by the monopole mass me → m, leading to

σ(γ γ → mm) =
π g4 (1− β2) β4

2m2

!

3− β4

2β
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1− β

"

− (2− β2)

"

, (4)

where β is the monopole velocity, a function of the center-of-mass energy, E. In Fig. 3
we show the ω = E/2m dependence of the adimensional functional form of Eq.(4) to
show the effect of the β g coupling. The solid curve corresponds to the electron-positron
case, the dashed one to the monopole case which contains the β4 factor. One should

4
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• `LHC ring proto-collaboration’ - searching for CEP physics 
with the LHC BLMs.
• Monopolium production (SuperChic implementation) a case 
study to demonstrate possibilities.
• Ongoing study - paper in preparation.

Turning the LHC Ring into a New Physics Search Machine  

Risto Orava1, a) 

For the LHC Ring proto-collaboration 

1University of Helsinki, Helsinki Institute of Physics and CERN-EP, CH-1211 Geneva 23, Switzerland 
 

a)risto.orava@cern.ch 
 

Abstract. The LHC Collider Ring is proposed to be turned into an ultimate automatic search engine for new physics in four 
consecutive phases: (1) Searches for heavy particles produced in Central Exclusive Process (CEP): pp o p + X + p based on the 
existing Beam Loss Monitoring (BLM) system of the LHC; (2) Feasibility study of using the LHC Ring as a gravitation wave 
antenna; (3) Extensions to the current BLM system to facilitate precise registration of the selected CEP proton exit points from 
the LHC beam vacuum chamber; (4) Integration of the BLM based event tagging system together with the trigger/data 
acquisition systems of the LHC experiments to facilitate an on-line automatic search machine for the physics of tomorrow. 
 

INTRODUCTION 

Goals of the Project 

This proposal aims at configuring a new physics search facility based on existing instrumentation of the LHC 
ring and the LHC experiments. The approach presented here is novel, and uses the LHC Beam Loss Monitoring 
(BLM) and other LHC beam instrumentation devices for tagging the new physics event candidates in a model-
independent way. The physics potential of the proposed facility is huge, and highly complementary to the present 
experimental installations at the LHC (ALICE, ATLAS/ALPHA, CMS/TOTEM, LHCb/MoEDAL experiments).  

A few selected physics processes, based on Central Exclusive Production (CEP), Disoriented Chiral Condensates 
(DCCs), and gravitational waves are used as bench marks for the feasibility studies to be completed within the 
project. The CEP processes provide an ideal test ground for the proposed approach - here a pair of coincident final 
state protons, exiting the LHC beam vacuum chamber, are used to tag the event candidates. The fractional momenta 
of the final state protons are directly related to the invariant mass of the centrally produced system. The proposed 
approach [1,2] is independent of the particular decay modes of a centrally produced system, and substantially 
enhances the potential of observing new heavy particle states at the LHC. Performance of the customary Roman Pot 
technology is limited by the location of the pots, and the allowed transversal access to the beam.  

The LHC Ring deforms due to low frequency gravitational wave background. It is of high importance to 
investigate further whether the LHC proton losses can be used for detecting faster transients (1ms to 10s frequency 
band) expected due to gravitational wave burst from different sources, such as binary black hole mergers [3] or other 
astrophysical phenomena. 

The collaborators represent the key areas of this proposal: in accelerator physics and LHC instrumentation (S. 
Redaelli et al., CERN Beams Division), accelerator theory (Werner Herr, CERN Beams Division), theoretical high 
energy physics (Lucian Harland-Lang, University College, London, K. Huitu, Division of Particle Physics and 
Astrophysics, University of Helsinki; Valery Khoze, University of  Durham University; M.G. Ryskin Petersburg 
Nuclear Physics Institute, Gatchina, St. Petersburg; V. Vento, University of Valencia and CSIC) and experimental 
high energy physics (A. De Roeck, CERN EP; M. Kalliokoski, CERN Beams Division; Beomkyu Kim, University 
of Jyväskylä; Jerry W. Lämsä, Iowa State University, Ames; C. Mesropian, Rockefeller University; Matti Mikael 
Mieskolainen, University of Helsinki; Toni Mäkelä, Aalto University, Espoo; Risto Orava, University of Helsinki, 

