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Introduction

Boosted protons/nuclei are source of photons of 
small virtuality (Q2<1/R2=10-3GeV2) described using 
equivalent photon approximation (EPA) 

 
    where

e.g. for two photon interaction

photon number 
density for one 
nucleus in EPA

… EM interactions dominate at large b, qualitatively 
different collisions compared to ordinary Pb+Pb

b
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Three measurements ...

Photo-nuclear dijet 
production

(ATLAS-CONF-2017-011)

Measurement of high 
mass dimuons

(ATLAS-CONF-2016-025)

Search for light-by-
light scattering

(arxiv:1702.01625,
accepted by 

Nature Physics)
jet

jet
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Three measurements ...

Photo-nuclear dijet 
production

(ATLAS-CONF-2017-011)

Measurement of high 
mass dimuons

(ATLAS-CONF-2016-025)

Search for light-by-
light scattering

(arxiv:1702.01625,
accepted by 

Nature Physics)
jet

jet

… all exclusive final states 
(i.e. nothing else is 

expected to get produced)
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ATLAS experiment

|η|<4.9|η|<2.7

|η|<2.5 … tracking

…calorimetrymuons ...
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Measurement of high-mass 
dimuons

Trigger

– require 1 muon

– veto on activity by requiring  
total ET<50 GeV in calorimeter + 
no more than one hit in forward 
scintilators (MBTS)

– at least one track with pT>400 MeV

– => 248k events triggered
Event selection

– two opposites-sign muons with pT1,2>4 GeV, |η|<2.4

– at least one muon compatible with trigger muon

– reconstructed vertex with no other particles

– => ~12k dimuons pairs 
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Measurement of high-mass 
dimuons

Signal modeling 

– Startlight 1.1 (EPA + LO QED)

– good description of reconstructed spectra
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Measurement of high-mass 
dimuons

Corrections

– Trigger efficiency (data-driven)

– Reconstruction efficiency (MC+data)

– Vertex efficiency (MC)
Acoplanarity distributions

– majority of pairs are back-to-back

– tail at high Aco also present – two 
sources:

1) higher order QED contributions
 which are not in Startlight but 
 important (see e.g. results from 
 TASSO, Z. Phys. C22 (1984) 13)
2) background

– average of 1) and 2) taken as 
systematic uncertainty



25th conference on Low-x physics, Low-x 2017 9

Measurement of high-mass 
dimuons

Good agreement with Starlight MC
Verifies the Z4 scaling of cross-section and photon flux
Significant kinematic extension over previous measurement by 
ALICE (EPJC 73 (2013) 2617)
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Search for light-by-light scattering

Purely quantum process, no classical analogue
Previous results

– Indirectly measured in g-2 of muons and 
electrons

– Seen e.g. in Delbruck scattering (= photon
scattering in Coulomb field of a nucleus)

– Not (yet) observed in Vacuum birefringence (= photon 
splitting in a strong magnetic field)

Predictions

– d'Enterria, da Silveira PRL 111 (2013) 080405

– Kłusek-Gawenda et al. PRC 93 (2016) no.4, 044907
Possible channel to study anomalous gauge couplings and 
contributions from BSM particles



25th conference on Low-x physics, Low-x 2017 11

Search for light-by-light scattering

Trigger

– total ET in calorimeter 5-200 GeV

– little signal in other detectors: no more than one hit in forward 
scintilators (MBTS) and 0-10 hits in pixel tracker

Event selection

– two photons: ET>6 GeV, |η|<2.37, 

– mγγ > 6 GeV, pTγγ < 2 GeV, acoplanarity, Aco = (1-∆φ/π)<0.01

– no tracks
Main backgrounds

– gg –> γγ  (goes like ~A2 versus Z4)

– γγ –> ee (miss-identified electrons)
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Search for light-by-light scattering

Performance studied using γγ->ee events

– trigger efficiency

– photon reconstruction and PID 
efficiency (distinguish hard and
FSR photons)

– photon energy scale and resolution

Systematic uncertainties
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Search for light-by-light scattering

13 events seen in the data, expects: 7.3 signal, 2.6 background
p-value for the background-only hypothesis: 5 x 10-6 <=> 4.4 sigma 
significance (3.8 sigma expected)
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Search for light-by-light scattering

Measured cross-section: 70 ±20 (stat.) ±17 (syst.) nb
SM predictions: 

– 45 ± 9 nb (PRL 111 (2013) 080405), 

– 49 ± 10 nb (PRC 93 (2016) no.4, 044907)

C=0.31 ± 0.07,
corrects for:

trigger, diphoton, PID efficiencies 
and photon energy and angular 

resolutions
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Photo-nuclear dijet production

Motivation: restrict nuclear parton distribution functions (nPDF) at low x
nPDF exhibit non-trivial behavior:

– suppression at low x called “shadowing“

– enhancement at 
larger x called 
“anti-shadowing“

– suppression at 
the largest x 
called “EMC effect“

Eskola et al. EPJC 77 (2017) n3, 163
(one of nPDFs groups)
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Photo-nuclear dijet production

Pb+Pb collisions enhance rates for photo-nuclear dijet production by 
Z2A ~ 1.5·106 compared to pp collisions

Photo-nuclear dijet production complementary to the exclusive vector meson 
production

Resolved photo-production = hard scattering resolves partonic structure of γ

“Direct“ photo-
production

“Resolved“ photo-
production

rapidity

+

–
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Photo-nuclear dijet production

Observables ...

