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Heavy ion collisions

 2

Many features of hadronic heavy ion collisions correlate strongly 
with the impact parameter between the nuclei: 

importance of nuclear geometry established by early RHIC program
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Role of impact parameter
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Glauber Modeling in Nuclear Collisions 14

3 Relating the Glauber Model to Experimental Data

Unfortunately, neither Npart nor Ncoll can be directly measured in a RHIC exper-
iment. Mean values of such quantities can be extracted for classes of (Nevt) mea-
sured events via a mapping procedure. Typically a measured distribution (e.g.,
dNevt/dNch) is mapped to the corresponding distribution obtained from phe-
nomenological Glauber calculations. This is done by defining “centrality classes”
in both the measured and calculated distributions and then connecting the mean
values from the same centrality class in the two distributions. The specifics of this
mapping procedure differ both between experiments as well as between collision
systems within a given experiment. Herein we briefly summarize the principles
and various implementations of centrality definition.

3.1 Methodology
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Figure 8: A cartoon example of the correlation of the final state observable
Nch with Glauber calculated quantities (b, Npart). The plotted distribution and
various values are illustrative and not actual measurements (T. Ullrich, private
communication).

The basic assumption underlying centrality classes is that the impact param-
eter b is monotonically related to particle multiplicity, both at mid and forward
rapidity. For large b events (“peripheral”) we expect low multiplicity at mid-
rapidity, and a large number of spectator nucleons at beam rapidity, whereas
for small b events (“central”) we expect large multiplicity at mid-rapidity and a
small number of spectator nucleons at beam rapidity (Figure 8). In the simplest

Impact parameter & nuclear geometry control many (most) features of 
hadronic A+A collisions (multiplicity, hard process rates, collective flow): 
deviations from geometric scaling led to discoveries, e.g. jet quenching!

Wednesday: 
Nagle & Majumder
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Ultra-peripheral collisions
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When b>2R, ions “miss” but can still interact via EM processes:
domain of “ultra-peripheral collisions” (UPC)
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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 

Lorentz-contraction of nuclear 
EM field “boosts” low energy 

quanta in nuclear Coulomb field 
to high energies

Weissacker-Williams approach: 
“equivalent photon approximation” 

used to derive n(k,b)

maximum energy  
Eγ,max~γ(ℏc/R) 

80 GeV in Pb+Pb@LHC
3 GeV in Au+Au@RHIC

typical pT (& virtuality) 
pTmax ~ ℏc/R O(30) MeV @ RHIC & LHC

Coherent strengths (rates) 
scale as Z2: nuclei >> protons

Flux of photons on other nucleus ~ Z2, 
flux of photons on photons ~ Z4 (45M!)
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-

Coherent diffractive vector meson production has been the  
paradigmatic UPC measurement: accessible at RHIC & LHC 

Photon from nucleus fluctuates to qq state 
interacts with coherent pomeron (2 gluon) state from other nucleus:

final state is exclusive: oppositely-charged leptons with low pT

No net color exchange: do nuclei stay intact?

talks by 
D. Tapia Takaki 

J. Seger  
C. Bertulani 

this afternoon_
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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PSHENICHNOV

absorption, is described by the exciton model [64, 65].
Following the quasi!deuteron model, a photon is
absorbed by a pair of correlated constituent nucleons;
therefore, the initial particle–hole configuration is
chosen to be 2p1h [65] rather than 2p2h, which would
correspond to the absence of correlations between
absorbing nucleons. Finally, once equilibrium of a
nuclear system is reached, successive particle evapora!
tion is simulated along the lines of the Hauser–Feish!
bach approach [65].

The results obtained in the framework of the
GNASH model for the (γ, n), (γ, 2n), and (γ, 3n) cross
sections are also displayed in Figs. 7 and 8 for 197Au
and 208Pb nuclei, respectively. The experimental data
on (γ, n) and (γ, 3n) reactions are described by the the!
ory reasonably well. Taking into account the discrep!
ancies in the results of different experiments on the

(γ, 2n) cross!section measurements, one can note that
the GNASH results fall in between the experimental
data obtained in Saclay [43] and Livermore [55] for
208Pb. The GNASH results for the (γ, 2n) reaction on
197Au turn out to be rather close to the Livermore data
[55]. In general, there is good agreement between the
GNASH results and photonuclear experiments
[43, 55].

The total cross section σA(E
γ
) and branching

ratios of the photoabsorption channels fA(E
γ
, i) cal!

culated by using the GNASH model can be used to
compute the cross sections of electromagnetic disso!
ciation. The restriction E

γ
 < Emax = 140 MeV inherent

to the model for photonuclear reactions in question
has an impact on the result that will be scrutinized in
Subsections 5.1 and 5.2.
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Fig. 8. Photoneutron cross sections for lead nuclei [32]. The light and dark dots denote Saclay [43] and Livermore [55] data,
respectively, corrected according to [56]. The crosses represent the data from [62], while the squares show the estimated data from
[63]. Remaining notation is identical to that in Fig. 7.

Pschetnikov/RELDIS (2011)

Primary process leaves nuclei intact

However secondary interactions of soft photons (10s of MeV)  
can break up other nucleus, e.g. via giant dipole resonance

⇒ exclusive processes can still break up nuclei! STARLIGHT  
RELDIS
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neutrons from nuclear fragmentation seen in far-forward 
“Zero Degree Calorimeters” (ZDC): 

symmetric (geometric) hadronic processes, asymmetric photonuclear processes

18m @ RHIC, 140m @ LHC

minimum bias Pb+Pb: 2 ZDCs required
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Probing small x parton densities in ultraperipheral AA and
pA collisions at the LHC

Mark Strikman∗

Pennsylvania State University, University Park, PA 16802, USA

Ramona Vogt†
Department of Physics, University of California, Davis, CA 95616, USA

and Nuclear Science Division LBNL, Berkeley, CA 94720, USA

Sebastian White‡
Department of Physics, Brookhaven National Laboratory, Upton, NY 11973, USA

(Dated: January 6, 2014)

We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.

Inelastic photonuclear processes: γ + A → hadrons or jets & rapidity gap

Primary event topology: jets, energy in one ZDC & rapidity gap in calorimeter
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We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
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imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
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son production – described by the QCD factorization
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The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
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FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.

Two or more jets (anti-kT R=0.4) with pT > 15 GeV, |η|<4.4 
At least one with pT > 20 GeV, |∆ɸ|12 > 0.2, mjets > 35 GeV 



Photonuclear dijets 

 11

φΔ
0 1 2 3

φ
Δ

/d
N

 d
ev

t
N

1/

4−10

3−10

2−10

1−10

1

10

210

 = 2jetN
 = 3 (/ 10)jetN
 > 3 (/ 100)jetN

 PreliminaryATLAS
-1Pb+Pb 2015, 0.38 nb

 = 5.02 TeV, 0nXnNNs
 = 0.4 jetsR tanti-k

Not unfolded for
detector response

Ax

3−10 2−10 1−10 1

b 
/ G

eV
 ]

µ
 [ Ax

 d T
Hd

σ∼2 d

12−10

10−10

8−10

6−10

4−10

2−10

1

210

410

610

 < 50 GeVTH42 < 

 ) -1 10× < 59 GeV ( TH50 < 

 ) -2 10× < 70 GeV ( TH59 < 

 ) -3 10× < 84 GeV ( TH70 < 

 ) -4 10× < 100 GeV ( TH84 < 

 ) -5 10× < 119 GeV ( TH100 < 

 ) -6 10× < 141 GeV ( TH119 < 

 ) -7 10× < 168 GeV ( TH141 < 

 ) -8 10× < 200 GeV ( TH168 < 

 PreliminaryATLAS
-12015 Pb+Pb data, 0.38 nb

 = 5.02 TeVNNs

=0.4 jetsR tkanti-
 > 20 GeVlead

T
p

 > 35 GeVjetsm

Not unfolded for detector response

Data
Pythia+STARlight
scaled to dataɸ-balanced dijets↑

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
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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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We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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−

FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.
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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
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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
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Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
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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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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 

Lorentz contraction of radial field lines 
induces impact parameter  

dependence of photon energy
 

This gives “two photon luminosity” an implicit b-dependence, 
formalism from PRC80 044902 (2009), used in STARLIGHT

ATLAS DRAFT

where x = bk/� and we are assuming � is large. Here, K1 is a modified Bessel function. The two photon273

energies k1 and k2 determine the center of mass energy W and rapidity y:274

k1,2 =
W
2

e±y (4)

and275

y = 1/2 ln(k1/k2). (5)

In this notation, the two-photon luminosity, which can be used to derive cross sections in limited impact276

parameter intervals between the two nuclei, is:277
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W
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d2b1