R. Orava, AIP Conf. Proc. 1819 (2017) no .1, 04022
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Axion-like particles

Searching for axion-like particles with ultra-peripheral heavy-ion collisions

Simon Knapen,1, 2 Tongyan Lin,1, 2 Hou Keong Lou,1, 2 and Tom Melia1, 2

1Department of Physics, University of California, Berkeley, California 94720, USA
2Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(Dated: July 22, 2016)

We show that ultra-peripheral heavy-ion collisions at the LHC can be used to search for axion-
like particles with mass below 100 GeV. The Z4 enhanced photon-photon luminosity from the ions
provides a large exclusive production rate, with a signature of a resonant pair of back-to-back
photons and no other activity in the detector. In addition, we present both new and updated limits
from recasting multi-photon searches at LEP II and the LHC, which are more stringent than those
currently in the literature for the mass range 100 MeV to 100 GeV.

I. INTRODUCTION

A number of outstanding experimental and theoretical
observations point to an incompleteness of the standard
model (SM); notable examples include the existence of
dark matter, the strong CP problem, and the hierarchy
problem. Proposed resolutions typically involve the in-
troduction of new particles or even whole new sectors
beyond the SM. The Large Hadron Collider (LHC), in
its capacity as a energy-frontier proton-proton (p-p) col-
lider, has a suite of dedicated searches for many di↵erent
new physics scenarios (for an overview, see Ref. [1, 2]).

Beyond p-p collisions, the LHC also collides heavy ions
at unprecedented energies. ATLAS, CMS, LHCb and
ALICE have all recorded proton-lead (p-Pb) and lead-
lead (Pb-Pb) collisions. For Pb-Pb collisions at the LHC,
the design luminosity is ⇠ 1 nb�1

/year, with an eventual
center-of-mass energy per nucleon of

p
s

NN

= 5.5 TeV.
With this reduced luminosity and lower per-nucleon col-
lision energy, heavy-ion collisions are not optimized for
typical beyond the SM (BSM) physics searches. How-
ever, the large charge of the lead ions (Z = 82) results in
a huge Z

4 enhancement for the coherent photon-photon
luminosity, which can in principle be exploited to search
for new physics that couples predominantly to photons.
Interestingly, this coherent enhancement extends to ener-
gies above 100 GeV, essentially because the wavelength of
such high energy photons is still longer than the Lorentz-
contracted size of the ultra-relativistic Pb ions.

These coherent electromagnetic interactions occur in
ultra-peripheral collisions (UPCs), where the impact pa-
rameter is much larger than the ion radius, such that
the ions scatter quasi-elastically and remain intact. (See
Ref. [3–5] for reviews of the subject.) Such exclusive pro-
cesses are characterized by a lack of additional detector
activity and a large rapidity gap between the produced
particles and outgoing beams. This allows very e�cient
background rejection of non-exclusive interactions and
provides a clean environment to search for new particles.
One particularly fascinating early proposal was a search
for the SM Higgs boson in photon fusion [6–8]. Although
the rate for this process is too small for the planned lu-
minosity at the LHC [9], it is nevertheless a very instruc-
tive benchmark for the study of exclusive particle pro-

duction in UPCs. Other early proposals include searches
for e.g. supersymmetry [10] or extra dimensions [11], but
have not been competitive with the analogous searches
with p-p collisions.

