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• The story starts with in the early 30ies:  

• Dirac’s theory developed and positrons discovered  
• Evident that light could scatter off light via pair-production 
(Halpern & Heisenberg) 

• Heisenberg, Euler, Kockel  
• Using effective Lagrangian to calculate cross section  
  (E𝛾 ≪ me) 

• ~ 10-70cm2 for visible light, 10-30cm2 for 𝛾-radiation 
[Naturwissensch. 23, 246, 1935],[Z. Phys. 98 (1936) 714]  

• Exact calculation: loop calculation needed 
• Box diagram involving charged fermions and W-Boson

Introduction - Historical context of Light-by-Light scattering

 2

10-30cm2
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• Early experimental approach:  
• Search for scattering of visible photons using focused sunlight

Introduction - Historical context of Light-by-Light scattering

 3

• No light was detected 

• "Calculations show that if the photon has a cross 
section, its area must be less than 3x10-20 cm2.”

[Hughes and Jauncey, Phys. Rev. (36 1930), 773]

• Cross section for visible light actually is: 
• 10-60cm2!
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• Several names known for Light-by-Light scattering 
• Depending on number of virtual photons 

• Photon - Photon scattering:  4 real photons 
• Pseudo-scalar meson production in S-channel 

• Photons splitting :     1 virtual, 3 real photons 
• Delbrück scattering [1933]:  2 virtual, 2 real photons 
• Electron / Muon g-2:    3 virtual, 1 real photon

Overview of Light-by-Light scattering
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Fermionic box LO QED - FormCalc.

The one-loop W box diagram - LoopTools.

We have compared our results with:
I Jikia et al. (1993),
I Bern et al. (2001),
I Bardin et al. (2009).

Bern et al. consider QCD and QED corrections

(two-loop Feynman diagrams) to the one-loop

fermionic contributions in the ultrarelativistic limit

(ŝ, |̂t|, |û| � m
2
f

). The corrections are quite small

numerically.
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• Cross section box-diagram 
• Broken down by particle type in loop 

• Cross section of elementary process: ~10 pb

 Accessible @ ATALS • Source of photons? 

XXX

Klusek-Gawenda et al.,  
PRC 93 (2016) 044907 



Kristof Schmieden Vacuum Fluctuations at Nanoscale and Gravitation

• Relativistic nuclei are intense source of (quasi-real) photons 

• Equivalent photon flux scales with Z4 
• PbPb collisions at LHC are a superb source of high energy photons! 

• Maximum photons energy: 
• Emax <= 𝛾/R ~80 GeV 

• Lorentz factor 𝛾 up to 2800 @ LHC

Ultra Peripheral Heavy Ion Collisions - LHC as photon collider
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[Fermi, Nuovo Cim. 2 (1925) 143]
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[Fermi, Nuovo Cim. 2 (1925) 143]

• Various types of photon interactions possible 

• Photon-Pomeron: e.g. exclusive J/Phi production 

• Photons - Gluon: photo production of jets 

• Photon - Photon: Light - by - Light scattering 
• QED interaction 
• Mediated via box-diagram 
• Beam particles stay intact
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The LHC
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https://cds.cern.ch/record/2197559

• CERN’s accelerator complex

• LHC:  

• Usually operates with proton @ 
6.5 TeV beam energy 

• ~1 month / per year:  
• Lead ions instead of protons
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The LHC
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Ma. Laach, Sep. 2010 C.-E. Wulz 5 

Umfang: 27 km!

Proton - Proton!

Teilchenpakete: 2 x 2808 (zur Zeit 50)!
Protonen / Paket: 1.15 x 1011!

Strahlenergie: 2 x 7 TeV (z.Z. 2 x 3.5 TeV)!

Luminosität: 1034 cm-2s-1 (z.Z. >1031 cm-2s-1)!
Strahlkreuzungsintervall: 25 ns!

Kollisionsrate: bis zu O(109) pro Sekunde!

Flußdichte der Dipolmagnete: 8.33 T!

Anzahl der Dipolmagnete: 1232!

Schwerionen (Pb-Pb)!

Strahlenergie: !

5.5 TeV/Nukleonenpaar!

Luminosität: 1027 cm-2s-1!

Strahlkreuzungsintervall: 125 ns!

Parton!

Pakete!

