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QM19 | Jet Quenching Exp | B.Trzeciak, CTU Prague

Jet quenching

 Accessed experimentally using:
● Spectra, nuclear modification factors
● High-pT v2 

● Correlations, momentum balance, FF, ...
● Jet substructure analysis

Next session: Yi Chen, Jet 
substructure and parton splitting

Next session: Yi Chen, Jet 
substructure and parton splitting

 Hard probes: high-pT partons, heavy quarks
● Produced in initial hard-scatterings 
● Tomographic probes of the medium

 Energy loss in medium
● Collisional and radiative energy loss

● Colour and mass dependence (dead-cone effect)
● Parton interaction with medium: dependence on the 

coupling strength, medium dynamics, … 
● Path-length dependence, resolution scale at which the jet 

probes the medium, does broader jet loose more energy ? 
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L. Apolinário Quark Matter  2019

✦ However :

✦ Large contribution of medium response leads to a large R 
dependence on jet RAA

✦ Magnitude is again model dependent

✦ Features of the parton shower seem to drive behaviour  
of jet RAA (Rjet) (rather then medium response)

✦ Jet Radial profile vs Jet RAA

✦ Put severe constrains on the jet-induced component

18

Thermalisation

(We also have: missing pT, ⍴(r) with pT bin information, 2-particle correlations,…)

M. Taylor Jet III
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Large radius RAA
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PreliminaryCMS -1, pp 27.4 pb-1bµ = 5.02 TeV, PbPb 404 NNs

Suppression observed for all jet R — very mild R-dependence
Luara Havener, Hannah Bossi, Poster, Molly Taylor, Wed.
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RAA: evidence of jet quenching
 Evidence of jet quenching: strong suppression of high-pT particles and jets

● High-pT hadron RAA → 1, jets suppressed up to TeV
 Increasing with centrality

● Weak dependence of RAA on coll. energy

Phys. Lett. B 790 (2019) 108

hadronshadrons

jetsjets

JHEP 1704 (2017) 039
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RAA: evidence of jet quenching
 Strong suppression in central collisions

● High-pT hadron RAA → 1, jets suppressed up to TeV

 Weak dependence of RAA on coll. energy, higher energy loss vs different slopes of initial pT spectra 
Dependence of centrality and jet radius.

Phys. Lett. B 790 (2019) 108

jetsjets

Y.He 
6.11, 10:00 am

Y.He 
6.11, 10:00 am
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Quark-Gluon Matter as ideal gluon liquid
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Quark/gluon fraction in HI
 Quark / gluon fraction extracted from jet charge

● Study flavour dependent behaviour of energy loss mechanisms due to jet quenching
● Jet charge is sensitive to the electric charge of the initiating parton
● Measurement based on Pythia template fits

➔ Consistent fractions in pp and PbPb, 
no significant centrality dependence

 Gluon-like jet fraction

CMS, D. Hangal
6.11, 8:40 am

CMS, D. Hangal
6.11, 8:40 am

➔ No increase in jet charge 
width observed
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g-tagged jets

➔ No peak structure in central collisions
➔ Peak returns in peripheral collisions and 

with increasing pT  

Phys. Lett. B 789 (2019) 167

 Input for theory

CMS, Phys. Lett. B 785 (2018) 14
Phys, Rev. Lett 121 (2018) 242301

 Strong iteraction with QGP as a fluid without viscosity
 Controlled configuration of the initial hard-scattering
 Quarks vs gluon jets → flavour dependence of Eloss

● LHC: dominated by quark fragmentation at higher pT (>30 GeV)

ɣ-tagged vs. inclusive jets

pT balance Fragmentation function

ATLAS,D.Perpelitsa
6.11, 2:40 pm

ATLAS,D.Perpelitsa
6.11, 2:40 pm

➔ Different modification in central collisions
➔ Flavour dependence, selection bias ?

Phys. Rev. Lett. 123, 042001 (2019)

CMS,R. Bi
6.11, 2:20 pm

CMS,R. Bi
6.11, 2:20 pm
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Jet quenching

 Accessed experimentally using:
● Spectra, nuclear modification factors
● High-pT v2 

● Correlations, momentum balance, FF, ...
● Jet substructure analysis

Next session: Yi Chen, Jet 
substructure and parton splitting

Next session: Yi Chen, Jet 
substructure and parton splitting

 Hard probes: high-pT partons, heavy quarks
● Produced in initial hard-scatterings 
● Tomographic probes of the medium

 PRL 123 (2019) 022001

In-medium shower modification and 
nature of the energy loss.
Flavour dependence ?
How the fragmentation is modified ?

 Energy loss in medium
● Collisional and radiative energy loss

● Colour and mass dependence (dead-cone effect)
● Parton interaction with medium: dependence on the 

coupling strength, medium dynamics, … 
● Path-length dependence, resolution scale at which the jet 

probes the medium, does broader jet loose more energy ? 