In this Letter, we present an application of heavy-ion
collisions to search for scalar and pseudoscalar particles
produced in photon fusion (Fig. 1) and with mass in the
range 5 to 100 GeV. Relatively light pseudoscalar bosons
are natural ingredients in a large class of models which
invoke the breaking of approximate symmetries. The ⇡

0

and ⌘ are known examples of this type of particle in the
SM. In extensions of the SM, such particles can couple to
the electromagnetic sector through a Lagrangian of the
form
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where a is the new pseudoscalar, often referred to as
an axion-like particle (ALP), F̃
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is the mass of the ALP, and 1/⇤ is the coupling con-
stant. We also consider the same interaction arising from
the ALP coupling to hypercharge, through the opera-
tor � 1

4 cos
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B. Although we take a pseudoscalar as

a benchmark, our conclusions apply for scalars as well,
upon substituting F̃ (B̃) with F (B) in Eq. (1).

For UPCs, the total cross section for ALP production
in the narrow width approximation is given by
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2 is the decay width of the
ALP into photons, and L
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) is the photon-photon
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FIG. 1. Exclusive ALP production in ultra-peripheral Pb-Pb
collisions.
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• The                transition in CEP can be sensitive to Axion like 
particles. 
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FIG. 4. Left: Expected sensitivity to the operator 1

4

1

⇤

aF F̃ in heavy-ion UPCs at the LHC (green solid and dashed curves,
for a Pb-Pb luminosity of 1 nb�1 and 10 nb�1, respectively). Shown for comparison is the limit from 36 pb�1 of exclusive p-p
collisions [22] (red dot-dash). New and updated exclusion limits from LEPII (OPAL 2�, 3�) [24] and from the LHC (ATLAS 2�,
3�) [36, 37] are indicated by the various shaded regions (see text). Right : The analogous results for the operator 1

4 cos

2 ✓W
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aBB̃.

The LEPI, 2� (teal shaded) region is taken from [38].

IV. RESULTS AND DISCUSSION

The ALP parameter space is already substantially con-
strained by cosmological and astrophysical observations,
as well as by a broad range of intensity frontier experi-
ments (see e.g. [41] for a review). In the regime of interest
for UPCs (1 GeV . m

a

. 100 GeV), the existing con-
straints however come from LEP and LHC [38, 42, 43].

In Fig. 4 we show the expected sensitivity from UPCs,
both for the current (1 nb�1) and the high luminosity
(10 nb�1) Pb-Pb runs.1 For each mass point we com-
puted the expected Poisson limit [44] assuming the entire
signal falls into a bin equal to twice the mass resolution.
We also show the analogous limit from the p-p analysis
performed by CMS [22], although we find it is not com-
petitive with other LHC limits. For the BB̃ operator, the
expected limits from heavy-ion collisions are competitive
with the other collider limits, whereas for the FF̃ oper-
ator they are significantly stronger.

The existing exclusion limits come from beam dumps
[45, 46], LEPII [24] and the (p-p) LHC [36, 37]. For the
LHC three photon search, we recast the published limits
on the Higgs decay h ! aa ! 4� in [37] by rescaling the
acceptances for the cuts from the Higgs model to the case
of associated production of the ALP with a photon. (This

1

Even though the integrated luminosity is higher, the expected

limits from the p-Pb runs are not competitive due to a less favor-

able Z2

scaling of the rate. Collisions of lighter ions, e.g. Ar-Ar,

could be competitive if the integrated luminosity is increased by

two to three orders of magnitude compared to Pb-Pb.

is possible since Ref. [37] only requires three rather than
four photons.) There should also exist an LHC limit for
m

a

& 60 GeV, but with the available public information
we were not able to reliably extract it (see e.g. [38, 42, 43]
for projected limits). For the BB̃ operator we also show
the limit from Z

0 ! a� [37], which we cut o↵ at m

a

⇡ 70
GeV due to the p

�

T

> 17 GeV cut in [37].