… where i goes through all the jets
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Photo-nuclear dijet production

Observables ...

… where i goes through all the jets  … yjets, zγ > 0 for direction of γ
In 2 –> 2 scattering limit:

– xA –> x of struck parton in nucleus

– zγ –> xγ yγ (yγ … E fraction of γ,
 xγ … fraction of photon's E carried by parton in photon)

– HT –> 2Q
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Photo-nuclear dijet production

Event selection:

– # of neutrons > 0 in one direction (= Pb-going direction), 
# of neutrons = 0 in other direction (= γ-going direction)

– rapidity gap in γ-going direction, no gap in Pb-going direction

– mjets > 35 GeV, pt,lead > 20 GeV, pt,sublead > 15 GeV, |η|<4.4

“Direct“ photo-
production

“Resolved“ photo-
production

rapidity

+

–
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Photo-nuclear dijet production

Event selection:

– # of neutrons > 0 in one direction (= Pb-going direction), 
# of neutrons = 0 in other direction (= γ-going direction)

– rapidity gap in γ-going direction, no gap in Pb-going direction

– mjets > 35 GeV, pt,lead > 20 GeV, pt,sublead > 15 GeV, |η|<4.4

sum of gaps 
in γ direction

sum of gaps 
in Pb direction

ΣA∆η<3, Σγ∆η>2

last particle to 
edge of the 

detector
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Photo-nuclear dijet production

Event selection:

– # of neutrons > 0 in one direction (= Pb-going direction), 
# of neutrons = 0 in other direction (= γ-going direction)

– rapidity gap in γ-going direction, no gap in Pb-going direction

– mjets > 35 GeV, pt,lead > 20 GeV, pt,sublead > 15 GeV, |η|<4.4

sum of gaps 
in γ direction

ordinary 
Pb+Pb 

events – 
no gap

sum of gaps 
in Pb direction

diagonal: 
often “direct“

often
“resolved“

photo-difractive jets, 
γγ->qq, ...

ΣA∆η<3, Σγ∆η>2

last particle to 
edge of the 

detector
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Photo-nuclear dijet production

MC sample:

– Pythia6 – photons from lepton beam & EPA, sophisticated photon-
nucleon interaction, but photon spectrum inappropriate for nuclear 
collisions

– Starlight – EPA, proven to provide
accurate description of photo-
nuclear di-muon production in 
Pb+Pb events 

– => reweighting Pythia photon flux 
at fixed virtuality by Starlight 
input 

• integrated over b 

• including a correction for 
experimentally inaccessible 
additional hadronic interactions 
due to nuclear brake-up
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Photo-nuclear dijet production

MC sample:

– Pythia6 – photons from lepton beam & EPA, sophisticated photon-
nucleon interaction, but photon spectrum inappropriate for nuclear 
collisions

– Starlight – EPA, proven to provide
accurate description of photo-
nuclear di-muon production in 
Pb+Pb events 

– => reweighting Pythia photon flux 
at fixed virtuality by Starlight 
input 

• integrated over b 

• including a correction for 
experimentally inaccessible 
additional hadronic interactions 
due to nuclear brake-up)

Pythia+Starlight provides a 
good description of the 

data (example)
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Photo-nuclear dijet production

 … measuring triple differential cross-section 
not unfolded for the response –> projections

UPC jets



25th conference on Low-x physics, Low-x 2017 25

Photo-nuclear dijet production

Not the same as F2(x,Q2)

– still contains 1/Q4 and zγ 
dependence

MC close to data but matching is 
not expected

Systematics:

– detecting neutrons in zero 
degree calorimeter

– removing signal events by 
gap requirements

– jet energy scale and 
resolution

– luminosity (not plotted)

slices of xA
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Photo-nuclear dijet production
slices of HT

Largest disagreement with model 
at large and small zγ where 
reweighting is the most important

Measuring high zγ allows to 
access lower xA
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Photo-nuclear dijet production
slices of HT slices of zγ
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Summary

LHC + heavy ions = photon-photon collider
Measurement of dimuons pairs from photon-photon fusion 

– extends to high momenta

– in a good agreement with Starlight => good understanding of 
photon flux

– need for higher order QED in MC
Light-by-light scattering

– first direct observation of the QED box diagram with low 
virtuality photons

– agreement with QED prediction
Measurement of photo-nuclear dijet production

– not yet unfolded

– should provide an important input for extraction
of nuclear PDFs
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