Z

b2>RA

d2b2n(k1,b1)n(k2,b2)[1 � PH (|~b1 � ~b2 |)] (6)

with the hadronic interaction probability278

PH (~b) = 1 � exp
✓
� �nn

Z
d2~r TA(~r) TA(~r � ~b)

◆
. (7)

The quantity PH expresses the probability that, at a given impact parameter between the nuclei, that a279

hadronic interaction could occur. The nuclear thickness function TA(~r) is the standard tranverse integral280

over the full nuclear density ⇢(~b, z).281

Nuclear breakup is included by including another impact-parameter dependent function which is the282

probability of one or both nuclei breaking up due to exchange of soft photons.283
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W
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b1>RA

d2b1

Z

b2>RA

d2b2n(k1,b1)n(k2,b2)P(b)[1 � PH (b)], (8)

In this formalism P(b) is the total breakup probabilty, for a selected process. The emission of one neutron284

is given by285

P1
Xn

(b) =
Z

Emax

Emin

dk
d3n�

d2bdk
��A!A⇤ (k). (9)

while multiple neutrons just follow the Poisson distribution, so the probabilty of one or more neutrons is286

given by287

PXn (b) = 1 � exp (�P1
Xn

(b)). (10)

Mutual Coulomb dissociation is calculated assuming two independent nuclear breakups.288

PXnXn (b) = (PXn (b))2 (11)

In this note, we map the various breakup notations into a simple index289

Another representation of the photon flux for nucleus is given in terms of the nuclear form factor:290

n(b, k)=
Z2↵

⇡2k
����
Z 1

0
dk?

F (k2
? + k2/�2)k2

?
k2
? + k2/�2

J1(bk?)
����
2

(12)

where J1 is a Bessel function. This form was derived in Ref. [23] and is utilized in STARLIGHT, after291

holding k constant and integrating over b:292

dN
dk?
=

2Z2↵F2(k2
? + k2/�2)k3

?
⇡[k2
? + k2/�2]2

. (13)

In this approach, transverse position and k? are conjugate variables, and so can not be defined simultan-293

eously, precluding determining any radial dependence (e.g. to account for di↵erent ZDC selection).294
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Figure 4: Distribution of 1-P(0) for dimuon selected events, assuming the new cross sections for single (left) and
mutual (right) dissociation.

4 MC samples259

4.1 STARLIGHT 1.1260

STARLIGHT implements both calculations of the nuclear photon flux (including the nuclear form factor),261

and lowest-order QED cross sections for exclusive processes [22], such as the process � + � ! µ+ + µ�262

studied in this note.263

The paper by Baltz et al [5] provides the clearest explanation of the STARLIGHT formalism, including264

the modifications of the dimuon spectrum when triggering on the number of ZDCs with a substantial265

signal (either 0, 1 or 2).266

The formula determining a cross section for UPC interactions in, e.g. hadronic collisions, is usually267

provided in a factorized form.268

�(A+ A! A+A+X ) =
Z

dk1dk2
n(k1)

k1

n(k2)
k2
�(�� ! X (W )) (1)

However, it is more convenient to factorize the problem into a two-photon luminosity, parameterized as a269

function of two-particle kinematic variables, e.g. W (i.e. invariant mass) and Y. The e↵ective two photon270

luminosity is determined by an integral over impact parameter:271
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d2b2 n(k1,b1)n(k2,b2)⇥( | ~b1 � ~b2 | � 2RA) (2)

The photon flux per nucleus is modeled using the Weiszacker-Williams method, and has the form:272

n(k,b) =
d3n

dkd2b
=

Z2↵

⇡2kb2 x2K2
1 (x) (3)
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is given by285

P1
Xn

(b) =
Z

Emax

Emin

dk
d3n�

d2bdk
��A!A⇤ (k). (9)

while multiple neutrons just follow the Poisson distribution, so the probabilty of one or more neutrons is286

given by287

PXn (b) = 1 � exp (�P1
Xn

(b)). (10)

Mutual Coulomb dissociation is calculated assuming two independent nuclear breakups.288

PXnXn (b) = (PXn (b))2 (11)

In this note, we map the various breakup notations into a simple index289

Another representation of the photon flux for nucleus is given in terms of the nuclear form factor:290

n(b, k)=
Z2↵

⇡2k
����
Z 1

0
dk?

F (k2
? + k2/�2)k2

?
k2
? + k2/�2

J1(bk?)
����
2

(12)

where J1 is a Bessel function. This form was derived in Ref. [23] and is utilized in STARLIGHT, after291

holding k constant and integrating over b:292

dN
dk?
=

2Z2↵F2(k2
? + k2/�2)k3

?
⇡[k2
? + k2/�2]2

. (13)

In this approach, transverse position and k? are conjugate variables, and so can not be defined simultan-293

eously, precluding determining any radial dependence (e.g. to account for di↵erent ZDC selection).294
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Exclusive dileptons: electrons
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Photon-photon processes at the collision point
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Exclusive dileptons: muons
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Mµµ = 173 GeV

Back-to-back dimuons & no other activity in central detector: 
fiducial acceptance pTµ>4 GeV, |ηµµ|<2.4, Mµµ >10 GeV → σ ~ O(30 µb)
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γ + γ → μ+ + μ−



Pb+Pb, 5.02 TeV

Run: 365914

Event: 562492194

2018-11-14 18:05:31 CEST

Exclusive dileptons: taus
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back-to-back electron & muon from tau decays
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Figure 1. Diagrams representing the multiperipheral two-photon processes studied in this paper:
(a) elastic process, (b) single-dissociative and (c) double-dissociative process. In all three cases it is
possible to study lepton pair production, like e+e�, µ+µ� and ⌧+⌧�, whereas X and Y represent
the hadronic systems resulting from the proton dissociation.

As will be discussed in the present paper, the calculation of inelastic unintegrated

photon fluxes requires knowledge of the proton structure functions in a broad range of

x (quark/antiquark longitudinal momentum fraction with respect to the proton) and Q2

(photon virtuality). In the deep-inelastic regime, the structure functions (parton distri-

butions) are related to the proton’s partonic structure and undergo DGLAP evolution

equations. At low virtualities the structure function cannot be calculated easily from first

principles and has to be rather measured. There are some simple models to extend the

partonic F2 to nonperturbative model (e.g., see Ref. [3]). This model nicely describes virtu-

ality dependence of the Gottfried Sum Rule [4]. The very low Q2 region was parametrized

in Ref. [5] including pronounced resonance states by fitting data from SLAC and JLAB.

In this work we also bring attention to the fact that the relevant formalism for ��-

fusion reactions in the high-energy limit can be understood as a type of kT -factorization,

where the photon fluxes play the role of ”unintegrated” (transverse momentum-dependent)

photon densities. Indeed, as will be seen below, the cross section takes the exactly analogous

form as the kT -factorization formula for qq̄ jet production via gluon-gluon fusion (e.g., see

Ref. [6].)

Here we go beyond what is available in the literature by addressing distributions in the

transverse momentum of the muon pair as well as the azimuthal decorrelation of muons.

We also use a variety of modern parametrizations of the proton structure functions and

discuss the uncertainties related to them.

Another quantitative description of lepton pair production is the lpair event generator

[7], which is based on the calculation for two-photon processes [8], and also has the possibil-

ity to include proton dissociative processes. We compare the results of our kT -factorization

approach to the results obtained with lpair.

Considering the two-photon production of low- and high-mass systems, this work is

also motivated by the fact that the experimental results for exclusive dimuon production

with the CMS detector indicate that the description provided by lpair is not accurate for
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STARLIGHT has only implemented  
pure back-to-back dileptons 

(primordial µ pT buried by ∆pT): 
comparison to ATLAS data (0.5 nb-1)  

shows a “missing” tail

3

FIG. 2. Acoplanarity distribution for lepton pair production
at mid-rapidity in UPC events at the LHC with a typical kine-
matics: lepton transverse momentum P⊥ > 4 GeV and pair
invariant mass from 10 to 100 GeV. The detailed explanation
of different curves is provided in the main text. The total
contribution with resummation (solid curve) agrees well with
the ATLAS measurement [26].

and their contributions may not strongly depend on the
centrality of the collisions. Therefore, in the following
calculations, we assume that the total PT distribution
from the incoming photons is the same for the peripheral
and central collisions as in UPC events.

In non-UPC heavy ion collisions, the ATLAS and
STAR data show that the lepton pair have accumulated
additional PT -broadening. This could be from the inter-
actions between the lepton pair and the medium. Be-
cause the leptons only carry electric charges, these inter-
actions depend solely on the electromagnetic properties
of the quark-gluon plasma (QGP) created in these colli-
sions.