For the mass region 50MeV–8 GeV, we derive a new
exclusion limit on the aF F̃ operator from associated pro-
duction, e

+

e

� ! �a ! 3�, by utilizing data from the
OPAL inclusive 2� search [24]. For such ALP masses
the decay photons are collimated but no explicit photon
isolation is required in [24]. This improves on previous
limits from associated production [38], which were de-
rived using LEPI data.

Below m

a

. 5 GeV the signal in Fig. 1 falls below the
trigger thresholds, and it is an interesting puzzle as to
how the reach can be extended to this regime. To fur-
ther probe this region with Pb-Pb collisions, we consid-
ered: i) an o↵-shell a would provide a new contribution
to light-by-light scattering; ii) associated production, for
example with electrons �� ! a e

+

e

�; and, iii) ALP pair-
production �� ! aa. Unfortunately, these signal cross
sections do not provide enough sensitivity compared to
existing constraints: for ⇤ = 1 TeV we find 0.004 nb,
0.2 nb and 0.01 nb, respectively.

In summary, we have found that heavy-ion collisions
at the LHC can provide the best limits on ALP-photon
couplings for 5GeV < m

a

< 100 GeV. The very large
photon flux and extremely clean event environment in
heavy-ion UPCs provides a rather unique opportunity to
search for BSM physics.
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FIG. 1. Exclusive ALP production in ultra-peripheral Pb-Pb
collisions.
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• Discussed in Kapen et al. (1607.06083) - find that in heavy ion 
collisions can set the strongest limits yet on these couplings.

• Lagrangian:

gives simple production amplitudes:

M±± =
1

2

m2
a

⇤
M±⌥ = 0

• Implementation, including full      
decay kinematics, will be 
included in next release.

S. Knapen et al., Phys. Rev. Lett. 118 (2017) no.17, 171801
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Ultra-peripheral heavy ion collisions
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Heavy ions
• Work ongoing on extending to heavy ions. Typically work in 
impact parameter space. Flux often given by:

where λC(A) is the Compton wavelength of the ion. xmax is 4×10−3, 3×10−4,
1.4× 10−4 for O, Sn, Pb ions, respectively. Here and also throughout the rest
of the paper we use natural units, i.e., h̄ = c = 1.

b>R +R

Z

Z

1 2

Fig. 1. A fast moving nucleus with charge Ze is surrounded by a strong electro-
magnetic field. This can be viewed as a cloud of virtual photons. These photons can
often be considered as real. They are called “equivalent” or “quasireal photons”. In
the collision of two ions these quasireal photons can collide with each other and with
the other nucleus. For very peripheral collisions with impact parameters b > 2R,
this is useful for photon-photon as well as photon-nucleus collisions.

The collisions of e+ and e− has been the traditional way to study γγ collisions.
Similarly photon-photon collisions can also be observed in hadron-hadron col-
lisions, see Fig. 1. Since the photon number scales with Z2 (Z being the charge
number of the nucleus) such effects can be particularly large. This factor of
>∼ 6000 (corresponding to Au, Z = 79) is the reason why the name “gold
flashlight” [9] has been used to describe very peripheral (AuAu) collisions at
RHIC.

Similarly the strong electromagnetic field can be used as a source of photons
to induce electromagnetic reactions in the second ion, see Fig. 1. Since the
ion, which is hit by these photons, is moving in the collider frame the photon-
hadron invariant masses can become very high. In the rest frame of one of the
ions (sometimes called the ”target frame”) the Lorentz factor of the other ion
is given by γion = 2γ2

lab−1, where γlab is the Lorentz factor in the collider (cm)
frame. The maximum photon energy in this frame is 500 TeV for the LHC
and 600 GeV for RHIC.

This high equivalent photon flux has already found many useful applications in
nuclear physics [10], nuclear astrophysics [11,12], particle physics [13] (some-
times called the “Primakoff effect”), as well as, atomic physics [14]. Previous
reviews of the present topic can be found in [15–18].