Parameter des Large Hadron Collider!
• Proton operation:  

• Bunch crossings every 25ns (40 MHz) 

• ~60 simultaneous pp collision per 
bunch crossing  

• ‘Pileup'

• Heavy ion operation:  

• Bunch crossings every 75ns (13 MHz) 

• ~0.004 simultaneous PbPb collision 
per bunch crossing  

• Essentially no pileup at all

• CERN’s accelerator complex

• LHC:  

• Usually operates with proton @ 
6.5 GeV beam energy 

• ~1 month / per year:  
• Lead ions instead of protons
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The ATLAS Detector
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• Size of a 6 story building 

• 100M readout channels 

• 2 staged trigger system 

• L1: hardware based  
• 40MHz -> 100kHz 

• L2: software based 
• 100kHz -> 1kHz 

• 100 kHz readout  
•     1 kHz to disk 

 (~1.5 MB/event) 
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The ATLAS Detector
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• ~100M readout channels 

• 100kHz readout (~1.5 MB/event) 
• 1 kHz to disk 

• ‘Textbook' like multi purpose detector

• ATLAS coordinate system: 
• 𝜂 = -ln tan(𝜃/2), 𝜙   



Kristof Schmieden Vacuum Fluctuations at Nanoscale and Gravitation

• Experimental signature: 

• 2 exclusive photons in the final state 
• Photons are back - to - back in 𝜙 
‣ A𝜙 = 1- |𝛥𝜙| / π < 0.01 

• Cross section steeply falling with increasing energy 
• Looking for low energy photons: E > 3 GeV 

• Challenging! 

• Very unusual topology and energy range for a high 
energy collider experiment 

• Interesting challenge :-)

How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process
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2016: Nature Physics 13 (2017) 852

2018: arXiv:1904.03536

https://www.nature.com/nphys/journal/v13/n9/full/nphys4208.html
https://arxiv.org/abs/1904.03536
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How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process
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• Light-by-Light scattering candidate event

• Common 
pp collision

• Common 
PbPb collision
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How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process
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• ATLAS uses a 2-staged trigger system 

• 1st Stage: Hardware Based, 40MHz input, 100kHz output 

• Requirements (OR):  
• >= 1 EM cluster with   ET > 1 GeV && 4 GeV < total ET < 200 GeV 
• >= 2 EM clusters with ET > 1 GeV &&                total ET < 50 GeV 

• 2nd Stage: PC-farm, 100kHz input, 1kHz output 

• Requirements (AND): 
• ΣET (forward calorimeter) < 3 GeV on both sides 
• <= 15 hits in pixel detector 

• Tagging of exclusive photon final state
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Triggering

• Trigger efficiency determined using e+e- final states 
• Triggered by independent support triggers 

• Applied to simulated events to correct yield

2018: arXiv:1904.03536

https://arxiv.org/abs/1904.03536
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• Photon reconstruction: 

• Using default photon reconstruction algorithm 
• Entries in calorimeter cells are grouped to clusters 
• Track matching performed  
➡ Electrons / Photons 
• Some overlap allowed

How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process
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Photon reconstruction and identification

M. Dyndal17 Mar 2019 Light-by-light scattering in ATLAS and CMS in Run2

▪ Photons 
▪ ET > 3 GeV (ATLAS),  
ET > 2 GeV (CMS) 

▪ Standard photon reconstruction/  
identification schemes  
re-optimized for low-ET case  

▪ Veto extra particle activity 
▪ Requiring no tracks 
(pT > 100 MeV, |η| < 2.5) 

▪ CMS: no activity in calorimeters,  
above noise thresholds  

▪ Selecting back-to-back topology 
▪ pT

γγ < 2 GeV (1 GeV CMS) 

▪ Acoplanarity < 0.01

Event and object selections
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- Different sets of cuts are used to deliver a very good separation 
between e/γ and fake signature of QCD

- 3 (2) main operating point with increasing background rejection 
power have been defined for electrons (photons)
- e: loose, medium, tight
- γ: loose, tight

Electron/Photon Identification
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An example of γ/π0: 
cut on strip variable 

reject the π0

st
ri

p
  

m
id

d
le

 b
ac

k

γ π0

γγ → ee(γγ) background event candidate

EM shower for EM shower for

• Photon identification: 

• Uses neural net, optimised for low ET photons 
• Combination of EM calorimeter shower shape variables 

• Discrimination between photons, pions, electrons, 
noise 

2018: arXiv:1904.03536

https://arxiv.org/abs/1904.03536
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An example of γ/π0: 
cut on strip variable 

reject the π0

st
ri

p
  

m
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k

γ π0

γγ → ee(γγ) background event candidate

EM shower for EM shower for

• Photon identification: 

• Uses neural net, optimised for low ET photons 
• Combination of EM calorimeter shower shape variables 

• Discrimination between photons, pions, electrons, 
noise 
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• Efficiency measurement: 

• Using e+e- events where a hard bremsstrahlung photon 
was radiated 

• ee𝛾 final state selection: 
• Exactly 1 electron pT > 4 GeV && 1 additional track 
• Track pT < 1.5 GeV 

• Photon with ET > 2.5 GeV must be present in Event!

