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Dimuon production from 
γ+γ scattering in UPC 
with the ATLAS detector
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Observing light-by-light scattering at the Large Hadron Collider
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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

photon pair production 
(via quark, lepton, W, BSM? loops)
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exclusive µµ production is a pure QED process, 
one photon from each nucleus



Exclusive processes & dissociation
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Figure 1: Diagrams for the (a) leading-order PbPb(��) ! µ+µ�(PbPb) and (b) next-to-leading-order PbPb(��) !
µ+µ� + �(PbPb) (middle) Breit–Wheeler process in Pb+Pb collisions, and (c) the dissociative PbPb(��?) !
µ+µ� + X(Pb?Pb) process where one photon is emitted from the substructure of one of the nucleons, leading to
nucleon fragmentation in the far-forward direction.

example of which is shown in Figure 1(b), where the muons are accompanied by additional resolved soft
photons in the final state. Dissociative processes, where one photon is emitted by charged constituents of
a nucleon, as shown in Figure 1(c), are also neglected by most models, in part due to the fact that these
processes are not coherently enhanced.

The study of exclusive dimuon cross sections, conditional on observations of forward neutron production
in the direction of one or both incoming nuclei, provides an additional experimental handle on the impact
parameter range sampled in the observed events [12, 18–20]. In any particular collision, soft photons
emitted by one lead nucleus (Pb) can excite the other (Pb?), typically through the giant dipole resonance
(GDR) [21], and induce the emission of one or more neutrons, each of which carry, on average, the full
per-nucleon beam energy. Since the probability of these excitations, as well as the overall hardness of the
photon spectrum, is correlated with the nucleus–nucleus impact parameter b [12], events with neutron
excitation are typically correlated with harder photon collisions. In STARlight, dilepton cross sections
associated with forward neutron production are calculated by convolving di�erential cross sections for
low-energy photonuclear neutron production with the expected photon fluxes, thus in principle providing
an essentially parameter-free prediction. Of course, the contribution from nucleonic dissociative processes
must be subtracted before comparisons with data.

Exclusive dimuon cross sections are usually presented as a function of the following quantities of the
dimuon final state:

• The dimuon invariant mass mµµ, which is equivalent to W , the center-of-mass energy of the colliding
�� system.

• The dimuon pair rapidity yµµ, which is the rapidity of the four-vector sum of the two muons.
Conservation of longitudinal momentum implies that yµµ is equal to the rapidity of the �� system.

• The cosine of the dimuon scattering angle #? in the �� center-of-mass frame, | cos #?µµ |. This is
calculated from the rapidities of the two muons, y+ and y�, as tanh [(y+ � y�)/2].

• The acoplanarity ↵ = 1 � |��µµ |/⇡ which reflects, in part, the initial dimuon pT,µµ.

While these are all final-state observables, the fact that the final state consists of only the two muons allows
the initial photon energies (k1 and k2) to be determined from the final-state muons. This is described in

4

 is the primary signal Breit-Wheeler process 
cross section implemented in STARlight, SuperChic, etc.

PbPb(γγ) → μ+μ−(Pb(⋆)Pb(⋆))

 is a higher order final state, also signal. 
Not in any existing MC, but now being addressed in calculations, and can be 

added to final states (e.g. from STARlight) using Pythia8

PbPb(γγ) → μ+μ−γ(Pb(⋆)Pb(⋆))

 is dissociative background (non-EPA) 
process, including nuclear breakup as well, modeled using LPair.

Pb + p/Pb(γγ) → μ+μ−X(Pb⋆Pb(⋆))



Theory background

Photon and Gluon Induced Processes 507 

Chapter 2 

Equivalent Photon Approximation 

A nucleus moving at nearly the speed of light has almost transverse electromagnetic fields; the electric 
and magnetic fields have the same absolute value and are perpendicular to each other. Therefore an 
observer can not distinguish between these transverse electromagnetic fields and an equivalent swarm 
of photons, see Fig-S.1 Equating the energy flux of the electromagnetic fields through a transverse plane 
with the energy content of the equivalent photon swarm yields the equivalent photon distribution n(w), 
which tells how many photons with frequency w do occur. This derivation is presented in the first 
Subsection. 

v=o 

Figure 2.1: Fermis idea leading to the Equivalent Photon Approximation: As the velocity of the charge ap 
proaches the speed of light, its electromagnetic field becomes Lore&-contracted (b) and similar 
to a parallel-moving photon-cloud (c). 