The theoretical tool to analyze very peripheral collisions is the equivalent
photon method. This method is described in Chap. 2. The equivalent photon

6

TABLE I: Some ion species, maximum energy and luminosity for several accelerators [170]. Also

shown are the maximum effective γp and γγ energies. For proton beams, the maximum effective

photon energy is taken to be 10% of the proton energy, although there is some flux at higher

energies. The CERN SPS is a fixed target accelerator; the effective luminosity depends on the target

thickness. Not mentioned here are lower-energy accelerators, where photon exchange processes have

also been studied.

Accelerator Ions Max. Energy (CM) Luminosity Max. γA Max. γγ

per Nucleon pair (cm−2s−1 Energy Energy

CERN SPS Pb+Pb 17 GeV – 3.1 GeV 0.8 GeV

RHIC Au+Au 200 GeV 4 × 1026 24 GeV 6.0 GeV

RHIC p+p 500 GeV 6 × 1030 79 GeV 50 GeV

LHC Pb+Pb 5.6 TeV 1027 705 GeV 178 GeV

LHC p+p 14 TeV 1034 3.1 TeV 1.4 TeV

but taking ωmax to be 10% of the proton energy is a reasonable rule-of-thumb. RHIC (see

Table 1) can reach photon-gold center of mass energies up to about 30 GeV per nucleon,

and photon-proton center of mass energies up to 300 GeV. These energies are slightly higher

than are available at fixed target accelerators and at HERA respectively. At the LHC, the

corresponding energies are 1 TeV and 10 TeV respectively, more than an order of magnitude

higher than is available elsewhere. 0

The equivalent (or virtual) photon flux per unit area (the relation between n(ω) and

N(ω, b) is n(ω) =
!

N(ω, b)d2b) is [1, 3, 17]

N(ω, b) =
Z2αω2

π2γ2!2β2c2

"

K2
1 (x) +

1

γ2
K2

0(x)

#

. (4)

where x = ωb/γβ!c, Z is the ion charge, α = 1/137, βc is the particle velocity and K0 and K1

are modified Bessel functions. The first term (K1(x)2) gives the flux of photons transversely

polarized to the ion direction and the second is the flux for longitudinally polarized photons.

The transverse polarization dominates for ultra-relativistic particles (γ ≫ 1). The photon

flux is exponentially suppressed when ω > γβ!c/b, justifying the estimates in the beginning

of this section.
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• Then integrate over               , requiring                                       .b1? , b2? |b1? � b2? | > R1 +R2

• Implemented in unofficial* SuperChic release, provided by 
authors of arXiv:1305.7142
• However this approach is simplified. We now wish to be more 
exact:

‣ Exact kinematics (             ).
‣ Nuclear overlap/Form factors.
‣ Survival effects.
‣ Dissociation?

Q2 6= 0

*Available on request!
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• As starting point, we write

 where         is the survival factor, i.e. direct analogue of        case. 
To first approx we have                                             but not exact!

⌦(b) = �inel.

Z
d2b01d

2b02 T (b
0
1)T (b

0
2)�(~b� ~b0) ,

T (b) =

Z
dz⇢(r) ,

• Some simple consequences follow from this:
‣ Consequence 1:          scaling for QCD-mediated production.
‣ Consequence 2: departure from simple                  for QED-
mediated production.

with e.g.

 : survival factor

: nucleon density

pp

~b(0) = ~b1(
0)� ~b2(

0)

A1/3

b > Rmin

⇢(r) =
⇢0

1 + exp((r �R)/D)

� =

Z
d2b1d

2b2 �CEP(~b1, ~b2)e
�⌦(b)

S2 $ e�⌦

In the one-photon case one then gets the equivalent photon number as

n(ω) =

∞!

Rmin

2πbdbN(ω, b). (46)

b>Rmin

b

b2

1
R1

R2

Fig. 5. In the semiclassical picture, which is valid in the case of heavy ion collisions,
initial state interactions between the two ions take place if the impact parameter
between the two ions is smaller than Rmin = R1 + R2. Final state interaction can
occur if the individual bi are smaller than Ri.