2018: arXiv:1904.03536

https://arxiv.org/abs/1904.03536
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• Detector must be in physics conditions 

• Trigger 

• Exactly 2 photons with ET > 3 GeV && |𝜂| < 2.37  
            Excluding 1.37 < |𝜂| < 1.52 

• Invariant di-photon mass M𝛾𝛾 > 6 GeV 

• Veto any extra particle activity within |𝜂| < 2.5 
• No reconstructed tracks (pT > 100 MeV) 
• No reconstructed pixel tracks (pT > 50 MeV, |𝛥𝜂 (𝛾,track)| < 0.5) 

• Back-to-Back topology 
• pT(𝛾𝛾) < 2 GeV (rejects cosmic muons) 
• Reduced acoplanarity < 0.01 (A𝜙 = 1- |𝛥𝜙| / π )
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How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process Event Selection

 𝜂𝜂 ⇾ e+e- ⇾ e𝛾 e𝛾 candidate event:
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• What else has a similar signature?
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How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process Background processes

• Central Exclusive Production of 2 photons (CEP): gg ⇾ 𝛾𝛾  
• Coloured initial state: significant intrinsic transverse momentum! 

• Broader shape of A𝜙 distribution  
• Control region defined to study CEP: aco > 0.01 

• Shape of A𝜙 distribution taken from simulation (SuperChic v3.0) 
• Uncertainty estimated using simulation without secondary particle 
emission (absorptive effects) 

• Normalisation measured in control region  
• Dominating uncertainty form limited statistics (17%) 

• Overall uncertainty of CEP background in signal region: 25% 

• Expected events in signal region: 4 ± 1
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How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process Background processes

• Central Exclusive Production of 2 photons (CEP): gg ⇾ 𝛾𝛾  
• Coloured initial state: significant intrinsic transverse momentum! 

• Broader shape of A𝜙 distribution  
• Control region defined to study CEP: aco > 0.01 

• Shape of A𝜙 distribution taken from simulation (SuperChic v3.0) 
• Uncertainty estimated using simulation without secondary particle 
emission (absorptive effects) 

• Normalisation measured in control region  
• Dominating uncertainty form limited statistics (17%) 

• Overall uncertainty of CEP background in signal region: 25% 

• Expected events in signal region: 4 ± 1

• Pb* dissociates, releasing neutrons detectable in the Zero Degree 
Calorimeter 

• Cross check of ZDC information for events in CEP control region: 
• Good agreement with expectations :) • ± 140m from ATLAS IP 

• 8.3 < |𝜂| < inf
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• What else has a similar signature?
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How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process Background processes

• Exclusive production of e+e- electron pairs 
• Both electrons misidentified as photons 

• Electrons bent in magnetic field 
• Broader A𝜙 distribution compared to signal 

• Background rate estimated from data 
• 2 control regions:  

• Signal region + requiring 1 or 2 associated pixel tracks 
• Event yield from control regions extrapolated to signal region  

• using probability to miss pixel track if full track not 
reconstructed pemistag 

• pemistag measured requiring 1 full track and exactly 2 signal 
photons: (47 ± 9)% 

• Events in signal region: 7 ± 3

statistics, pemistag, difference in CRs
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• What else has a similar signature?
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How to measure the 𝛾𝛾 ⇾ 𝛾𝛾 process Background processes

• Other potential backgrounds found to be negligible: 

• 𝛾𝛾 → qq 
• Exclusive di-meson production (pi0, eta, eta’) 

• Also charged mesons considered 
• Bottomonia: 𝛾𝛾 → 𝜂b → 𝛾𝛾 (sigma ~1pb) 
• Fake photons: Cosmic rays, calorimeter noise
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Signal region

• Total background + signal:

2018: arXiv:1904.03536

https://arxiv.org/abs/1904.03536
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Results on 2015 data
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• Very similar analysis, some optimisations missing 

• 480µb of PbPb data recorded in 2015 

• First Evidence of Light-by-Light scattering released in 2016 by ATLAS 
• Compatible result by CMS 

• 13 Events observed, Background: 2.6 ± 0.7 

• Cross section:  
• Measured:    70 ± 20 (stat) ± 17 (sys) nb 
• SM expectations: 49 ±   5 nb 