In-medium energy loss 
→ medium properties

In-medium energy loss 
→ medium properties
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Heavy-flavour jets in pPb
 v2 of heavy-flavour particles in pPb collisions

 v2 of beauty consistent with 0

➔ RpPb: No modification of c,b,D-tagged jets in pPb collisions 
observed

➔ R=0.3/R=0.6 consistent with pp

ALICE,J.Kvapil,
6.11,  2:00 pm
ALICE,J.Kvapil,
6.11,  2:00 pm

ALICE, S. Sakai,
poster

ALICE, S. Sakai,
poster

b-jetsb-jets

HFE-jetsHFE-jets
CMS, A.Baty,

5.11., 8:40 am
CMS, A.Baty,

5.11., 8:40 am
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Jing Wang (MIT), LBNL HF/MVTX Workshop (Berkeley)Jing Wang (MIT), Open HF: Experiments, QM 2019 (Wuhan) 11
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• Down to pT=0 at LHC! 
• Strong constraints to theories
➡Interplay of radial flow, 

recombination, shadowing etc.

Energy loss in medium: Open charm RAA

New

G.M. Innocenti, 5 Nov, 11:00
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Energy loss in medium: Open charm RAA
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• Difference trend between LHC and RHIC?

New

G.M. Innocenti, 5 Nov, 11:00
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Energy loss in medium: Open beauty RAA
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New!

World open beauty RAA <         >

• New players in the game!

ALICE b→D0

CMS b→J/ψ

ALICE b→e
New!

CMS b→D0

CMS b→J/ψ

STAR b→e
New!

CMS B+

(0-10%) (0-100%)

D. Thomas, 5 Nov, 12:00
M. Kelsey, 5 Nov, 17:40
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One source of flavor hierarchy: Dead cone effect

• Dead cone effect
➡Radiation (for both vacuum and medium induced) 

is suppressed inside θ < m/E

• D-tagged jets have lower splitting at small angle
• First direct observation of dead cone effect!
• Lower-energy radiator has stronger effect

Large parton mass Small parton mass

m/E
m/E

Large θ Small θ

D0-tagged jets / Inclusive jets

pp

New
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17

Open charm collective flow in AA

Open charm v2 compilation

h±

CMS D0

ATLAS c→μ

ALICE D0

• High-precision
• Prominent flow structure
• Good agreement among measurements
➡ c→μ shift a bit to low-pT: daughter μ 
• v2(h±) > v2(open charm)

New!

New!

S. Lim, 5 Nov, 9:00

ATLAS-CONF-2019-053
CMS-PAS-HIN-19-008

C. Bernardes, 5 Nov, 15:20
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Open beauty collective flow in AA

New!

Open charm v2 compilation

h±

D0
• Non-zero open beauty v2 in AA 

collisions at RHIC (~3.4σ) and LHC!

STAR b→e

New!

ATLAS b→μ

New!

S. Lim, 5 Nov, 9:00

ATLAS-CONF-2019-053
CMS-PAS-HIN-19-008

C. Bernardes, 5 Nov, 15:20
M. Kelsey, 5 Nov, 17:40
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J/ψ Suppression at RHIC 

QM2019, Nov. 3-9, Wuhan, China 11 Zebo Tang (USTC) 

K. Smith, HF-II 

Suppression in both forward and backward rapidity with Au beam 
Forward rapidity: nPDFs alone describe data reasonably well 
Backward rapidity: Nuclear absorption in addition is needed 

arXiv:1910.14487 

Au p 
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ϒ(1S) Suppression in pPb 

QM2019, Nov. 3-9, Wuhan, China 13 Zebo Tang (USTC) 

Strong suppression at forward 
 

Calculations describe at forward  
but slightly overestimate at backward 

(1S)  ϒ
J/ψ←b 

Stronger suppression of  
(1S) than J/ϒ ψ←B at forward 

 

Final-state effect of (1S)? ϒ
Shadowing + J/ψ←b y smearing? 

J. Ghosh, SS-I 
S. Chen, HF-IV 
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J/ψ Suppression at RHIC 

QM2019, Nov. 3-9, Wuhan, China 17 Zebo Tang (USTC) 
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STAR

Y. Liu, HF-II 

STAR: PLB797, 134917 (2019) 

RAA decreases towards central collisions 
No strong pT dependence 
Strong suppression at high-pT à color screening 
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J/ψ Suppression at LHC (mid-y) 

QM2019, Nov. 3-9, Wuhan, China 18 Zebo Tang (USTC) 

X. Bai, HF-II 

RAA increases from semi-peripheral to central collisions 
Clear decreasing trend with increasing pT 
Regeneration wins at low-pT 
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J/ψ v2 in PbPb@5 TeV 

QM2019, Nov. 3-9, Wuhan, China 20 Zebo Tang (USTC) 

X. Bai, HF-II 

•  Positive v2 in PbPb @ 5.02 
TeV 

•  v2 at pT>4 GeV/c can not be 
described by transport 
models!! 