This is already the idea of the Equivalent Photon Approximation. It has been first developed by 
E. Fermi [57]. Often this method is also called Weizsiicker-Williams-Method as E. J. Williams [I351 
and C. F. v. Weizsicker [134] independently extended Fermis idea. A good review of results and various 
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Radial cutoff to nuclear 
distributions 

(or use measured form factors)

forward neutron 
topology 

(from photonuclear 
processes)

(no) hadronic 
interaction: 

Glauber calculation

x = kb/γ

Two photon flux convolves two separate nuclear photon densities, 
the probability of a hadronic process (violating exclusivity), and 

the probability (if required) of a specific forward neutron topology



ZDC selections
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ZDCs can distinguish 0n from 1n, 2n… and thus classify events according to 
0n0n, Xn0n/0nXn, or XnXn

Selection of a specific ZDC 
topology is also filtering on a  
range of impact parameters 
(0-15 fm, 15-40fm, 40+ fm), 
and so modifies expected 
incoming photon spectrum



• 2015 Pb+Pb dataset, Lint = 0.48 nb-1 

• Event trigger  
• Muon reconstructed at L1 with no pT selection

• Maximum total limited to ET < 50 GeV to suppress hadronic events

• At least one track reconstructed with pT>200 MeV to suppress empty events

• No ZDC selection in primary trigger


• Event & fiducial selection 
• Two good (“tight”) muons and no additional tracks

• Fiducial selection:


pTµ>4 GeV, |ηµ|<2.4, mµµ > 10 GeV, pTµµ < 2 GeV 
• (optional) ZDC topology measured using calibrated energies


• Corrections 
• Trigger efficiency (measured)

• Reconstruction efficiencies (MC+data corrections)

• Dissociative background 

• Bin migration (mainly at edges of pTµ1, pTµ2 = 4 GeV) - 1-3% effect

Exclusive dimuon dataset & analysis



• Dimuon acoplanarity 
distributions in 
coarse mµµ and yµµ 
bins fit with two 
templates 
• STARlight+Pythia8 to 

include FSR - full 
description of 0n0n


• LPair to model 
dissociative 
contributions - needed 
for Xn0n and XnXn


• Averaged over ZDC 
topologies, only 3% 
correction for lower 
mµµ, yµµ

Dissociative contributions
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Dissociative fraction in Xn0n 
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Data compared to STARlight: yµµ
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Good agreement with STARlight 2.0, but systematic increase 

observed at higher yµµ



Data compared to STARlight: mµµ
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Overall increase in mass distribution just reflects increase vs. yµµ



Data compared to STARlight: |cos(θ*)|
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After restricting comparisons to |yµµ|<0.8, to avoid differences 

at larger |yµµ|, good agreement in scattering angle (Breit-Wheeler)



• Incoming photon energies  
estimated assuming pT~0 
• 


• Distributions of maximum and 
minimum k agree well with 
STARlight 
• Differences seen at low and high 

k


• One obvious issue is 
requirement of b>R1,2 in 2-
photon flux 
• Several authors already 

questioned this, but need to 
address systematically


• Ignoring it completely gives 20% 
increase in predicted cross 
section

k1,2 = (mμμ/2)exp(±yμμ)

Photon energy distributions
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ZDC fraction vs. mµµ and yµµ
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Fractions of events with Xn0n, and XnXn corrected for electromagnetic 
pileup, assuming Xn cross sections from ALICE, extrapolated to 5.02 TeV


Reasonable agreement with STARlight, but MC slightly overestimates 
nuclear dissociation.



Corrected acoplanarity distributions
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Dissociative contributions 
removed using 0n0n selection


Bin-by-bin corrections performed 
using fast simulation, verified by 
full GEANT4 simulations


STARLIGHT & STARlight+Pythia8 
scaled down according to measured 
0n0n fraction (72%)


STARlight is clearly missing long 
tail, but reasonable agreement near ⍺~0


STARlight+Pythia8 also shows similar 
agreement near ⍺~0, and gets shape 
of high ⍺ tails correct


Clearly need better description of initial 
photon pT distributions