• Significance: 4.4𝜎 (3.8𝜎 expected)
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Vacuum Fluctuations at Nanoscale and Gravitation

2016: Nature Physics 13 (2017) 852

https://www.nature.com/nphys/journal/v13/n9/full/nphys4208.html
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Results on 2018 data
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• 2018 Data: 1.7 nb-1 of PbPb data analysed 

• 59 Events observed, Background: 12 ± 3 

• Cross section:  
• Measured:    78 ± 13 (stat) ± 8 (sys) nb 
• SM expectations: 49 ±   5 nb 

• Significance: 8.2𝜎 (6.2𝜎 expected)

• Light-by-Light scattering of GeV photons observed 

• Compatibility with prediction within 1.8 standard 
deviations 

2018: arXiv:1904.03536

https://arxiv.org/abs/1904.03536
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Interpretation - Search for new Axion Like Particles
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• Being interesting in it’s own right, there’s more to learn from this result: 

• Measurement can transformed into limit on specific models beyond the standard model

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

1
Department of Physics, University of California, Berkeley, California 94720, USA

2
Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(Dated: May 5, 2017)

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
sNN = 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 Z4 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.) Such exclusive processes are char-
acterized 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 re-
jection of non-exclusive interactions and provides a clean
environment to search for new particles. One particu-
larly 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 luminosity at the
LHC [9], it is nevertheless a very instructive benchmark
for the study of exclusive particle production in UPCs.

Other proposals include searches for e.g. supersymmetry
[10] or extra dimensions [11], but have not been compet-
itive 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. (See [12–14] for early proposals re-
lated to MeV-scale particles in low energy heavy ion col-
lisions.) 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 in the SM. In extensions of the SM,
such particles can couple to the electromagnetic sector
through a Lagrangian of the form

La =
1

2
(@a)2 � 1

2
m2

aa2 � 1

4

a

⇤
F eF , (1)

where a is the new pseudoscalar, often referred to as
an axion-like particle (ALP), F̃µ⌫ ⌘ 1

2✏µ⌫⇢�F⇢�, ma

is the mass of the ALP, and 1/⇤ is the coupling con-
stant. We also consider an ALP coupling to hypercharge,
through the operator � 1

4 cos2 ✓W

a
⇤B eB. 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

�a =
8⇡2

ma
�(a ! ��)L��(m2

a), (2)

where �(a ! ��) = 1
64⇡

m3
a

⇤2 is the decay width of the

a

Pb

Pb

Pb

Pb

�

�

Ze

Ze

FIG. 1. Exclusive ALP production in ultra-peripheral Pb-Pb
collisions.
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• Axion like particles: 

• (pseudo-) scalar particles that are too heavy to solve strong CP problem 
• Will couple to photons, may couple to anything else 

• Identical signature as Light-by-Light scattering 
• Resonant behaviour

CMS, 36 pb�1

ATLAS, 3�

1 nb
�1

10 nb
�1

OPAL, 3�

ATLAS, 2016
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10�5

10�4

10�3

1/
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�
1 )
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B
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D
u
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OPAL, 2�

aF eF coupling
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�1
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�2

��!��log linear

p-p
p

s = 7 TeV

Pb-Pb
p

sNN = 5.5 TeV

Fig. 2: Left: We show 95% exclusion limits on the operator 1
4

1
⇤aF F̃ using recent ATLAS results on heavy-ion

UPCs [2] (solid black line). The expected sensitivity assuming a luminosity of 1 nb�1 (10 nb�1) is shown in solid
(dashed) green. For comparison, we also give the analogous limit from 36 pb�1 of exclusive p-p collisions [17]
(red dot-dash). Remaining exclusion limits are recast from LEP II (OPAL 2�, 3�) [22] and from the LHC (ATLAS
2�, 3�) [23, 24] (see [1] for details). Right: The corresponding results for the operator 1

4 cos2 ✓W

1
⇤aBB̃. The LEP

I, 2� (teal shaded) limit was obtained from [14].