The medium interactions are very much similar to the
jet quenching and PT -broadening mentioned in the In-
troduction. Like the QCD case, the leptons will suffer
multiple scattering with the medium. To evaluate this
contribution, we can follow the PT -broadening calcula-
tions in QCD [7, 38]. The multiple photon exchanges
between the lepton and the medium can be formulated
in a QED type time-ordered Wilson line

UQED(x⊥) = T exp

!

−ie

"

dz−
"

d2z⊥G(x⊥ − z⊥)

× ρe(z
−, z⊥)

#

, (5)

where ρe(z−, z⊥) is the electric charge source of the
medium. The photon propagator G(x⊥) is defined as

G(x⊥) =
1

(2π)2

"

d2q⊥
1

q2⊥ + λ2
eiq⊥·x⊥ =

1

2π
K0(λx⊥) ,

(6)
where λ acts as an IR regulator similar to the Debye mass
in QED. Analogous to the QCD qq̄ dipole calculation,
the QEDmultiple scattering amplitude between the ℓ+ℓ−

FIG. 3. Medium modifications to the acoplanarity distribu-
tion, with different values of the effective q̂L.

dipole with size r⊥ and target medium can be written as

⟨UQED(b⊥ +
1

2
r⊥)U†

QED(b⊥ − 1

2
r⊥)⟩ = exp

!

−Q2
ser

2
⊥

4

$

,

(7)
where the analog of saturation momentum in QEDQ2

se ≡
e4

4π ln 1
λ2r2⊥

%

dz−µ2
e(z

−). Here, µ2
e is related to the lo-

cal charge density fluctuations. The dipole size r⊥ is
large in the soft momentum transfer region, which makes
Q2

ser
2
⊥ ∼ 1. Therefore, we need to take into account the

multiple scattering effects.
If we compare the above to the QCD dipole [39, 40], we

will find the following differences. First, because the cou-
plings in QED and QCD are dramatically different, this
introduces a major difference for the PT -broadening ef-
fects. Second, the saturation scales depend on the charge
density. Since only quarks carry electric charge, the
QED saturation scale will depend on the quark density,
whereas the QCD saturation scale depends on both quark
and gluon density. Their densities are proportional to the
respective degree of freedoms if we assume the thermal
distributions of the quarks and gluons: 21

2 Nf : 16 [41].
Here Nf is the number of active flavors. After accounting
for the color factor differences in the multiple scattering,
we estimate the ratio between the QED and QCD satu-
ration scales as

⟨q̂QEDL⟩
⟨q̂QCDL⟩ =

α2
e

α2
s

21
2 Nf

2
9

21
2 Nf

2
9 + 16 1

2

=
α2
e

α2
s

× 7

15
, (8)

for Nf = 3 and for quark jet, where ⟨q̂L⟩ represents the
saturation scale in the dipole formalism. For gluon jet,
there is a factor of CA/CF . A few comments are in order.
First, we assume that quark and gluons are thermalized
at the same time, which may not be true [41]. Second,
we did not take into account the detailed effects from the
medium property, such as the associated Debye masses
for QED and QCD. In addition, for the QCD case, there
is length dependent double logarithms [42]. If this is
to be taken into account, the above simple formula will
not apply. Nevertheless, the above can serve as a simple
formula for a rough estimate.
If we assume the multiple scattering limit, we can mod-

Inclusion of soft photons via 
Sudakhov formula provides long tail 

(1811.05519, Klein et al)
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Fig. 5 γ γ → e+e− cross
section (blue circles) for
ultra-peripheral Pb–Pb
collisions at

√
sNN = 2.76 TeV

at −0.9 < η < 0.9 for events in
the invariant mass interval
2.2 < Minv < 2.6 GeV/c2 (top)
and 3.7 < Minv < 10 GeV/c2

interval (bottom) compared to
STARLIGHT simulation (black
line). The blue (green) bars
show the statistical (systematic)
errors, respectively

6 Discussion

The cross section of coherent J/ψ photoproduction is com-
pared with calculations from six different models [8–13] in
Fig. 6(a). The incoherent production cross section is com-
pared with calculations by three different models [8, 9, 13].
These models calculate the photon spectrum in impact pa-
rameter space in order to exclude interactions where the nu-
clei interact hadronically. The differences between the mod-
els come mainly from the way the photonuclear interaction
is treated. The predictions can be divided into three cate-
gories:

(i) those that include no nuclear effects (AB-MSTW08,
see below for definition). In this approach, all nucle-
ons contribute to the scattering, and the forward scat-
tering differential cross section, dσ/dt at t = 0 (t is the
momentum transfer from the target nucleus squared),
scales with the number of nucleons squared, A2;

(ii) models that use a Glauber approach to calculate the
number of nucleons contributing to the scattering

(STARLIGHT, GM, CSS and LM). The calculated
cross section depends on the total J/ψ -nucleon cross
section and on the nuclear geometry;

(iii) partonic models, where the cross section is propor-
tional to the nuclear gluon distribution squared (AB-
EPS08, AB-EPS09, AB-HKN07, and RSZ-LTA).

The rapidity region −0.9 < y < 0.9 considered here cor-
responds to photon–proton centre-of-mass energies, Wγ p,
between 59 GeV and 145 GeV. The corresponding range
in Bjorken-x is between x = 5 × 10−4 and x = 3 × 10−3.
In this region, a rather strong shadowing is expected, and
models based on perturbative QCD predict a lower value for
the cross section than models using a Glauber approach to
account for the nuclear effect.

The measured cross section, dσ coh
J/ψ/dy = 2.38+0.34

−0.24(sta +
sys) mb is in very good agreement with the calculation
by Adeluyi and Bertulani using the EPS09 nuclear gluon
prediction. The GM model, and the other models using a
Glauber approach, predict a cross section a factor 1.5–2
larger than the data, overestimating the measured cross sec-

Dilepton yields vs. STARLIGHT

Even without full determination of contributions from QED & dissociation,  
STARLIGHT provides reasonable description of ATLAS & ALICE data: 

although data is systematically higher
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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
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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

1

1 Introduction
Elastic light-by-light (LbL) scattering, gg ! gg, is a pure quantum mechanical process that
proceeds, at leading order in the quantum electrodynamics (QED) coupling a, via virtual box
diagrams containing charged particles (Fig. 1, left). In the standard model (SM), the box di-
agram involves contributions from charged fermions (leptons and quarks) and the W± bo-
son. Although LbL scattering via an electron loop has been indirectly tested through the high-
precision measurements of the anomalous magnetic moment of the electron [1] and muon [2],
its direct observation in the laboratory remains elusive because of a very suppressed produc-
tion cross section proportional to a4 ⇡ 3 ⇥ 10�9. Out of the two closely-related processes—
photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon split-
ting in a strong magnetic field (“vacuum birefringence”) [4, 5]—only the former has been
clearly observed [6]. However, as demonstrated in Ref. [7], the LbL process can be experi-
mentally observed in ultraperipheral interactions of ions, with impact parameters larger than
twice the radius of the nuclei, exploiting the very large fluxes of quasireal photons emitted by
the nuclei accelerated at TeV energies [8]. Ions accelerated at high energies generate strong elec-
tromagnetic fields, which, in the equivalent photon approximation [9–11], can be considered
as g beams of virtuality Q

2 < 1/R
2, where R is the effective radius of the charge distribu-

tion. For lead (Pb) nuclei with radius R ⇡ 7 fm, the quasireal photon beams have virtuali-
ties Q

2 < 10�3 GeV2, but very large longitudinal energy (up to Eg = g/R ⇡ 80 GeV, where
g is the Lorentz relativistic factor), enabling the production of massive central systems with
very soft transverse momenta (pT . 0.1 GeV). Since each photon flux scales as the square of
the ion charge Z

2, gg scattering cross sections in PbPb collisions are enhanced by a factor of
Z

4 ' 5 ⇥ 107 compared to similar proton-proton or electron-positron interactions.
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Figure 1: Schematic diagrams of light-by-light scattering (gg ! gg, left), QED dielectron
(gg ! e+e�, centre), and central exclusive diphoton (gg ! gg, right) production in ultra-
peripheral PbPb collisions. The (⇤) superscript indicates a potential electromagnetic excitation
of the outgoing ions.