•  Contribution from jet 
fragmentation? 
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High-pT J/ψ vs. ϒ(1S) 

QM2019, Nov. 3-9, Wuhan, China 28 Zebo Tang (USTC) 

Similar suppression between prompt J/ψ and ϒ(1S) in PbPb at high-pT 

Similar suppression in pPb also (precision need be improved) 

PbPb 

pPb 
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X(3872) 

QM2019, Nov. 3-9, Wuhan, China 34 Zebo Tang (USTC) 

r~0.3-1 fm r~5-7 fm 

Measuring the yield 
in high-multiplicity/
density environment 
may shed light on the 
internal structure 

LHCb pp CMS PbPb 

M. Durham, HF-IV 
Y. Lee, HF-IV 

LHCb pPb
available 
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X(3872) over ψ(2S) Ratio 

QM2019, Nov. 3-9, Wuhan, China 35 Zebo Tang (USTC) 

Syst. uncertainty fully correlated 
 

Increasing suppression relative to 
ψ(2S) as event activity increases 

R=1.1±0.51(stat.)±0.53 (syst.) 
 

Indication of enhancement in 
PbPb relative to ψ(2S) 

M. Durham, HF-IV 
Y. Lee, HF-IV 
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LbyL: Signal & backgrounds

49

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 Q2 < 1/R2, 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 Q2 < 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 Z2, gg scattering cross sections in PbPb collisions are enhanced by a factor of
Z4 ' 5 ⇥ 107 compared to similar proton-proton or electron-positron interactions.

γ

γ

PbPb

Pb Pb Pb

Pb

Pb(*)

Pb(*)

Pb(*)

Pb(*) Pb(*)

Pb(*)

g

g

g

e+

e−

γ

γ

γ

γ

γ

γ

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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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

√
sNN = 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
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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 ≈ 1.2 A1/3 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 4: Diphoton acoplanarity distribution for exclusive events measured in the data after
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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 mgg = 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

√
sNN = 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 ≈ 1.2 A1/3 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 3: Kinematic distributions for �� ! �� event candidates: (a)
diphoton invariant mass, (b) diphoton transverse momentum. Data
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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 evidence 8.2σ observation!

Nature Physics 13 (2017) 852

ar
X

iv
:1

30
5.

71
42

v3
  [

he
p-

ph
]  

25
 F

eb
 2

01
6

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

√
sNN = 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 ≈ 1.2 A1/3 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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Exclusive Υ photoproduction in pPb

CMS collaboration,

Measurement of exclusive Υ photoproduction from protons in

pPb collisions at
√
sNN = 5.02 TeV

Eur. Phys. J. C 79 (2019) 277

Dmitry Sosnov, NRC KI — PNPI, Gatchina, Russia Exclusive Υ and ρ(770)0 photoproduction in pPb at
√

sNN = 5.02 TeV Quark Matter 2019, Wuhan, November 3, 2019 4 / 17

Dmitry Sosnov, NRC KI — PNPI Quark Matter 2019 и эксклюзивные Υ и ρ0 в ультра-периферических p-Pb соударениях на CMS November 19, 2019 36 / 65



Data and event topology

a)

p

Pb

p

Pb

γ
b

 b
g g

Υ

Exclusive production

b)

p

Pb

*p

Pb

γ
b

 b
g g

Υ

Semi-exclusive production

c)

p

Pb

p

Pb

-µ

+µ

γ

γ

Background

Data

Data: CMS, pPb
√
sNN = 5.02 TeV (2013)

L = 32.6nb−1

Υ meson rapidity range: |y | < 2.2

Photon-proton centre-of-mass energy:
91 <Wγp < 826 GeV
W 2
γp = 2EpmΥe±y

MC generator

STARLIGHT:

Exclusive Υ(nS) photoproduction events

Exclusive QED background

Dmitry Sosnov, NRC KI — PNPI, Gatchina, Russia Exclusive Υ and ρ(770)0 photoproduction in pPb at
√

sNN = 5.02 TeV Quark Matter 2019, Wuhan, November 3, 2019 5 / 17

Dmitry Sosnov, NRC KI — PNPI Quark Matter 2019 и эксклюзивные Υ и ρ0 в ультра-периферических p-Pb соударениях на CMS November 19, 2019 37 / 65



Event selections

Event selection

Online selection:

At least one muon

Number of tracks: [1, 6]

Offline selection:

Two opposite-charge muons with: pT > 3.3 GeV,
|ηµ| < 2.2

Single vertex with no extra charged particles with
pT > 0.1 GeV

HF tower energy deposit < 5 GeV

For dimuon selection: 0.1 GeV < pT < 1 GeV
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Result
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Result: comparison with predictions and other data
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CMS results between previous ZEUS and LHCb data. σ ∼W δ
γp

δ (CMS only) = 1.08± 0.42

δ (ZEUS) = 1.2± 0.8

δ (CMS + ZEUS + H1) = 0.99± 0.27

δ (CMS + ZEUS + H1 + LHCb) = 0.77± 0.14
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Exclusive ρ(770)0 photoproduction in pPb

CMS collaboration,

Measurement of exclusive ρ(770)0 photoproduction

in ultraperipheral pPb collisions at
√
sNN = 5.02 TeV

Eur. Phys. J. C 79 (2019) 702
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ρ(770)0 photoproduction