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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• Being interesting in it’s own right, there’s more to learn from this result: 

• Measurement can transformed into limit on specific models beyond the standard model

• Born - Infeld theory 

• Nonlinear extension to QED 
• Imposing an upper limit of the EM field strength 
  [Born and Infeld, Proc. R. Soc. A 144, 425 (1934)] 
• More recently: connection to string theory 
  [Fradkin and Tseytlin, Infeld, Phys. Lett. 163B, 123 (1985)] 

• Differential Light-by-Light scattering cross section can be turned 
into limit on mass scale appearing in B-I theory

panel of Fig. 4 as a function of M ¼
ffiffiffi
β

p
: the green curve

is for the more conservative cutoff approach, and the blue
curve assumes that unitarity is saturated. These calcu-
lations are confronted with the ATLAS measurement of
σfid ¼ 70" 24ðstatÞ " 17ðsystÞ nb [9], assuming that
these errors are Gaussian and adding them in quadrature
with a theory uncertainty of "10 nb. We perform a χ2 fit
to obtain the 95% C.L. upper limit on a Born-Infeld signal
additional to the 49 nb standard model prediction. (We
neglect possible interference effects that are expected to
be small due to the different invariant-mass and angular
distributions involved.) This corresponds to the excluded
range shaded in pink above σ95%C:L:

fid ∼ 65 nb in the upper
panel of Fig. 4, which translates to the limit M ¼

ffiffiffi
β

p ≳
100ð190Þ GeV in the cutoff (unitarized) approach, as
indicated by the green (blue) vertical dashed line in
Fig. 4.
These limits could be strengthened further by consider-

ing the mγγ distribution shown in Fig. 3(b) of Ref. [9],
where we see that all of the observed events had
mγγ < 25 GeV, in line with expectations in QED, whereas,
in the Born-Infeld theory, most events would have
mγγ > 25 GeV. Calculating a ratio of the total exclusive
cross section of QED for mγγ > 6 GeV and > 25 GeV as

σ
mγγ>25 GeV
excl =σmγγ>6 GeV

excl ∼ 0.02, we estimate a 95% C.L.

upper limit of ∼2 nb formγγ > 25 GeV. The corresponding
exclusion plot is shown in the lower panel of Fig. 4, where
we see a stronger limit M ¼

ffiffiffi
β

p ≳ 210ð330Þ GeV in the
cutoff (unitarized) approach, with the same color coding
used previously.
Our lower limit on the QED Born-Infeld scale M ¼ffiffiffi
β

p ≳ 100 GeV is at least 3 orders of magnitude stronger
than the lower limits on M ¼

ffiffiffi
β

p
obtained from previous

measurements of nonlinearities in light [14–17,19,20].
Because of the kinematic cuts made in the ATLAS analysis,
our limit does not apply to a range of values of M ≲
10 GeV for which the nonlinearities in Eq. (1) should be
taken into account. However, our limit is the first to
approach the range of potential interest for string or M
theory constructions since models with (stacks of) branes

FIG. 3. The distributions in the scaled diphoton invariant mass
τ≡m2

γγ=sNN , normalized by the total γγ → γγ cross section, for
the QED case in the upper panel and for Uð1ÞEM Born-Infeld
theory with M ¼

ffiffiffi
β

p
¼ 200 GeV in the lower panel.

FIG. 4. The fiducial cross section for light-by-light scattering in
relativistic heavy-ion collisions, σ(Pbþ PbðγγÞ → Pbð&Þ þ
Pbð&Þγγ) as a function of M ¼

ffiffiffi
β

p
in the Uð1ÞEM Born-Infeld

theory is shown as a solid green (blue) line for a hard cutoff
(unitarized) approach, as discussed in the text. The lower
diphoton invariant mass cutoff is set at 6 GeV (25 GeV) on
the upper (lower) plot. This is compared with the 95% C.L. upper
limit obtained from the ATLAS measurement [9] by combining
the statistical and systematic errors in quadrature, as well as a
10 nb theoretical uncertainty in the cross section predicted in
QED [8,10] (the horizontal dashed line), which excludes the
higher range shaded pink. The corresponding 95% C.L. lower
limits M ≳ 100ð190Þ GeV for mγγ > 6 GeV and M ≳
210ð330Þ GeV for mγγ > 25 GeV are shown as vertical dashed
lines in green (blue).

PRL 118, 261802 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
30 JUNE 2017

261802-4

Reinterpretation of ATLAS 2016 result: 
Ellis et al, PRL 118, 261802 (2017)  



• First direct observation of Light-by-Light scattering at the ATLAS experiment 
• Hi collisions from the LHC used as photon collider 

• Challenging measurement, very different from usual high energy analyses: 
• Low energy objects 
• Very little activity in detector  

• Difficult to trigger 

• 59 Events observed (12 background events expected) 

• Measured fid. cross section for m𝛾𝛾 > 6 GeV: 𝜎 = 78 ± 15 nb 

• Compatible with SM prediction

• Useful to constrain several models beyond the standard model, e.g. 
• Axion like particles 
• Born-Infeld theory
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• Refined measurement of differential distributions 

• Derivation of improved limits on some BSM models 

• Interpretations in the framework of effective couplings 

What’s left to do?