Many final states have been measured in photon-photon interactions in ultraperipheral colli-
sions of proton and/or lead beams at the CERN LHC, including gg ! e+e� [12–21], gg !
W+W� [22–24], and first evidence of gg ! gg reported by the ATLAS experiment [25] with a
signal significance of 4.4 standard deviations (3.8 standard deviations expected). The final-state
signature of interest in this analysis is the exclusive production of two photons, PbPb ! gg !
Pb(⇤)ggPb(⇤), where the diphoton final state is measured in the otherwise empty central part
of the detector, and the outgoing Pb ions (with a potential electromagnetic excitation denoted
by the (⇤) superscript) survive the interaction and escape undetected at very low q angles with
respect to the beam direction (Fig. 1, left). The dominant backgrounds are the QED production
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Figure 4: Diphoton acoplanarity distribution for exclusive events measured in the data after
selection criteria (squares), compared to the expected LbL scattering signal (orange histogram),
QED e+e� (yellow histogram), and the CEP+other (light blue histogram, scaled to match the
data in the Af > 0.02 region as described in the text) backgrounds. Signal and QED e+e� MC
samples are scaled according to their theoretical cross sections and integrated luminosity. The
error bars around the data points indicate statistical uncertainties. The horizontal bars around
the data symbols indicate the bin size.

the number of events remaining after each selection criterion. The main selection requirement
corresponds to two photons each with ET > 2 GeV, |h| < 2.4 (excluding photons falling in
the Dh ⇡ 0.1 gap region between the EB and EE, 1.444 < |h| < 1.566), and diphoton invari-
ant mass greater than 5 GeV. The number of events measured in data and expected from the
sum of all MC contributions in the first two rows do not match because these selection require-
ments accept a fraction of nonexclusive backgrounds that are not included in the simulation.
Once the full exclusivity selection criteria are applied, the data-to-simulation agreement is very
good. We observe 14 LbL scattering candidates, to be compared with 11.1± 1.1 (theo) expected
from the LbL scattering signal, 3.0± 1.1 (stat) from central exclusive plus any residual diphoton
backgrounds, and 1.0 ± 0.3 (stat) from misidentified QED e+e� events.

An extra selection criterion has been also studied by further requiring that the candidate LbL
scattering events have no signal above the noise threshold in the pixel tracker layers. This more
stringent selection is sensitive to charged particles down to ⇠40 MeV, and results in a number of
reconstructed LbL scattering signal counts (and even more reduced QED backgrounds) consis-
tent with the MC predictions. However, since the efficiency of such a tight selection is difficult
to assess from a control region in data, the default analysis is kept with the charged-particle
track pT > 0.1 GeV exclusivity requirement.

Figure 5 shows the comparison of the measured and simulated photon transverse momentum,
photon pseudorapidity, photon azimuthal angle, diphoton invariant mass, diphoton rapidity,
and diphoton transverse momentum distributions. Both the measured yields and kinematic
distributions are in accord with the combination of the LbL scattering signal plus QED e+e�
and CEP+other background expectations.

5 Cross section extraction
Given the low signal yield available for an extraction of differential cross section distributions,
an integrated fiducial cross section for LbL scattering above a diphoton mass m

gg = 5 GeV is
calculated instead. The ratio R of cross sections of the light-by-light scattering over the QED
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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
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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 S3: Diphoton acoplanarity distribution observed in data (points) for events in CEP-enhanced region (Aco >
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gg→ γγMC predictions are also shown. The statistical uncertainties on the data are presented as vertical bars.

exactly one neutron emission (13 events in total) are observed in data. The expected event yield from
CEP gg → γγ MC is 0.9 events, however, events with one or more emitted neutrons are expected from
the signal process, due to an excitation of the nuclear giant dipole resonance [2].
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exactly one neutron emission (13 events in total) are observed in data. The expected event yield from
CEP gg → γγ MC is 0.9 events, however, events with one or more emitted neutrons are expected from
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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

√
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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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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,
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Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
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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 5: Distributions of the single photon ET, h, and f, as well as diphoton pT, rapidity,
and invariant mass measured for the fourteen exclusive events passing all selection criteria
(squares), compared to the expectations of LbL scattering signal (orange histogram), QED e+e�
MC predictions (yellow histogram), and the CEP plus other backgrounds (light blue histogram,
scaled to match the data in the Af > 0.02 region). Signal and QED e+e� MC samples are scaled
according to their theoretical cross sections and integrated luminosity. The error bars around
the data points indicate statistical uncertainties. The horizontal bars around the data symbols
indicate the bin size.

acoplanarity. It is found to be #gg = (20.7 ± 0.4)%, mostly driven by the inefficiencies of the
single photon reconstruction and identification, and of the trigger (#g,reco+ID, #gg,trig. ⇡ 70%).
The quoted uncertainty here is statistical only, reflecting the finite size of the LbL scattering
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Figure 6: Observed (full line) and expected (dotted line) 95% CL limits on the production cross
section s(gg ! a ! gg) as a function of the ALP mass ma in ultraperipheral PbPb collisions
at

p
sNN = 5.02 TeV. The inner (green )and outer (yellow) bands indicate the regions containing

68 and 95%, respectively, of the distribution of limits expected under the background-only
hypothesis.
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present PbPb limits.
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Figure 7: Exclusion limits at 95% CL in the ALP-photon coupling gag versus ALP mass
ma plane, for the operators aFeF/4L (left, assuming ALP coupling to photons only) and
aBeB/4L cos2 qW (right, including also the hypercharge coupling, thus processes involving the
Z boson) derived in Refs. [30, 55] from measurements at beam dumps [59], in e+e� collisions
at LEP-I [55] and LEP-II [56], and in ppcollisions at the LHC [13, 57, 58], and compared to the
present PbPb limits.

Limits on coupling of ALPs to photons: 
using LbyL in future searches is an active  

goal for LHC Runs 3 & 4  
(10x luminosity over Run 2)
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Observing light-by-light scattering at the Large Hadron Collider
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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

>3x 2015 dataset, improved analysis techniques

γ + γ → γ + γ
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Figure 3: Kinematic distributions for �� ! �� event candidates: (a)
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processes, excluding that of the luminosity, are shown as shaded bands.

and resolution e�ects. The C factor is defined as the ratio of the number of selected MC signal events
passing the selection and after applying data/MC correction factors to the number of generated MC signal
events satisfying the fiducial requirements. It is found to be C = 0.350 ± 0.024. The uncertainty in C
is estimated by varying the data/MC correction factors within their uncertainties, as well as using an
alternative signal MC sample based on calculations from Ref. [29]. The overall uncertainty is dominated
by uncertainties in the photon reconstruction e�ciency (4%) and the trigger e�ciency (2%).

The measured fiducial cross section is 78 ± 13 (stat.) ± 7 (syst.) ± 3 (lumi.) nb, which can be compared
with the predicted values of 51 ± 5 nb from Ref. [29] and 50 ± 5 nb from SuperChic3 MC simulation [28].
The experiment-to-prediction ratios are 1.53 ± 0.33 and 1.56 ± 0.33, respectively.

In summary, this Letter reports the observation of light-by-light scattering in quasi-real photon interactions
from ultraperipheral Pb+Pb collisions at psNN = 5.02 TeV recorded in 2018 by the ATLAS experiment.
After applying all selection criteria, 59 data events are observed in the signal region, while 12±3 background

7

ATLAS 2015 ATLAS 2018
Luminosity 0.48 nb-1 1.7 nb-1

Fiducial 
acceptance

ETγ > 3 GeV, |η|<2.37  
Mγγ > 6 GeV, pTγγ < 2 GeV, 

Aco < 0.01

ETγ > 3 GeV, |η|<2.37  
Mγγ > 6 GeV, pTγγ < 1-2 GeV, 

Aco < 0.01
Candidates /  

expected 
background

13 / 2.6±0.7 59 / 12±3

Signficance 4.4σ 8.2σ observation!
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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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STAR ATLAS

Channel / System e+e- pairs in  
Au+Au & U+U µ+µ- pairs in Pb+Pb

Dilepton mass 0.4-2.6 GeV 4-45 GeV
Primary 

backgrounds Low mass resonances Heavy flavor decays

Centrality range 60-80% 0-100%
for all three centrality bins in both collision systems.
The different behaviors in the enhancement factors
between low-mass resonances (ω, ϕ) and J=ψ indicate
that the observed excess may be dominated by different
processes [19,20]. A dedicated analysis for J=ψ is under-
way, while this Letter focuses on the mass region of
0.4< Mee < 2.6GeV=c2.
The pT distributions of eþe− pairs in three mass regions