Data

Decay mode: ρ(770)0 → π+π−

Data: CMS, pPb
√
sNN = 5.02 TeV (2013)

L = 16.9µb−1

Photon-proton centre-of-mass energy:
29 <Wγp < 213 GeV

0.025 < |t| < 1.000 GeV2

MC generator

STARLIGHT:

Exclusive ρ(770)0 (resonant and non-resonant)

Exclusive ρ(1700)0
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Event selections

Event selection

Online selection:

At least one track

Offline selection:

Leading HF tower < 3 GeV

Exactly two tracks from the same PV with |ηtrack | < 2.0,
pleadT > 0.4 GeV, psubleadT > 0.2 GeV

|yπ+π− | < 2.0

Leading HE tower < 1.95 GeV

CASTOR energy < 9 GeV

ZDC+ energy < 500 GeV

ZDC− energy < 2000 GeV  [GeV]
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Results for dσ/d |t|

Fitted as: Ae−bt+ct2

b = 9.2± 0.7 (stat) GeV−2,
c = 4.6± 1.6 (stat) GeV−4

Regge formula: b = b0 + 2α
′
ln(Wγp/W0)2

W0 = 92.6 GeV

α
′

= 0.28±0.11 (stat)±0.12 (syst) GeV−2,
consistent with ZEUS data and Regge
expectations

]2|t| [GeV
0 0.2 0.4 0.6 0.8 1

]2
b/

G
eV

µ
/d

|t|
 [

σd
1−10

1

10

210

 = 59 GeVpγCMS W

 = 55 GeVpγH1 W

 = 72 GeVpγZEUS W

 (5.02 TeV)-1bµpPb+Pbp 16.9 

) < 0.0-π+π-1.2 < y(

Dmitry Sosnov, NRC KI — PNPI, Gatchina, Russia Exclusive Υ and ρ(770)0 photoproduction in pPb at
√

sNN = 5.02 TeV Quark Matter 2019, Wuhan, November 3, 2019 13 / 17

Dmitry Sosnov, NRC KI — PNPI Quark Matter 2019 и эксклюзивные Υ и ρ0 в ультра-периферических p-Pb соударениях на CMS November 19, 2019 45 / 65



Results for σ

Fitted with: α1W
δ1
γp + α2W

δ2
γp (full range)

Fitted with: αW δ
γp (CMS and HERA

combined)

δ1 = −0.81± 0.04 (stat)± 0.09 (syst)

δ2 = 0.36± 0.07 (stat)± 0.05 (syst)

δ = 0.24± 0.13 (stat)± 0.04 (syst)
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Summary:
The first measurement of the exclusive photoproduction of Υ in UPC pPb at

√
sNN = 5.02 TeV is performed by CMS

The data are consistent with available pQCD approaches of the low-x gluon proton density

The new insights on the gluon proton distribution in this poorly explored region between ZEUS and LHCb data

The first measurement of the exclusive photoproduction of ρ(770)0 in pPb at
√
sNN = 5.02 TeV is performed by CMS

The results are consistent with electron-proton DIS at HERA, i.e. lead ions can act as a source of quasi-real photons

Measured dσ/d |t| systematically lower than STARLIGHT generator predictions in the high-|t| region
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A. Kumar (for the JETSCAPE collaboration), Quark Matter 2019, Wuhan, November 6th, 2019 �3

JETSCAPE instrument: a unified framework for heavy-ion collisions
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Multi-stage 
Jet Shower Evolution

Energy-momentum Deposition

JETSCAPE 2.0 is available:github.com/JETSCAPE

Initial design by:
Modular, extensible and task-based event generator 
Framework is agnostic to “multi-stage”, “energy-loss”

Diagram by:

Y. Tachibana

JETSCAPE pp19 tune   (arXiv:1910.05481) 
JETSCAPE framework manual (arXiv:1903.07706)
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QM19 | Jet Quenching Exp | B.Trzeciak, CTU Prague

Jet quenching vs models
 Strong suppression in central collisions

● High-pT hadron RAA → 1, jets suppressed up to TeV
 JETSCAPE prediction: reasonable agreement with data, but bit different slopes

A. Kumar
6.11, 9:40 am

A. Kumar
6.11, 9:40 am
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QM19 | Jet Quenching Exp | B.Trzeciak, CTU Prague

Jet RAA, R scan

 Large R: suppression vs recovery of quenched energy
➔ No strong RAA dependence on R 

➔ High pT  jets: hint of en. recovery in central collisions

arxiv: 1909.09718

R = 0.2R = 0.2 R = 0.4R = 0.4

R: 0.2-1R: 0.2-1

CMS M.Taylor,
6.11, 11:20 am
CMS M.Taylor,

6.11, 11:20 am

Dmitry Sosnov, NRC KI — PNPI Quark Matter 2019 и эксклюзивные Υ и ρ0 в ультра-периферических p-Pb соударениях на CMS November 19, 2019 51 / 65



10

 

QM19 | Jet Quenching Exp | B.Trzeciak, CTU Prague

Jet RAA, R scan vs models
R: 0.2-1R: 0.2-1

 R-scan: Strong constraints on jet quenching 
models

 Complementary to jet substructure studies

→ Konrad Tywoniuk→ Konrad Tywoniuk

→ Yi Chen→ Yi Chen
CMS M.Taylor,

6.11, 11:20 am
CMS M.Taylor,
6.11, 11:20 am

arxiv: 1909.09718

R = 0.2R = 0.2 R = 0.4R = 0.4

➔ Strong R dependence in some of the models
➔ Opposites trends vs increasing R
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QM19 | Jet Quenching Exp | B.Trzeciak, CTU Prague

Z-tagged charged particle yields
 Low pT: well-calibrated probe down to 30 GeV/c, no jet requirement, less bkg. w.r.t. γ

 Good prospects for Run3/4 !