2018: arXiv:1904.03536
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M. Dyndal17 Mar 2019 Light-by-light scattering in ATLAS and CMS in Run2

▪ CEP gg → γγ background 
▪MC simulation (with data-driven normalization) is cross-checked in 
the analysis of ZDC activity 

▪ Aco > 0.01 used as a control region 
▪ Energy deposits corresponding to at least 1 forward neutron emission 

▪ Expectations: 
▪ Pb+Pb CEP occurs at relatively small  
impact parameters (b~2R)  
-> large probability for nuclear break-up 

▪ Moreover: the probability for extra Coulomb  
break-up is ~80% for b=2R (from STARlight) 

▪ Conclusions: 
▪ What we see in the detector (Aco > 0.01)  
is consistent with the incoherent CEP  
background + some ee events with Coulomb breakup (not included in the plot) 
(signal region: 11/13 events have no ZDC activity)

ZDC check (ATLAS)

 27

• CEP control region: A𝜙  > 0.01 
• Additionally require energy deposit in ZDC 

 corresponding to at least 1 neutron  

• Simulation normalised from control region compatible with data 
• But very limited statistics 

• 2015 data set

M. Dyndal17 Mar 2019 Light-by-light scattering in ATLAS and CMS in Run2

▪ Installed at ±140 m from the ATLAS IP 
(where the beam pipe splits)  

▪ Detect very forward (8.3 < |η|< +inf)  
neutral particles (incl. neutrons) 

▪ Usually used in HI collisions to provide  
a measurement of the centrality  
(correlated to the number of  
forward neutrons) 

▪ Very useful to tag the ultra-peripheral  
events (e.g. 0nXn or XnXn topologies)

Zero Degree Calorimeters

 26

3

At a center of mass energy of
√

sNN = 200 GeV per nu-
cleon pair, the production cross section is expected to be
33,000 b, or 4,400 times the hadronic cross section [1, 2].

The electromagnetic fields are strong enough, with cou-
pling Zα ≈ 0.6, (Z is the nuclear charge and α ≈ 1/137
the fine-structure constant), that conventional perturba-
tive calculations of the process are questionable. Many
groups have studied higher-order calculations of pair pro-
duction. Some early coupled-channel calculations pre-
dicted huge (order-of-magnitude) enhancements in the
cross section [3] compared to lowest-order perturbative
calculations.

Ivanov, Schiller and Serbo [4] followed the Bethe-
Maximon approach [5], and found that at RHIC,
Coulomb corrections to account for pair production in the
electromagnetic potential of the ions reduce the cross sec-
tion 25% below the lowest-order result. For high-energy
real photons incident on a heavy atom, these Coulomb
corrections are independent of the photon energy and
depend only weakly on the pair mass [5]. However, for
intermediate-energy photons, there is a pair-mass depen-
dence, and also a difference between the e+ and e− spec-
tra due to interference between different order terms [6].

In contrast, initial all-orders calculations based on solv-
ing the Dirac equation exactly in the ultra-relativistic
limit [7] found results that match the lowest-order per-
turbative result [8]. However, improved all-orders calcu-
lations have agreed with the Coulomb corrected calcula-
tion [9]. These all-orders calculations do not predict the
kinematic distributions of the produced pairs.

Any higher-order corrections should be the largest
close to the nuclei, where the photon densities are largest.
These high-density regions have the largest overlap at
small ion-ion impact parameters, b. Small-b collisions can
be selected by choosing events where the nuclei undergo
Coulomb excitation, followed by dissociation. The disso-
ciation also provides a convenient experimental trigger.
Pair production accompanied by mutual Coulomb exci-
tation should occur at smaller b, and have larger higher-
order corrections than for unaccompanied pairs.

Previous measurements of e+e− pair production were
at much lower energies [10, 11]. The cross sections, pair
masses, angular and pT distributions generally agreed
with the leading-order QED perturbative calculations.
These studies did not require that the nuclei break up,
and so covered a wide range of impact parameters.