Let us look first at the one-photon case (“γA collisions”) between two ions.
It is a good assumption that the total nuclear charge is contained inside the
sphere with radius Ri. As it is well known from electrostatics, the electric
field outside of a spherical symmetric charge distribution is the same as if the
total charge is concentrated in the center. The two ions cannot come closer
than Rmin = R1 +R2. Impact parameter dependent equivalent photon spectra
for extended charge distributions can in principle be calculated. But from the
argument given above it is clear that the form of the charge distribution does
not enter in this case in Eq. (46). It only matters that the nuclear charge Z is
entirely contained inside the nuclear radius Ri.

The corresponding electromagnetic process can be written as

σOP =

∞!

Rmin

2πbdb
! dω

ω
N(ω, b)σγ(ω) (47)

=

∞!

Rmin

2πbdbPOP (b), (48)

see Eq. (6), allowing to define the impact parameter dependent probability
for the one-photon process in this case. In numerous studies of nuclear ex-
citations of fast (relativistic) heavy ions this has been proven to be a good
approximation.

The sharp cutoff assumption may be relaxed using a smooth absorption profile
T (b), see, e.g., Chap. 2 of [15]. The importance of such uncertainties depends

24

Image credit: hep-ph/0112211

e�⌦(b) ⇡ ⇥(b�R1 �R2)

• More precisely: 

e�⌦
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Consequence 1 - QCD-mediated production

• Question: do we need to worry 
about QCD-induced CEP 
background in heavy ion 
collisions?
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Observing light-by-light scattering at the Large Hadron Collider

David d’Enterria1 and Gustavo G. Silveira2

1CERN, PH Department, 1211 Geneva, Switzerland
2UC Louvain, Center for Particle Physics and Phenomenology (CP3), Louvain-la-Neuve, Belgium

Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].
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FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and

Figure 2: (a) Exclusive γγ production driven by two-gluon t-channel exchange, and the back-

grounds arising from, (b) γγ produced in a Pomeron-Pomeron initiated subprocess, accompa-
nied by soft undetected hadrons and, (c) from γγ production via t-channel quark-antiquark

exchange. All permutations of the particle lines are implied.

that the quark densities are comparable to that of the gluon. On the other hand, the photons
can be emitted directly from a quark line (without an extra loop and its accompanying small αs

factor). Moreover the ‘skewed’ factor, Rq, due to the asymmetric qq̄ t-channel configurations is
much larger for quarks, Rq ∼ 3−4.5, than the corresponding factor for skewed t-channel gluons

[16]. Since the exclusive cross section is proportional to R4
q [1], this is clearly important.

2 Exclusive γγ production via gg t-channel exchange

First, we calculate exclusive γγ production arising from gluon-exchange, as shown in Fig. 2a.

We write the cross section in the factorized form [2]

σg = Lg(M
2
γγ , y) σ̂g(M

2
γγ), (3)

where σ̂g is the cross section for the hard gg → γγ subprocess which produces a γγ system of
mass Mγγ , and Lg is the effective gg luminosity for production of a central system (γγ in our

case) with rapidity y. For the exclusive γγ production shown in Fig. 2a we have, to single log
accuracy, [1]
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where b is the t-slope corresponding to the momentum transfer distributions of the colliding

proton and antiproton
d2σ

dt1dt2
∝ eb(t1+t2). (5)
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Aside - QCD CEP in heavy ions

• Question: do we need to worry about QCD-induced CEP background 
in heavy ion collisions?
• E.g. in light-by-light scattering. What about                 contribution?
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Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].
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FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and
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Figure 2: (a) Exclusive γγ production driven by two-gluon t-channel exchange, and the back-

grounds arising from, (b) γγ produced in a Pomeron-Pomeron initiated subprocess, accompa-
nied by soft undetected hadrons and, (c) from γγ production via t-channel quark-antiquark

exchange. All permutations of the particle lines are implied.

that the quark densities are comparable to that of the gluon. On the other hand, the photons
can be emitted directly from a quark line (without an extra loop and its accompanying small αs

factor). Moreover the ‘skewed’ factor, Rq, due to the asymmetric qq̄ t-channel configurations is
much larger for quarks, Rq ∼ 3−4.5, than the corresponding factor for skewed t-channel gluons

[16]. Since the exclusive cross section is proportional to R4
q [1], this is clearly important.