 Models can quantitatively reproduce the degree of 
suppression, Hybrid model can catch pT,z dependence

 CMS systematically higher (jet pT > 30 GeV/c)

 Similar suppression at RHIC

ATLAS,D.Perpelitsa
6.11, 2:40 pm

ATLAS,D.Perpelitsa
6.11, 2:40 pm

➔ Enhancement at pT < 2-3 GeV/c, x <0.05 
➔ Suppression at large ch. particle pT, xhZ

IAA = Pb+Pb / pp ratio of per-Z yields
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QM19 | Jet Quenching Exp | B.Trzeciak, CTU Prague

Small systems: v2 vs RpA

 High-pT particle v2

➔
 v2  in pPb up to high pT

➔
 Can be reproduced by model, however RpPb underpredicted

ATLAS, K.Keys,
 5.11, 11:20 am
ATLAS, K.Keys,
 5.11, 11:20 am
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Jing Wang (MIT), LBNL HF/MVTX Workshop (Berkeley)

vΔ 1

v1

c

c

Probing the strong initial EM-field

8

ALICE
D0 v1 

in PbPb

• dΔv1/dη slope: negative (RHIC) vs. positive(LHC)?

v1

vΔ 1

c

c

STAR
c→e v1
in AuAu

Final New

arXiv:1910.14406
S. Tang 5 Nov, 16:40
M. Kelsey, 5 Nov, 17:40

• Δv1 slope (dΔv1/dη): slope(D0) ~ 10-1 ≫ slope (h±) ~ 10-4
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Matt Durham - LANL 29

X(3872) in pPb collisions

Theorists: predictions welcome
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Nuclear PDFs using J/𝜓 in Pb+Pb

32

Coherent J/y photoproduction at forward rapidity in Pb-Pb UPC ALICE Collaboration

decays, feed-down J/y from incoherent y 0 decays and continuum dimuons from the gg ! µ+µ� pro-
cess. In order to describe the high-pT tail, the incoherent J/y photoproduction accompanied by nucleon
dissociation was also taken into account in the fits with the template based on the H1 parametrization of
the dissociative J/y photoproduction [27] (denoted as dissociative J/y in the following):

dN
dpT

⇠ pT

✓
1+

bpd

npd
p2

T

◆�npd

. (1)

The H1 Collaboration provided two sets of measurements corresponding to different photon–proton
center-of-mass energy ranges: 25 GeV < Wgp < 80 GeV (low-energy data set) and 40 GeV < Wgp <
110 GeV (high-energy data set). The fit parameters bpd = 1.79±0.12 (GeV/c)�2 and npd = 3.58±0.15
from the high-energy data set were used by default, while the corresponding uncertainties and the low-
energy values bpd = 1.6±0.2 (GeV/c)�2 and npd = 3.58(fixed) were used for systematic checks.

The templates were fitted to the data leaving the normalization free for coherent J/y , incoherent J/y
and dissociative J/y production. The normalization of the gg ! µ+µ� spectrum was fixed to the one
obtained from the invariant mass fits. The normalization of the coherent and incoherent feed-down
J/y templates was constrained to the normalization of primary coherent and incoherent J/y templates,
according to the feed-down fractions extracted from the measurement of raw inclusive J/y and y 0 yields,
as described below. The extracted incoherent J/y fraction fI = N(incoh J/y)

N(coh J/y) for pT < 0.25 GeV/c ranges
from 3.2% to 6.1% depending on the rapidity interval. The contribution of incoherent J/y with nucleon
dissociation was also taken into account in this fraction.

4 Results and discussion

The fits to the invariant mass spectra for dimuons with pair pT < 0.25 GeV/c in the full rapidity range
�4.0 < y < �2.5 were used to extract the ratio of raw inclusive y 0 and J/y yields:

RN =
N(y 0)

N(J/y)
= 0.0250±0.0030(stat.)±0.0035(syst.), (2)
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Figure 1: Left: (color online) Invariant mass distribution for muon pairs satisfying the event selection described
in the text. The dashed green line corresponds to the background. The solid magenta and red lines correspond
to Crystal Ball functions representing J/y and y 0 signals, respectively. The solid blue line corresponds to the
sum of background and signal functions. Right: transverse momentum distribution for muon pairs in the range
2.85 < mµµ < 3.35 GeV/c2(around the J/y mass).
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Phys.Lett. B798 (2019) 134926

J/Ψ pT distribution  
sees three scales:

cf. HERA  
data!

mµµ sensitive to   
contributions from:

J/Ψ 
Ψ’ 

𝛄𝛄→µµ

nucleus (10s MeV) 
nucleon (100’s MeV) 

dissociated  
nucleon (GeV)

Full Run 2 dataset from ALICE!