This letter reports on electromagnetic production of
e+e− pairs accompanied by Coulomb nuclear breakup
in

√
sNN = 200 GeV per nucleon pair Au-Au collisions

[12], as is shown in Fig. 1. An e+e− pair is produced
from two photons, while the nuclei exchange additional,
independent photons, which break up the nuclei. We
require that there be no hadronic interactions, which is
roughly equivalent to setting the minimum impact pa-
rameter bmin at twice the nuclear radius, RA, i.e. about
13 fm. The Coulomb nuclear breakup requirement selects

Au

e

Au*
Au

e

+

Au*

−

FIG. 1: Schematic QED lowest-order diagram for e+e− pro-
duction accompanied by mutual Coulomb excitation. The
dashed line shows the factorization into mutual Coulomb ex-
citation and e+e− production.

moderate impact parameter collisions (2RA < b <≈ 30
fm) [13, 14]. Except for the common impact parameter,
the mutual Coulomb dissociation is independent of the
e+e− production [15, 16]. The cross section is

σ(AuAu → Au∗Au∗e+e−) =

∫
d2bPee(b)P2EXC(b) (1)

where Pee(b) and P2EXC(b) are the probabilities of e+e−

production and mutual excitation, respectively at im-
pact parameter b. The decay of the excited nucleus usu-
ally involves neutron emission. P2EXC(b) is based on
experimental studies of neutron emission in photodisso-
ciation [17]. For small b, a leading-order calculation of
P2EXC(b) may exceed 1. A unitarization procedure is
used to correct P2EXC(b) to account for multiple inter-
actions [14, 17].

The most common excitation is a giant dipole reso-
nance (GDR). GDRs usually decay by single neutron
emission. Other resonances decay to final states with
higher neutron multiplicities. In mutual Coulomb disso-
ciation, each nucleus emits a photon which dissociates the
other nucleus. The neutrons are a distinctive signature
for nuclear breakup.

We consider two different pair production calculations
for Pee(b). The first uses the equivalent photon approach
(EPA) [1], which is commonly used to study photopro-
duction. The photon flux from each nucleus is calculated
using the Weizsäcker-Williams method. The photons are
treated as if they were real [2]. The e+e− pair produc-
tion is then calculated using the lowest-order diagram
[18]. The photon pT spectrum for a photon with energy
k is given by [19, 20]

dN

dpT
≈

F 2(k2/γ2 + p2
T )p2

T

π2(k2/γ2 + p2
T )2

(2)

where F is the nuclear form factor and γ is the Lorentz
boost of a nucleus in the laboratory frame. This calcula-
tion uses a Woods-Saxon distribution with a gold radius

Pb

Pb

Pb*

Pb*

• ZDC energy deposits 
• Single neutron peaks clearly visible 
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FIG. 5: The energy dependence of the meson exchange contributions compared with the fermion-
box ones. Results integrated over full z-range (left) and for |z| < 0.6 (right) are plotted. The
f4(2050) meson contribution is calculated from (2.19).

the order of 0.5 GeV while in low-energy e+e− collisions because of limited phase space
and the presence of two-photon bremsstrahlung background. The region of f2(1270)
seems quite interesting as here some enhancement could be potentially identified by the
Belle II at SuperKEKB for instance. Imposing a cut |z| < 0.6 (see the right panel of Fig. 5)
improves the signal (meson exchanges) to background (boxes) ratio.

The meson exchange contributions are limited only to
√

s < 4 GeV, and should not

9

pseudoscalars

Role of QCD meson exchanges

 
Lebiedowicz et al. 

Phys. Lett. B 772 (2017) 330-335

γ(p1)

γ(p2)

γ(p3)

γ(p4)
ps

γ(p1)

γ(p2)

γ(p3)

γ(p4)

pt

γ(p1)

γ(p2)

γ(p4)

γ(p3)

pu

FIG. 1: Diagrams for light-by-light scattering via a time-like (s-channel) and a space-like (t-channel
and u-channel) meson exchanges.

variables used in the present paper are

s = (p1 + p2)
2 = (p3 + p4)

2 ,

t = (p1 − p3)
2 = (p2 − p4)

2 ,

u = (p2 − p3)
2 = (p1 − p4)

2 ,

ps = p1 + p2 = p3 + p4 ,

pt = p2 − p4 = p3 − p1 ,

pu = p1 − p4 = p3 − p2 ,

p2
s = s , p2

t = t , p2
u = u . (2.3)

The amplitude for the reaction (2.1) with the meson exchanges is written as

Mλ1λ2→λ3λ4
= ∑

MPS=π0,η,η′(958),ηc(1S),ηc(2S)

M(MPS)
λ1λ2→λ3λ4

+ ∑
MS= f0(500), f0(980),a0(980), f0(1370),χc0(1P)

M(MS)
λ1λ2→λ3λ4

+ ∑
MT= f2(1270),a0(1320), f ′2(1525)

M(MT)
λ1λ2→λ3λ4

. (2.4)

In Table I we have collected possible potential resonances that may contribute to the
process (2.1). The contribution of axial-vector mesons vanishes for on-shell photons due
to the Landau-Yang theorem [13]. The two-photon branching fractions for the resonances
are relatively well known and were measured in recent years by the Belle and BaBar
collaborations.