(0.4–0.76, 0.76–1.2, and 1.2–2.6GeV=c2) are shown in
Fig. 2 for 60%–80% Auþ Au and Uþ U collisions, where
the enhancement factors are the largest. Interestingly,
the observed excess is found to concentrate below
pT ≈0.15 GeV=c, while the hadronic cocktail, also shown
in the figure, can describe the data for pT > 0.15 GeV=c in
all three mass regions.
After statistically subtracting the hadronic cocktail con-

tribution from the inclusive eþe− pairs, the invariant mass
distributions for excess pairs for pT < 0.15 GeV=c are
shown in Figs. 3(a) and 3(b) for 60%–80% and 40%–60%
centralities, respectively. Theoretical calculations incorpo-
rating an in-medium broadened ρ spectral function and
QGP radiation [8] are also shown in the figures as solid
lines. While this broadened ρ model calculation has
successfully explained the SPS [4] and RHIC data [5–7]

measured at a higher pT, it cannot describe the enhance-
ment observed at very low pT in 40%–80% centrality
heavy-ion collisions. We integrated the low-pT invariant
mass distributions for excess pairs over the three
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FIG. 1. (a) The centrality dependence of eþe− invariant mass
spectra within the STAR acceptance from Auþ Au collisions and
Uþ U collisions for pair pT < 0.15 GeV=c. The vertical bars on
data points depict the statistical uncertainties, while the system-
atic uncertainties are shown as gray boxes. The hadronic cocktail
yields from Uþ U collisions are ∼5%–12% higher than those
from Auþ Au collisions in given centrality bins; thus only
cocktails for Auþ Au collisions are shown here as solid lines,
with shaded bands representing the systematic uncertainties for
clarity. (b) The corresponding ratios of data over cocktail.
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models [33,34]. Themodel calculations are for Auþ Au collisions
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before reaching constant values of approximately 0.8 to
0.95 for pT > 5 GeV, depending on the η value. Systematic
uncertainties due to the efficiency corrections are evaluated
by varying each efficiency by its uncertainty. These
variations have little impact on the measurement since
they largely cancel out in final observables, which are
normalized by the total yield.
The α and A distributions include significant background

from HF decays. The background α and A distributions are
each obtained from data by making selections on the other
variable to suppress the γγ contribution. Specifically, the
background α distribution is constructed by requiring
A > 0.06, and the background A distribution is obtained
by requiring α > 0.015. These selections were found not
to significantly alter the distributions in the HFMC sample.
In order to minimize the influence of statistical fluctuations,
both the background α and A distributions were assumed
to be smooth functions, determined by fitting them with
second-order polynomials. Systematic uncertainties in the
shapes of these distributions are evaluated by propagating
statistical uncertainties obtained from the fits including
covariance between the parameters. The systematic uncer-
tainty of the background shape is evaluated by performing
the fits with linear and constant functions.
The normalization of the background α and A distribu-

tions is determined using a template-fitting procedure. The
quadrature sum d0pair ≡ dþ0 ⊕ d−0 is constructed for each
muon pair, where d"0 are the transverse impact parameters
of the track trajectories of the individual muons relative to
the collision vertex. The template fitting is performed over
the signal-enriched kinematic range α < 0.015 and
A < 0.06. The d0pair distributions are fit using the function
Fðd0pairÞ≡ fSðd0pairÞ þ ð1 − fÞBðd0pairÞ, where S and B
are the γγ signal and HF background distributions, respec-
tively, to obtain the signal fraction, f. The S distributions
are determined primarily by multiple scattering and detec-
tor resolution, and are obtained from the STARLIGHT MC
sample. The B distributions have long tails as one or both of

the HF hadrons may travel a significant distance before
decaying. These B distributions are obtained from data by
requiring that A > 0.15 and α > 0.02. Since the signal
process populates only small values of A and α, the B
distributions obtained in this way are dominated by the HF
contribution in the data. In the 40%–80% and >80%
centrality intervals, the distributions from the HF MC
sample were used, as the data did not contain enough
events after applying these selections to construct a
template. An example of the template fitting for the
0%–10% centrality interval is shown in the left panel of
Fig. 1. Uncertainties in the signal fractions resulting from
the S shape are obtained by modifying the fit function,
F sysðd0pairÞ≡ fSðcd0pairÞ þ ð1 − fÞBðd0pairÞ, where c is
an additional free parameter in the fitting that enables
scaling of the S distributions along the d0pair axis; this
variation accounts for possible inaccuracies in the d0
resolution in the STARLIGHT MC sample. Uncertainties
due to the B template are evaluated by varying the
requirements on α and A in the definition of the background
region. The signal fraction in the 0%–10% interval is
f ¼ 0.51" 0.03, and generally increases in more periph-
eral collisions, becoming consistent with no background
contribution in the most peripheral interval, >80%.
The α and A distributions are obtained from the data by

restricting the range of the other variable: A < 0.06and
α < 0.015, respectively. Both the data obtained in this
fashion and the background distributions are shown in the
center and right panels of Fig. 1 respectively, for the
0%–10% centrality interval.
The background-subtracted distributions ð1=NsÞdNs=dα

andð1=NsÞdNs=dAmeasured in different centralities in the
data are shown in Fig. 2 in the top and bottom rows,
respectively. Each distribution is normalized to unity over
its measured range. The > 80% distribution is plotted in
each panel for comparison. The systematic uncertainties
affecting the background normalization and shape are not
shown in this figure. These uncertainties are generally
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FIG. 1. Template fits (left) to the d0pair distributions are shown for the 0–10% interval. The α (center) and A (right) distributions are
shown before background subtraction (points). These distributions are normalized to unity over their measured range. In the central and
right plots, the background contributions with normalization fixed by the template fitting are indicated by the dashed line with the
uncertainties represented by the shaded band.
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negligible compared with the statistical uncertainties indi-
cated by the error bars, and they exhibit strong correlations
as a function of α and A. After background subtraction,
both data distributions are consistent with zero at the largest
values of α and A considered in the measurement. This
feature indicates that other sources of background, such as
Drell-Yan and ϒ production and dissociative processes,
which are essentially constant over the measurement range,
are not a significant contribution. A clear, centrality-
dependent broadening is seen in the acoplanarity distribu-
tions when compared to the > 80% interval. No such effect
is seen for the asymmetry distributions. The corresponding
distributions from the γγ → μþμ− MC samples are also
shown. The MC α distributions show almost no centrality

dependence, indicating that the broadening evident in the
data is notably larger than that expected from detector
effects. Although the A distributions from the MC sample
broaden slightly in more central collisions, they are intrinsi-
cally much broader than the corresponding α distributions.
In order to quantify the broadening observed in the α

distributions, the unsubtracted distributions are fit to a
Gaussian function plus the normalized background distri-
bution. The fit functions are shown with the solid curves in
Fig. 3 and the values of the width, σ, are listed in Table I.
The σ values increase by more than a factor of 2 between
the most peripheral interval and the most central interval.
Similar fits are performed for the A distributions and the
resulting σ values are listed in Table I. Unlike the α
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FIG. 2. The background-subtracted distributions are shown for α (upper row) and A (lower row). Each distribution is normalized to
unity over its measured range. Moving from left to right, the data (circles) are shown for increasingly peripheral collisions (lower degree
of overlap, higher percentile). The distributions obtained from the MC simulation (γγ → μþμ− generated by STARLIGHTand overlaid on
data) are shown for the corresponding centrality interval as a filled histogram. The distribution measured in the most peripheral
collisions, the> 80% interval (diamonds) is repeated in each panel to facilitate a direct comparison. The error bars include the statistical
and systematic uncertainties. Uncertainties related to the background normalization are not shown.
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distributions, no significant broadening of the A distribu-
tions can be inferred.
Assuming that the broadening of the α distributions

results from a physical process that transfers a small
amount of transverse momentum, jk⃗Tj ≪ p!

T , to each muon
then the variance of the α distribution can be approxi-
mated as

hα2i ¼ hα2i0 þ
1

π2
hk⃗2Ti

hp2
T avgi

; ð1Þ

where pT avg is the average of pT
þ and pT

− and hα2i0 is the
intrinsic mean square acoplanarity resulting from both
the production process itself and the angular resolution
in the muon measurement.
Taking hα2i0 to be the σ2 of the Gaussian fit in the

> 80% interval, an estimate of the root mean square (rms)
of jk⃗Tj, krms

T , is evaluated in each centrality interval using
the measured value of the rms value of pT avg, and
substituting σ2 of the Gaussian fit in that centrality interval
for hα2i. For the 0–10% centrality interval this procedure
gives krms

T ¼ 66! 10 MeV.
The variance of the A distribution obeys a relation similar

to Eq. (1) but with 1=π2 substituted by 1=4. If the values
obtained above forkrms