2 Exclusive γγ production via gg t-channel exchange

First, we calculate exclusive γγ production arising from gluon-exchange, as shown in Fig. 2a.

We write the cross section in the factorized form [2]

σg = Lg(M
2
γγ , y) σ̂g(M

2
γγ), (3)

where σ̂g is the cross section for the hard gg → γγ subprocess which produces a γγ system of
mass Mγγ , and Lg is the effective gg luminosity for production of a central system (γγ in our

case) with rapidity y. For the exclusive γγ production shown in Fig. 2a we have, to single log
accuracy, [1]
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where b is the t-slope corresponding to the momentum transfer distributions of the colliding

proton and antiproton
d2σ
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∝ eb(t1+t2). (5)
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Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
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= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].
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FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and
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Figure 2: (a) Exclusive γγ production driven by two-gluon t-channel exchange, and the back-

grounds arising from, (b) γγ produced in a Pomeron-Pomeron initiated subprocess, accompa-
nied by soft undetected hadrons and, (c) from γγ production via t-channel quark-antiquark

exchange. All permutations of the particle lines are implied.

that the quark densities are comparable to that of the gluon. On the other hand, the photons
can be emitted directly from a quark line (without an extra loop and its accompanying small αs

factor). Moreover the ‘skewed’ factor, Rq, due to the asymmetric qq̄ t-channel configurations is
much larger for quarks, Rq ∼ 3−4.5, than the corresponding factor for skewed t-channel gluons

[16]. Since the exclusive cross section is proportional to R4
q [1], this is clearly important.

2 Exclusive γγ production via gg t-channel exchange

First, we calculate exclusive γγ production arising from gluon-exchange, as shown in Fig. 2a.

We write the cross section in the factorized form [2]

σg = Lg(M
2
γγ , y) σ̂g(M

2
γγ), (3)

where σ̂g is the cross section for the hard gg → γγ subprocess which produces a γγ system of
mass Mγγ , and Lg is the effective gg luminosity for production of a central system (γγ in our

case) with rapidity y. For the exclusive γγ production shown in Fig. 2a we have, to single log
accuracy, [1]
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where b is the t-slope corresponding to the momentum transfer distributions of the colliding

proton and antiproton
d2σ

dt1dt2
∝ eb(t1+t2). (5)
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• Considered in (first!) ATLAS 
evidence for light-by-light 
scattering.

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: Nature Physics CERN-EP-2016-316
February 7, 2017

Evidence for light-by-light scattering in heavy-ion
collisions with the ATLAS detector at the LHC

The ATLAS Collaboration

Light-by-light scattering (�� ! ��) is a quantum-mechanical process that is forbidden in the
classical theory of electrodynamics. This reaction is accessible at the Large Hadron Collider
thanks to the large electromagnetic field strengths generated by ultra-relativistic colliding
lead (Pb) ions. Using 480 µb�1 of Pb+Pb collision data recorded at a centre-of-mass energy
per nucleon pair of 5.02 TeV by the ATLAS detector, the ATLAS Collaboration reports evi-
dence for the �� ! �� reaction. A total of 13 candidate events are observed with an expected
background of 2.6 ± 0.7 events. After background subtraction and analysis corrections, the
fiducial cross section of the process Pb+Pb (��)! Pb(⇤)+Pb(⇤) ��, for photon transverse en-
ergy ET > 3 GeV, photon absolute pseudorapidity |⌘| < 2.4, diphoton invariant mass greater
than 6 GeV, diphoton transverse momentum lower than 2 GeV and diphoton acoplanarity
below 0.01, is measured to be 70 ± 24 (stat.) ± 17 (syst.) nb, which is in agreement with
Standard Model predictions.

c� 2017 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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• Argued that SuperChic 
prediction for                   via       
should be scaled by      . Found to 
be quite small (also        
distribution broader).

pp ! p��p

p��?