324 PHENIX Collaboration / Physics Letters B 679 (2009) 321–329

(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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Figure 4: Measured coherent differential cross section of J/y photoproduction in ultra-peripheral Pb–Pb colli-
sions at

p
sNN = 5.02 TeV. The error bars represent the statistical uncertainties, the boxes around the points the

systematic uncertainties. The theoretical calculations [10, 16, 22, 31, 34–39] described in the text are also shown.
The green band represents the uncertainties of the EPS09 LO calculation.

5 Conclusions

The first rapidity-differential measurement on the coherent photoproduction of J/y in ultra-peripheral
Pb–Pb collisions at

p
sNN = 5.02 TeV has been presented and compared with model calculations. The

Impulse Approximation and STARlight models overpredict the data, indicating the importance of gluon
shadowing effects. The model based on the central set of the EPS09 gluon shadowing parametrization,
the leading twist approximation, and the hot-spot model coupled to the Glauber-Gribov formalism un-
derpredict the data but remain compatible with it at most forward rapidities. The majority of color dipole
models underpredict the data. The ratio of the y 0 and J/y cross sections is in reasonable agreement both
with the ratio of photoproduction cross sections off protons measured by the H1 and LHCb collaborations
and with LTA predictions for Pb–Pb UPC.

The nuclear gluon shadowing factor of about 0.8 at Bjorken-x values around 10�2 and a hard scale
around c-quark mass was estimated from the comparison of the measured coherent J/y cross section
with the Impulse Approximation under the assumption that the contribution from low Bjorken x ⇠ 10�5

can be neglected. Future studies on coherent heavy vector meson photoproduction accompanied by
neutron emission may help to decouple low-x and high-x contributions and provide valuable constraints
on poorly known gluon shadowing effects at Bjorken x ⇠ 10�5 [43].
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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-

Complementary x,Q2 reach to dijet photoproduction!

LHCb-CONF-2018-003
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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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Possible access to different geometries than seen in pp/pPb, 
and similar physics accessible at EIC (photoproduction & DIS)

ATLAS-CONF-2019-022 Brian Cole, Weds
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STAR has also performed first measurement sensitive to the  
linear polarization of the photons, calculated by Li et al (2019):

interpreted by STAR as analogous to vacuum birefringence, 
only seen until now in astrophysical measurements
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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-

ρ⃗γ

NEW FOR 
QM2019
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Dmitry Sosnov, NRC KI — PNPI Quark Matter 2019 и эксклюзивные Υ и ρ0 в ультра-периферических p-Pb соударениях на CMS November 19, 2019 61 / 65



Searches for axion-like particles

51

5.1 Diphoton analysis efficiencies 9
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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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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.
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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

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

√
sNN = 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 ≈ 1.2 A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and

similar limits from 
ATLAS, and expectations 
for Run3/4 in 1812.06772
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FIG. 3. The distributions of the broadening variable, ↵, from the generalized EPA approach (gEPA2, dash blue lines) and
QED (solid red line) for muon pairs in Pb+Pb collisions 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.

lution. It should be noted that ⇡↵ ' P?/Mll in a de-
tector setup where the sagitta of a particle trajectory is
much larger than the e↵ect of multiple scattering in the
detector material and from resolution of the experimen-
tal measurements, as is the case for the STAR Detector
within the measured kinematic range. The measured ↵
distributions show broadening in hadronic Pb+Pb colli-
sions with respect to UPCs. Figure 3 shows the ↵ dis-
tributions from our calculations in Pb+Pb collisions atp

sNN = 5.02 TeV for di↵erent centrality classes. The re-
sults are filtered with the fiducial cuts: pTµ > 4 GeV/c,
and |⌘µ| < 2.4, and normalized to facilitate a direct com-
parison with experimental data from ATLAS. The mea-
surements from ATLAS [25] can be well described by the
gEPA2 and QED calculations within uncertainties.

There have been proposals in the literature regarding
possible final-state e↵ects to explain the P? broadening.
Two such proposals are that the broadening is due to
deflection by the residual magnetic field trapped in an
electrically conducting QGP [24, 37] or due to multiple
Coulomb scattering in the hot and dense medium [25,
33]. All the proposed mechanisms including this study
require extraordinarily strong electromagnetic fields, an
interdisciplinary subject of intense interest across many
scientific communities. There are a few assumptions and
caveats in our calculation which deserve further studies:

• continuous charge distribution without point-like
structure:
It has been shown [38, 39] that the substructures of
protons and quarks in nuclei and their fluctuations
can significantly alter the electromagnetic field in-
side the nucleus at any given instant. This should
result in an observable e↵ect deserving further the-
oretical and experimental investigation. The e↵ect
is most prominent in central collisions where the
ATLAS results have large uncertainties and where
STAR currently lacks the necessary statistics for a
measurement.