T are used in that equation an increase
of only about 0.001 in the rms of A is expected between
> 80% and 0%–10% collisions. The insensitivity of the
asymmetry to the broadening observed in the acoplanarity
distributions can be understood as resulting from the
roughly 5 times larger intrinsic width of the A distribution.
This larger width is consistent with, and can be attributed
to, the momentum resolution of the ATLAS inner
detector [58].
This fitting procedure provides a direct relationship

between the widths of the α distributions and the krms
T

but does not fully account for the shape of the pT avg
distributions. This limitation is addressed by an alternative
procedure, in which the unsubtracted α distributions are fit
as above but replacing the Gaussian function with a
function produced by convolving the measured pT avg

distribution in each centrality interval with a Gaussian
function in α of width

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkrms

T Þ2 þ k2T0
p

=πpT avg. The
parameter kT0 is obtained from the fit to the data in the
> 80% centrality interval. The results of these fits are also
shown in Fig. 3, and the obtained krms

T values are shown in
Fig. 4 as a function of hNparti, the average number of
participant nucleons in each centrality interval obtained
from a Glauber model analysis [48]. Also shown in Fig. 4
are estimates for krms

T obtained by applying Eq. (1) to the
results of the Gaussian acoplanarity fits. The two methods
yield results that are consistent within their uncertainties.
With both methods, the extracted krms

T is observed to grow
from more peripheral to more central collisions, or equiv-
alently, from smaller to larger hNparti. In the 0%–10%
centrality interval krms

T ¼ 70! 10 MeV. Variations of the
pT avg-convolution fitting are also performed allowing an
additional background contribution consistent with Drell-
Yan and dissociative processes. The extracted krms

T agree
with those reported here well within the uncertainties

TABLE I. Values of the parameters obtained by applying the Gaussian and convolution fits to the α distributions shown in Fig. 3 for
different intervals of centrality. Also shown are the average number of participants, hNparti; the rms pT avg, prms

T avg, used to relate the σ
parameter to krms

T in the Gaussian fitting procedure; and the σ parameter obtained from applying the Gaussian fitting to the A
distributions.

Gaussian fit Convolution fit
Centrality hNparti prms

T avg [GeV] σAð×103Þ σαð×103Þ krms
T [MeV] krms

T [MeV]

0–10% 359! 2 7.0! 0.1 17.9þ1.0
−0.9 3.3! 0.4 66! 10 70! 10

10–20% 264! 3 7.7! 0.4 13.6þ1.2
−1.0 2.3! 0.3 40! 7 42! 7

20–40% 160! 3 7.4! 0.3 17.2þ0.4
−0.4 2.5! 0.2 48! 6 44! 5

40–80% 47! 2 6.8! 0.3 16.1þ0.1
−0.1 2.0! 0.1 35! 4 32! 2

> 80% 7.0! 0.3 15.5þ0.1
−0.1 1.40! 0.03
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FIG. 4. The krms
T values obtained from the fits shown in Fig. 3 as

a function of hNparti. The shaded bands indicate the total
uncertainty accounting for both the systematic and statistical
uncertainties in the α distributions and background. The data
points have been horizontally offset for visualization purposes,
and the horizontal sizes of the error bands are arbitrary.
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distributions, no significant broadening of the A distribu-
tions can be inferred.
Assuming that the broadening of the α distributions

results from a physical process that transfers a small
amount of transverse momentum, jk⃗Tj ≪ p!

T , to each muon
then the variance of the α distribution can be approxi-
mated as

hα2i ¼ hα2i0 þ
1

π2
hk⃗2Ti

hp2
T avgi

; ð1Þ

where pT avg is the average of pT
þ and pT

− and hα2i0 is the
intrinsic mean square acoplanarity resulting from both
the production process itself and the angular resolution
in the muon measurement.
Taking hα2i0 to be the σ2 of the Gaussian fit in the

> 80% interval, an estimate of the root mean square (rms)
of jk⃗Tj, krms

T , is evaluated in each centrality interval using
the measured value of the rms value of pT avg, and
substituting σ2 of the Gaussian fit in that centrality interval
for hα2i. For the 0–10% centrality interval this procedure
gives krms

T ¼ 66! 10 MeV.
The variance of the A distribution obeys a relation similar

to Eq. (1) but with 1=π2 substituted by 1=4. If the values
obtained above forkrms

T are used in that equation an increase
of only about 0.001 in the rms of A is expected between
> 80% and 0%–10% collisions. The insensitivity of the
asymmetry to the broadening observed in the acoplanarity
distributions can be understood as resulting from the
roughly 5 times larger intrinsic width of the A distribution.
This larger width is consistent with, and can be attributed
to, the momentum resolution of the ATLAS inner
detector [58].
This fitting procedure provides a direct relationship

between the widths of the α distributions and the krms
T

but does not fully account for the shape of the pT avg
distributions. This limitation is addressed by an alternative
procedure, in which the unsubtracted α distributions are fit
as above but replacing the Gaussian function with a
function produced by convolving the measured pT avg

distribution in each centrality interval with a Gaussian
function in α of width

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkrms

T Þ2 þ k2T0
p

=πpT avg. The
parameter kT0 is obtained from the fit to the data in the
> 80% centrality interval. The results of these fits are also
shown in Fig. 3, and the obtained krms

T values are shown in
Fig. 4 as a function of hNparti, the average number of
participant nucleons in each centrality interval obtained
from a Glauber model analysis [48]. Also shown in Fig. 4
are estimates for krms

T obtained by applying Eq. (1) to the
results of the Gaussian acoplanarity fits. The two methods
yield results that are consistent within their uncertainties.
With both methods, the extracted krms

T is observed to grow
from more peripheral to more central collisions, or equiv-
alently, from smaller to larger hNparti. In the 0%–10%
centrality interval krms

T ¼ 70! 10 MeV. Variations of the
pT avg-convolution fitting are also performed allowing an
additional background contribution consistent with Drell-
Yan and dissociative processes. The extracted krms

T agree
with those reported here well within the uncertainties

TABLE I. Values of the parameters obtained by applying the Gaussian and convolution fits to the α distributions shown in Fig. 3 for
different intervals of centrality. Also shown are the average number of participants, hNparti; the rms pT avg, prms

T avg, used to relate the σ
parameter to krms

T in the Gaussian fitting procedure; and the σ parameter obtained from applying the Gaussian fitting to the A
distributions.

Gaussian fit Convolution fit
Centrality hNparti prms

T avg [GeV] σAð×103Þ σαð×103Þ krms
T [MeV] krms

T [MeV]

0–10% 359! 2 7.0! 0.1 17.9þ1.0
−0.9 3.3! 0.4 66! 10 70! 10

10–20% 264! 3 7.7! 0.4 13.6þ1.2
−1.0 2.3! 0.3 40! 7 42! 7

20–40% 160! 3 7.4! 0.3 17.2þ0.4
−0.4 2.5! 0.2 48! 6 44! 5

40–80% 47! 2 6.8! 0.3 16.1þ0.1
−0.1 2.0! 0.1 35! 4 32! 2

> 80% 7.0! 0.3 15.5þ0.1
−0.1 1.40! 0.03
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FIG. 4. The krms
T values obtained from the fits shown in Fig. 3 as

a function of hNparti. The shaded bands indicate the total
uncertainty accounting for both the systematic and statistical
uncertainties in the α distributions and background. The data
points have been horizontally offset for visualization purposes,
and the horizontal sizes of the error bands are arbitrary.
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distributions, no significant broadening of the A distribu-
tions can be inferred.
Assuming that the broadening of the α distributions

results from a physical process that transfers a small
amount of transverse momentum, jk⃗Tj ≪ p!

T , to each muon
then the variance of the α distribution can be approxi-
mated as

hα2i ¼ hα2i0 þ
1

π2
hk⃗2Ti

hp2
T avgi

; ð1Þ

where pT avg is the average of pT
þ and pT

− and hα2i0 is the
intrinsic mean square acoplanarity resulting from both
the production process itself and the angular resolution
in the muon measurement.
Taking hα2i0 to be the σ2 of the Gaussian fit in the

> 80% interval, an estimate of the root mean square (rms)
of jk⃗Tj, krms

T , is evaluated in each centrality interval using
the measured value of the rms value of pT avg, and
substituting σ2 of the Gaussian fit in that centrality interval
for hα2i. For the 0–10% centrality interval this procedure
gives krms

T ¼ 66! 10 MeV.
The variance of the A distribution obeys a relation similar

to Eq. (1) but with 1=π2 substituted by 1=4. If the values
obtained above forkrms

T are used in that equation an increase
of only about 0.001 in the rms of A is expected between
> 80% and 0%–10% collisions. The insensitivity of the
asymmetry to the broadening observed in the acoplanarity
distributions can be understood as resulting from the
roughly 5 times larger intrinsic width of the A distribution.
This larger width is consistent with, and can be attributed
to, the momentum resolution of the ATLAS inner
detector [58].
This fitting procedure provides a direct relationship

between the widths of the α distributions and the krms
T

but does not fully account for the shape of the pT avg
distributions. This limitation is addressed by an alternative
procedure, in which the unsubtracted α distributions are fit
as above but replacing the Gaussian function with a
function produced by convolving the measured pT avg

distribution in each centrality interval with a Gaussian
function in α of width

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkrms

T Þ2 þ k2T0
p

=πpT avg. The
parameter kT0 is obtained from the fit to the data in the
> 80% centrality interval. The results of these fits are also
shown in Fig. 3, and the obtained krms