A2

gg

vs.

 Is this right?
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• The exponent in the          suppression factor:

⌦(b) = �inel.

Z
d2b01d

2b02 T (b
0
1)T (b

0
2)�(~b� ~b0) ,

is generally very large      need                       for non-negligible 
contribution, where nuclear density not too large.

b & R1 +R2!

RQCD ⌧ RA

e�⌦

! all interactions must happen on ion periphery, with some 
small separation      along impact parameter direction.�

� =

Z
d2b1d

2b2 �CEP(~b1, ~b2)e
�⌦(b)• Cross section:

⇢(r) =
⇢0

1 + exp((r �R)/D)

• On the other hand, QCD is short-range - 
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• Performing the integral, with                                        , 
we end up with:

d2b ! 2⇡(R1 +R2)d�

� ⇠ (R1 +R2)D ⇠ (A1 +A2)
1/3

! QCD-mediated CEP occurs in ring of radius                and 
width    . This surface-like interactions has a            , and not           
scaling, i.e. much lower cross section than ATLAS expectations.

R1 +R2

⇠ A1/3 ⇠ A2

Numerical calculation in prep.

� ⇡
Z

d2b1d
2b2 T (b1)T (b2)�

gg
CEP e�⌦(b) ,

D

• QCD is short-range -                        - so simplify RQCD ⌧ RA

� =

Z
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2b2 �CEP(~b1, ~b2)e
�⌦(b)

with:
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Consequence 2 - photon-induced production

• What about photon-initiated CEP? No longer dealing with 
short range interaction      must keep full   -dependent form:

now           in general extends far beyond             , where                   .

� =

Z
d2b1d

2b2�
��
CEP(

~b1,~b2)e
�⌦(b) ,

���
CEP

) b

b ⇠ RA e�⌦ ⇠ 1

! As we know well,      not dramatic for ultra-peripheral collisions.

• However cannot ignore completely:

b . RA

MX

S2

tmin " b #
‣ Contribution for              not negligible, in particular for 
larger         ,where             and        .
‣ For               will have some suppression as well.b & RA
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• Often      effects included via simple                        cut. 
However this approximates:      

� =

Z
d2b1d

2b2�
��
CEP(

~b1,~b2)e
�⌦(b) ,

S2 b > R1 +R2

e�⌦(b) ⇡ ⇥(b�R1 �R2)

which is clearly not exactly true       misses physics in            region.b ⇠ R)

• In addition, as in      collisions          has non-trivial vector          
dependence, due to the polarization structure of the                         
process. Will impact final result and should be included.

pp ���
CEP

~b1, ~b2
�� ! X

• Finally, transforming back to      space at the end we can 
calculate the impact of this on the ion      distribution (typically  
assume          ).

! Work actively ongoing to do this. Watch this space!

q?
q?

�(~q?)
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Conclusion and outlook

Thank you for listening!

• SuperChic - a MC event generator for CEP processes.
• Unified platform for QCD-induced, photoproduction and 
photon-photon collisions. Differential treatment of survival factor.
• Recent updates:

‣ Light-by-light scattering -      loops.
‣ Monopole pair/monopolium production.
‣ Axion-like particle production.

• Ongoing work: complete treatment of ultra-peripheral heavy 
ion collisions following extension of SuperChic approach.
• A new public release with these updates to come soon.
• Open to suggestions- collaborations/requests welcome.
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