• projectile and target nuclei maintain the same ve-
locity vector before and after collision:
The very first assumption in Eq. 1 is that both col-

liding nuclei maintain their velocities (a �(k⌫
i ui⌫)

function) to simplify the calculation. In central
collisions, where the photon flux are generated
predominantly by the participant nucleons, charge
stopping may be an important correction to the
initial electromagnetic fields.

• omission of higher order contribution and multiple
pair production:
We have ignored higher-order corrections in both
the initial electromagnetic field [10] and Sudakov
e↵ect [33], which should be quite small in the low
P? and small ↵ range. It has been pointed out that
there may be significant multiple pair production
in the same event [36], which may complicate the
calculation and measurement.

• final-state e↵ects of magnetic field deflection and
multiple Coulomb scattering:
The STAR and ATLAS collaborations have demon-
strated that it is possible to identify and measure
the Breit-Wheeler process accompanying the cre-
ation of QGP. This opens new opportunity using
this process as a probe of emerging QCD phenom-
ena [8].

In summary, we study the impact-parameter depen-
dence of the Breit-Wheeler process in heavy-ion collisions
within the framework of the external QED field and the
approximations used to arrive at the Equivalent Photon
Approximation, and with a full QED calculation based on
two lowest-order Feynman diagrams. We further demon-
strate that the P? spectrum from the STARLight model
calculation used by the recent comparisons as a baseline
results from averaging over the whole impact parameter
space and is therefore by definition independent of impact
parameter. Our model results can qualitatively describe
both the P? broadening observed at RHIC as well as the
acoplanarity broadening observed at the LHC. It provides
a practical procedure for studying the Breit-Wheeler pro-
cess with ultra-strong electromagnetic fields in a control-
lable fashion. This outcome indicates that the broaden-
ing originates predominantly from the initial electromag-
netic field strength that varies significantly with impact

ATLAS has repeated this measurement with 4x the 2015 luminosity: 
significant observation of a dip structure near α=0…

NEW FOR 
QM2019

ATLAS-CONF-2019-051

P. Palni,  
Tues morning
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Figure 18: Fits to the k? distributions using a shifted version of the k? distribution in the UPC interval (see text).
Each panel represents a di�erent centrality interval. Plots are for p̄T > 4 GeV.
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A structure reproduced by the full QED calculation of Zha, et al (1812.02820v3) 
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FIG. 3. The distributions of the broadening variable, ↵, from the generalized EPA approach (gEPA2, dash blue lines) and
QED (solid red line) for muon pairs in Pb+Pb collisions 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.

lution. It should be noted that ⇡↵ ' P?/Mll in a de-
tector setup where the sagitta of a particle trajectory is
much larger than the e↵ect of multiple scattering in the
detector material and from resolution of the experimen-
tal measurements, as is the case for the STAR Detector
within the measured kinematic range. The measured ↵
distributions show broadening in hadronic Pb+Pb colli-
sions with respect to UPCs. Figure 3 shows the ↵ dis-
tributions from our calculations in Pb+Pb collisions atp

sNN = 5.02 TeV for di↵erent centrality classes. The re-
sults are filtered with the fiducial cuts: pTµ > 4 GeV/c,
and |⌘µ| < 2.4, and normalized to facilitate a direct com-
parison with experimental data from ATLAS. The mea-
surements from ATLAS [25] can be well described by the
gEPA2 and QED calculations within uncertainties.

There have been proposals in the literature regarding
possible final-state e↵ects to explain the P? broadening.
Two such proposals are that the broadening is due to
deflection by the residual magnetic field trapped in an
electrically conducting QGP [24, 37] or due to multiple
Coulomb scattering in the hot and dense medium [25,
33]. All the proposed mechanisms including this study
require extraordinarily strong electromagnetic fields, an
interdisciplinary subject of intense interest across many
scientific communities. There are a few assumptions and
caveats in our calculation which deserve further studies:

• continuous charge distribution without point-like
structure:
It has been shown [38, 39] that the substructures of
protons and quarks in nuclei and their fluctuations
can significantly alter the electromagnetic field in-
side the nucleus at any given instant. This should
result in an observable e↵ect deserving further the-
oretical and experimental investigation. The e↵ect
is most prominent in central collisions where the
ATLAS results have large uncertainties and where
STAR currently lacks the necessary statistics for a
measurement.

• projectile and target nuclei maintain the same ve-
locity vector before and after collision:
The very first assumption in Eq. 1 is that both col-

liding nuclei maintain their velocities (a �(k⌫
i ui⌫)

function) to simplify the calculation. In central
collisions, where the photon flux are generated
predominantly by the participant nucleons, charge
stopping may be an important correction to the
initial electromagnetic fields.

• omission of higher order contribution and multiple
pair production:
We have ignored higher-order corrections in both
the initial electromagnetic field [10] and Sudakov
e↵ect [33], which should be quite small in the low
P? and small ↵ range. It has been pointed out that
there may be significant multiple pair production
in the same event [36], which may complicate the
calculation and measurement.