T values are shown in
Fig. 4 as a function of hNparti, the average number of
participant nucleons in each centrality interval obtained
from a Glauber model analysis [48]. Also shown in Fig. 4
are estimates for krms

T obtained by applying Eq. (1) to the
results of the Gaussian acoplanarity fits. The two methods
yield results that are consistent within their uncertainties.
With both methods, the extracted krms

T is observed to grow
from more peripheral to more central collisions, or equiv-
alently, from smaller to larger hNparti. In the 0%–10%
centrality interval krms

T ¼ 70! 10 MeV. Variations of the
pT avg-convolution fitting are also performed allowing an
additional background contribution consistent with Drell-
Yan and dissociative processes. The extracted krms

T agree
with those reported here well within the uncertainties

TABLE I. Values of the parameters obtained by applying the Gaussian and convolution fits to the α distributions shown in Fig. 3 for
different intervals of centrality. Also shown are the average number of participants, hNparti; the rms pT avg, prms

T avg, used to relate the σ
parameter to krms

T in the Gaussian fitting procedure; and the σ parameter obtained from applying the Gaussian fitting to the A
distributions.

Gaussian fit Convolution fit
Centrality hNparti prms

T avg [GeV] σAð×103Þ σαð×103Þ krms
T [MeV] krms

T [MeV]

0–10% 359! 2 7.0! 0.1 17.9þ1.0
−0.9 3.3! 0.4 66! 10 70! 10

10–20% 264! 3 7.7! 0.4 13.6þ1.2
−1.0 2.3! 0.3 40! 7 42! 7

20–40% 160! 3 7.4! 0.3 17.2þ0.4
−0.4 2.5! 0.2 48! 6 44! 5

40–80% 47! 2 6.8! 0.3 16.1þ0.1
−0.1 2.0! 0.1 35! 4 32! 2

> 80% 7.0! 0.3 15.5þ0.1
−0.1 1.40! 0.03
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FIG. 4. The krms
T values obtained from the fits shown in Fig. 3 as

a function of hNparti. The shaded bands indicate the total
uncertainty accounting for both the systematic and statistical
uncertainties in the α distributions and background. The data
points have been horizontally offset for visualization purposes,
and the horizontal sizes of the error bands are arbitrary.
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aforementioned mass regions, and the integrated excess
yields are shown in Fig. 3(c) as a function of centrality.
Compared to the hadronic cocktail shown as the dashed line
in the figure, the excess yields exhibit a much weaker
dependence on collision centrality, suggesting that had-
ronic interactions alone are unlikely to be the source of the
excess eþe− pairs.
In order to investigate the origin of the low-pT eþe−

enhancement, we compared our results to different models
[20,33,34] with the photonuclear and photon-photon con-
tributions employing the equivalent photon approximation
(EPA) method [35] in Auþ Au collisions. The model by
Zha et al. [33] takes into account the charge distribution in
the nucleus for estimating the photon flux. Conversely, the
model implemented in the STARlight MC generator
[10,34] treats the nucleus as a pointlike charge for evalu-
ating the photon flux and ignores eþe− production within
the geometrical radius of the nucleus. Both models assume
no effect of hadronic interaction on virtual photon
production and do not have uncertainty estimates. The
excess based on the model calculations is dominated by
photon-photon interactions, in which contributions from
Ref. [33] describe the 60%–80% centrality data fairly well
(χ2=NDF ¼ 19=15, where NDF is the number of degrees
of freedom, in 0.4–2.6GeV=c2), while the results from
STARlight underestimate the data (χ2=NDF ¼ 32=15). In
40%–60% centrality, both models can describe the data
within the large statistical uncertainties. The contributions
from photonuclear-produced ρ and ϕ vector mesons, shown
as the dashed lines in Figs. 3(a) and 3(b), are found to be
negligible. STARlight predicts that the excess yields from
photon-photon interactions in Uþ U collisions are ∼40%
larger than those in Auþ Au collisions [34]. The observed
difference between Uþ U and Auþ Au collisions is
consistent with the theoretical prediction within large
uncertainties, as shown in Fig. 3(c).
To further explore the low-pT excess, the p2

T (≈ − t,
the squared four-momentum transfer) distributions of the
excess yields within the STAR acceptance for 60%–80%
centrality are shown in Figs. 4(a)–4(c) for three different
mass regions. The aforementioned photon-photon model
calculations for Auþ Au collisions are also shown in the
figures as dot-dashed and dot-dot-dashed lines. The
calculations from Ref. [33] fall below data points at
large p2

T values but overshoot data at low p2
T, especially

in the extremely low-p2
T region. The calculation from

STARlight is lower than that from Ref. [33] but has a
similar pT shape. The spectra dip in the data at extremely
low pT [p2

T < 0.0004 ðGeV=cÞ2] and the discrepancy
in that pT region with models could be partially
attributed to the EPA method [35] without incorporating
nonzero photon virtuality [13,36]. Such a discrepancy
has been previously observed in the measured low-
mass eþe− cross section of photon-photon interactions
for p2

T < 0.000225ðGeV=cÞ2 in UPCs at RHIC [13].

The
ffiffiffiffiffiffiffiffiffiffi
hp2

Ti
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, which characterizes the pT broadening, is
calculated for both the data and aforementioned photon-
photon models. In the data, a fit of the exponential
function (Ae−p

2
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2
) is performed by excluding the first data

points and extrapolated to the unmeasured higher-p2
T region

to account for the missing contribution. The uncorrelated
systematic uncertainties arising from the raw signal extrac-
tion are added in quadrature to the statistical errors, and the
resulting total uncertainties are included in the fits. The
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is plotted
in Fig. 4(d) for both colliding systems. The
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Auþ Au data are about6.1σ, 3.3σ, and 1.8σ above models
[33,34] in the 0.4–0.76, 0.76–1.2, and 1.2–2.6GeV=c2

mass regions, respectively. The general agreements
between the data and model calculations for pT and
invariant mass distributions of lþl− pairs produced by
photon-photon interactions in UPCs [13,15,17] are sug-
gestive of possible other origins of the pT broadening in
peripheral collisions as shown in Fig. 4(d). For example,
to illustrate the sensitivity the
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measurement may
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FIG. 4. The p2
T distributions of excess yields within the STAR

acceptance in the mass regions of (a) 0.4–0.76, (b) 0.76–1.2, and
(c) 1.2–2.6GeV=c2 in 60%–80% Auþ Au and Uþ U colli-
sions. The systematic uncertainties are shown as gray boxes. The
solid and dotted lines are exponential fits to the data in Auþ Au
and Uþ U collisions, respectively. The dot-dashed and dot-dot-
dashed lines represent the p2

T distributions for the photon-photon
process from two models [33,34] within the STAR acceptance in
60%–80% Auþ Au collisions. The dashed lines illustrate the
corresponding p2

T distributions for eþe− pairs from the model
[33] traversing 1 fm in a constant magnetic field of 1014 T
perpendicular to the beam line. (d) The corresponding
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of
excess yields. The vertical bars on data points are the combined
statistical and systematic uncertainties.
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Impact parameter dependence of pair pT

 32

3

2 (GeV/c)2P
0 0.002 0.004

-2
 d

y 
(G

eV
/c

)
2

N
/d

P
2 d

3−10

2−10

1−10

T

T

Au + Au 200 GeV 
Centrality: 60 - 80% 

 > 0.2 GeV/c
T,e

p
| < 1 

e
η| < 1; |

ee
|y

) 2 < 0.76 (GeV/cee0.4 < M

data
STARLight
This approach

2 (GeV/c)2P
0 0.002 0.004

-2
dy

 (G
eV

/c
)

2 T
N

/d
p

2 d

3−10

2−10

T

Au + Au 200 GeV 
Centrality: 60 - 80% 

 > 0.2 GeV/c
T,e

p
| < 1 

e
η| < 1; |

ee
|y

) 2 < 1.2 (GeV/cee0.76 < M

data
STARLight
This approach

2 (GeV/c)2P
0 0.002 0.004

-2
dy

 (G
eV

/c
)

2 T
N

/d
p

2 d

4−10

3−10

T

Au + Au 200 GeV 
Centrality: 60 - 80% 

 > 0.2 GeV/c
T,e

p
| < 1 

e
η| < 1; |

ee
|y

) 2 < 2.6 (GeV/cee1.2 < M

data
STARLight
This approach

FIG. 1. The P 2
? distributions of electron-positron pair production within the STAR acceptance for the mass regions 0.4� 0.76

(left panel), 0.76� 1.2 (middle panel), and 1.2� 2.6 GeV/c2 (right panel) in 60� 80% Au+Au collisions at
p
sNN = 200 GeV.