A. Pseudoscalar meson exchanges

The amplitude for the pseudoscalar meson exchange is written as

iM(MPS)
λ1λ2→λ3λ4

= (ϵµ3
3 )∗ iΓ

(MPSγγ)
µ3µ4

(p3, p4) (ϵ
µ4
4 )∗ i∆(MPS)(ps) ϵ

µ1
1 iΓ

(MPSγγ)
µ1µ2

(p1, p2) ϵ
µ2
2

+(ϵµ3
3 )∗ iΓ

(MPSγγ)
µ3µ1

(−p3, p1) ϵ
µ1
1 i∆(MPS)(pt) (ϵ

µ4
4 )∗ iΓ

(MPSγγ)
µ4µ2

(p4, p2) ϵ
µ2
2

+(ϵµ4
4 )∗ iΓ

(MPSγγ)
µ4µ1

(p4, p1) ϵ
µ1
1 i∆(MPS)(pu) (ϵ

µ3
3 )∗ iΓ

(MPSγγ)
µ3µ2

(−p3, p2) ϵ
µ2
2 ,

(2.5)

where ϵ
µi
i are the polarisation vectors of the photons with the helicities λi.

3
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• Relativistic nuclei are intense source of (quasi-real) photons 

• Equivalent photon flux scales with Z4 
• PbPb collisions at LHC are a superb source of high energy photons! 

• Maximum photons energy: 
• Emax <= 𝛾/R ~80 GeV 

• Lorentz factor 𝛾 up to 2800 @ LHC

Ultra Peripheral Heavy Ion Collisions - LHC as photon collider
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[Fermi, Nuovo Cim. 2 (1925) 143]
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have zero neutrons in one direction and one or more neutrons in the opposite direction, referred to as the
“0nXn” event topology. The photon-going direction is defined to be the direction in which zero neutrons
are observed. Background events are removed by requiring a minimum rapidity gap in this direction
and requiring that there is no large gap in the opposite direction. Corrections are applied to account
for signal events removed by these requirements, and thus they are not part of the fiducial definition
of the measurement. Event-level observables are constructed from all jets having transverse momenta
pT > 15 GeV and pseudo-rapidities |⌘ | < 4.4. Events are required to have two or more such jets and at
least one jet with pT > 20 GeV. The jets are used to define the event-level variables:
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where i runs over the measured jets in an event, E and ~p represent jet energies and momentum vectors,
respectively, and pz represents the longitudinal component of the jet momenta. The signs of pz are chosen
to be positive in the photon-going direction. A further requirement is imposed that the jet-system mass,
mjets, satisfies mjets > 35 GeV.

The di�erential cross-sections are measured as a function of HT and

z� ⌘
mjetsp

s
e
+yjets , xA ⌘

mjetsp
s

e
�yjets . (2)

In the limit of 2! 2 scattering kinematics, xA corresponds to the ratio of the energy of the struck parton
in the nucleus to the (per nucleon) beam energy. z� = x� y, where y is the energy fraction carried by the
photon. For direct processes, x� is unity, while for resolved events, it is the fraction of the photon’s energy
carried by the resolved parton entering the hard scattering.

The remainder of this note is structured as follows: Section 2 describes the ATLAS detector and the
triggers used for the measurements in this analysis. Section 3 describes the data and Monte Carlo (MC)
samples used in the analysis and provides information on how the MC sample obtained from P�����
is re-weighted for use in Pb+Pb collisions. Section 5 describes all aspects of the data analysis and the
measurement of the photo-nuclear dijet production cross-sections. Section 6 discusses the evaluation of
the systematic uncertainties, and Section 7 discusses possible backgrounds to the measurement. Section 8
presents the final results figures with comparison to Monte Carlo and theory. Section 9 summarizes this
note and provides conclusions.

2 ATLAS detector

The measurements described in this note are performed using the ATLAS detector [18] in the Run 2
configuration. They rely on the calorimeter system, the inner detector, the zero degree calorimeters,
and the trigger system. The calorimeters, which cover the pseudo-rapidity range |⌘ | < 4.91, are used
for measuring the jets and for the rapidity gap analysis. The inner detector is used to measure charged
particle tracks over |⌘ | < 2.5. The zero degree calorimeters (ZDCs), which measure neutrons emitted at
1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector

and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).
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• Various types of photon interactions possible 

• Photon-Pomeron: e.g. exclusive J/Phi production 

• Photons - Gluon: photo production of jets 

• Photon - Photon: Light - by - Light scattering