• final-state e↵ects of magnetic field deflection and
multiple Coulomb scattering:
The STAR and ATLAS collaborations have demon-
strated that it is possible to identify and measure
the Breit-Wheeler process accompanying the cre-
ation of QGP. This opens new opportunity using
this process as a probe of emerging QCD phenom-
ena [8].

In summary, we study the impact-parameter depen-
dence of the Breit-Wheeler process in heavy-ion collisions
within the framework of the external QED field and the
approximations used to arrive at the Equivalent Photon
Approximation, and with a full QED calculation based on
two lowest-order Feynman diagrams. We further demon-
strate that the P? spectrum from the STARLight model
calculation used by the recent comparisons as a baseline
results from averaging over the whole impact parameter
space and is therefore by definition independent of impact
parameter. Our model results can qualitatively describe
both the P? broadening observed at RHIC as well as the
acoplanarity broadening observed at the LHC. It provides
a practical procedure for studying the Breit-Wheeler pro-
cess with ultra-strong electromagnetic fields in a control-
lable fashion. This outcome indicates that the broaden-
ing originates predominantly from the initial electromag-
netic field strength that varies significantly with impact

NEW FOR 
QM2019

JUST  
BEFORE 
QM2019

ATLAS-CONF-2019-051

ATLAS has repeated this measurement with 4x the 2015 luminosity: 
significant observation of a dip structure near α=0…

P. Palni,  
Tues morning
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One unavoidable difficulty in studying this reaction at an
ion collider is that e+e− pairs are dominantly produced with a
forward-backward topology. The angle between the electron
momentum and the two-photon axis in the two-photon rest
frame, !*, is usually small. Only a small fraction of the pairs
are visible in a central detector, limiting the statistics.
This analysis presents data taken in 2001 with the Sole-

noidal Tracker at the RHIC (STAR) detector at the Relativ-
istic Heavy Ion Collider (RHIC). Tracks were reconstructed
in a large cylindrical time projection chamber (TPC) [24]
embedded in a solenoidal magnetic field. The track position
and specific energy loss !dE /dx" were measured at 45 points
at radii between 60 and 189 cm from the collision point.
Many of the tracks used in this analysis had low transverse
momenta pT and curved strongly in the magnetic field, and
therefore had less than 45 reconstructable points. This analy-
sis used data taken in a 0.25 T magnetic field (half the usual
value).
This analysis used about 800 000 events selected by a

minimum bias trigger [25]. This trigger selected events
where both gold nuclei broke up, by detecting events with
one or more neutrons in zero degree calorimeters (ZDCs)
[26] upstream and downstream of the collision point. The
two ZDC hits were required to be within 1 nsec of each
other. With the beam conditions and ZDC resolution, this
selected events along the beam line within #30 cm of the
detector center.
The signature for e+e− production is two reconstructed

tracks which formed a primary vertex along the beamline
and which had specific energy losses consistent with those of
electrons. Event vertices were found by an iterative proce-
dure [12]. The analysis accepted events with a vertex con-
taining exactly two tracks. Up to two additional nonvertex
tracks were allowed in the event, to account for random
backgrounds.
Tracks were required to have pT" 65 MeV/c and pseudo-

rapidity $#$$ 1.15. In this region, the tracking efficiency was
above 80%. Tracks were also required to have momenta
p$ 130 MeV/c, where dE /dx allowed good electron/hadron
separation. In this region, the identification efficiency was
almost 100%, with minimal contamination. Pairs were re-
quired to have masses 140 MeV$ Mee$ 265 MeV. The pair-
mass spectrum falls steeply with increasing Mee, so few lep-
tons from pairs were expected with higher momenta. Pairs
were required to have pT$ 100 MeV/c and rapidity
$Y$$ 1.15. The pair cuts remove a very few background
events, but leave the signal intact. These cuts selected a
sample of 52 events.
The data were corrected for efficiency using simulated

events based on the equivalent photon calculation and the
standard STAR detector simulation and reconstruction pro-
grams. The distributions of the number of hits and track fit
quality, the vertex radial positions, and the track distance of
closest approach matched in the data and simulations [12].
The resolutions were found to be 0.017 for pair rapidity,

0.01 for track rapidity, and 6 MeV for pair-mass. The pair pT
resolution varied slightly with pT, but averaged about
4 MeV/c. After accounting for this pT smearing, the effi-
ciency was found to be independent of pT.
There are two backgrounds in this analysis. Incoherent

(mostly hadronic) backgrounds produce both like-sign and

FIG. 2. (Color online) (a) The pair-mass distribution, (b) pair pT,
(c) pair rapidity, and (d) pair cos!!!" distributions. The data (points)
are compared with predictions from the EPA (solid histogram) and
lowest-order QED (dashed histogram) calculations. The error bars
include both statistical and systematic errors.
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An effect partly foreshadowed by similar QED calculations compared to  
STAR’s first measurement of 𝛄𝛄→ee in UPC in 2004
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Clear indications that UPC needs to move beyond EPA ASAP!
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