The STAR measurements [24] and calculations from STARLight [15] are also plotted for comparison.
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FIG. 2. The
p

hP 2
?i of electron-positron pairs within the

STAR acceptance as a function of the impact parameter b
for di↵erent mass regions in Au+Au collisions at

p
sNN =

200 GeV. The STAR measurements [24] are also plotted for
comparison. The data points are slightly shifted for clarity.

transverse momentum q?. The numerical calculations
of the broadening variable,

p
hP 2

?i, of electron-positron
pairs within the STAR acceptance as a function of im-
pact parameter b for di↵erent mass regions in Au+Au
collisions at

p
sNN = 200 GeV are depicted in Fig. 2. As

expected, the broadening increases with deceasing im-
pact parameter and reaches a plateau at impact param-
eter less than the nuclear radius. In addition, the broad-
ening depends on the invariant mass of the lepton pair.
The larger the invariant mass, the more significant the
broadening. A possible explanation is that the pairs with
larger invariant mass are generated predominantly in the
vicinity of the stronger electromagnetic field, which, in
turn, create higher transverse momentum. In this figure,
the STAR measurements [24] are also plotted for com-
parison and show good agreement within uncertainties.
We noted that Ref. [32] has used similar approach with
a minimum cuto↵ on impact parameter to reproduce an
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FIG. 3. The distributions of the broadening variable, ↵, from
this generalized EPA approach for muon pairs in Pb+Pb col-
lisions at

p
sNN = 5.02 TeV for di↵erent centrality classes.

The results are filtered with the fiducial cuts described in the
text and normalized to unity to facilitate a direct comparison
with experimental data. The measurements from ATLAS [25]
are also plotted for comparison.

earlier STAR result in ultra-peripheral collisions under
the condition of mutual Coulomb excitation [10].

The STAR Collaboration performed this measurement
with electron-positron pairs in the mass range of [0.4,2.6]
GeV/c2. The !/� is in the range of [4,26] MeV and is at
the same order of the measured P? range as a required
condition of EPA [10]. The measurement of a smooth
structure in the invariant mass distribution with the ab-
sence of vector mesons (⇢,! and �) is convincing evi-
dence of pure Breit-Wheeler process [23]. The excellent
electron identification at low momentum along with large
coverage and low material budget along the trajectories
of produced particles at mid-rapidity makes this di�cult
measurement possible at STAR. The ATLAS Collabora-
tion takes advantage of their better angular measurement
of high-momentum muons, and characterizes the broad-
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The STAR measurements [24] and calculations from STARLight [15] are also plotted for comparison.
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broadening. A possible explanation is that the pairs with
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text and normalized to unity to facilitate a direct comparison
with experimental data. The measurements from ATLAS [25]
are also plotted for comparison.

earlier STAR result in ultra-peripheral collisions under
the condition of mutual Coulomb excitation [10].

The STAR Collaboration performed this measurement
with electron-positron pairs in the mass range of [0.4,2.6]
GeV/c2. The !/� is in the range of [4,26] MeV and is at
the same order of the measured P? range as a required
condition of EPA [10]. The measurement of a smooth
structure in the invariant mass distribution with the ab-
sence of vector mesons (⇢,! and �) is convincing evi-
dence of pure Breit-Wheeler process [23]. The excellent
electron identification at low momentum along with large
coverage and low material budget along the trajectories
of produced particles at mid-rapidity makes this di�cult
measurement possible at STAR. The ATLAS Collabora-
tion takes advantage of their better angular measurement
of high-momentum muons, and characterizes the broad-

2

tials of the two colliding nuclei in the Lorentz gauge:

Aµ
1 (k1, b) = �2⇡(Z1e)e

ik⌧
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uµ
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(1)

Here b is the impact parameter, which characterizes the
separation between the two nuclei. The � function en-
sures that the nuclei travel in straight line motion with a
constant velocity. In this approach, the deflections from
the straight line motion due to collisions are neglected.
The velocities are taken in the center-of-mass frame with
u1,2 = �(1, 0, 0,±v), where � is the Lorentz contraction
factor. The form factor F (k2) is the nuclear electromag-
netic form factor obtained from the Fourier transforma-
tion of the charge density of the nucleus. The amplitude
for the lepton pair production from the electromagnetic
fields in lowest order can be given by the S-matrix ele-
ment, which leads to Eq. 30 in Ref. [9]:
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where the four momenta of photons are
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The elementary scalar (�s) and pseudoscalar (�ps)
cross-sections can be given by the following formula
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where m is the lepton mass and s = 4w1w2. To arrive at
Eq. 2 from Eq. 1, it has been shown in Ref. [9] that the
photon flux is decisively longitudinal with k? ' !/� and

higher-order terms are of the order of 1/�2 down from
the first term presented in Eq. 2. This is also the only
approximation from the external classic field resulting in
the equivalent photon flux.
Through Eq. 2 and 4, we are able to study the impact

parameter dependence of the di↵erential cross-section on
the P? spectra of lepton pairs. To simplify the numerical
calculation, we assume that the charges in the target and
projectile nuclei are distributed according to the Woods-
Saxon distribution without any fluctuation or point-like
structure. The charge density for a symmetrical nucleus
A is given by the Woods-Saxon distribution:

⇢A(r) =
⇢0

1 + exp[(r �RWS)/d]
(5)

where the radius RWS (Au: 6.38 fm, Pb: 6.62fm) and
skin depth d (Au: 0.535 fm, Pb: 0.546 fm) are based on
fits to electron scattering data [30], and ⇢0 is the nor-
malization factor. The collision geometry (centrality) is
determined by the Glauber model, in which the p+p in-
elastic cross sections employed for RHIC and LHC are 42
mb and 70 mb at their corresponding collision energies,
respectively. Fig. 1 shows the numerical calculations of
the P 2

? distributions of electron-positron pair production
for di↵erent mass regions in 60-80% Au+Au collisions atp
sNN = 200 GeV. The results are filtered with the STAR

acceptance (pT,e > 0.2 GeV/c, |⌘| < 1, and |yee| < 1)
to allow direct comparison with the experimental mea-
surements. The STAR measurements [24] and calcula-
tions from previous EPA approach are also plotted for
comparison. Both the shape and the magnitude of the
experimental measurements can be described reasonably
well by our calculations.
Usually, an integration over b of Eq. 2 is performed

resulting in the famous equivalent photon cross-section
for two-photon collisions as shown in Eq. 32 of Ref. [9], as
in STARLight and other numerical calculations [15, 31].
The integration of Eq. 2 over the impact parameter b
leads to a � function in the transverse momentum q?
and the subsequent result reads:

� = 16
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(6)

where �(w1, w2) is the cross-section averaged over the
scalar and pseudoscalar polarization. This is exactly
the EPA expression commonly used in the literature and
used in comparison to recent experiments [6]. The spec-
tral shape [15, 31], which is insensitive to the collision
centrality, is the result of averaging over the whole im-
pact parameter space as shown from Eq. 31 to Eq. 32 [9]
and subsequently inserting an impact-parameter depen-
dence of photon flux �(w1, w2, b) as shown in Eq. 36-43
in Ref. [9].

As demonstrated in Eq. 2, the term ei
~b·~q? gives rise to

impact parameter dependence in the integration over the

1812.02820 Zha et al - follow up to STAR paper

External classical field approach of  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Conclusions
• Diverse program using electromagnetic interactions in ultra peripheral 

collisions
• Impact parameter plays important role in UPC, just as with hadronic collisions 

• In this talk, particular attention to photon-photon processes
• Variety of QED processes: dileptons, diphotons
• Searches for new particles, esp. in loops
• Possible new probes of QGP in “nonUPC” interactions
• Very promising program in LHC Runs 3 & 4 (& forward RHIC program)

• Increasing luminosity will require more sophisticated theoretical tools
• In particular, new data require more QED integrated into event generators
• This applies both to initial state photons, and final state effects

• Forward detectors are crucial for tagging different event topologies
• More data needed to understand how impact parameter modifies photon spectra
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(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Probing small x parton densities in ultraperipheral AA and
pA collisions at the LHC
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We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.
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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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p,Pb
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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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Nearly perfect fluid $ Hydrodynamic evolution
The system evolves from the initial energy density distribution

according to energy and momentum conservation:
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Please see the parallel session today (14h00, Room I) for more results!


