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Photon Mediate Processes in HICs
• Photons from Strong Fields
• Recent Experimental Catalysts
• Photon-mediated processes in Hadronic collisions 
• Transverse Momentum Broadening
• Photon Polarization
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• Mapping electromagnetic field
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• Photo-nuclear processes 
• Photon-polarization (a new observable)
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Photons from Strong Fields in Heavy-Ion Collisions
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Ultra-relativistic charged nuclei produce highly Lorentz 
contracted electromagnetic field

Weizäcker-Williams Equivalent Photon Approximation (EPA):
→ In a specific phase space, transverse EM fields can be quantized 
as a flux of quasi-real photons 

Recent experimental result 
→ Breakdown of traditional EPA?

- Test the assumption used in common EPA 
implementations

- Compare with full QED calculations

Weizsäcker, C. F. v. Zeitschri) für Physik 88 (1934): 612 

J. D. Brandenburg

𝑛 ∝ 𝑆 = !
"!
𝐸×𝐵 ≈ 𝐸

#
≈ 𝐵

#



Experimental Catalysts
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Photons from Strong Fields in Heavy-Ion Collisions
Ultra-rela(vis(c charged nuclei produce highly 
Lorentz contracted electromagne(c fields

• 𝛾𝛾 → 𝑙!𝑙" : photon-photon fusion
• One photon from the field of each nucleus interacts
• Second order process in 𝛼
• 𝑍𝛼 ≈ 1 → High photon density with highly charged 

nuclei

• 𝛾ℙ → 𝜌#, 𝐽/𝜓, 𝑒𝑡𝑐. : Photo-nuclear produc(on of 
vector mesons (𝐽$ = 1")
• Photon from the EM field of one nucleus fluctuates to 

a 𝑞'𝑞 pair, interacts with pomeron
• Photon quantum numbers 𝐽!" = 1##
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S. J. Brodsky, T. Kinoshita, and H. Terazawa, Phys. Rev. D 4, 1532 (1971).
M. Vidović, M. Greiner, C. Best, and G. Soff, Phys. Rev. C 47, 2308 (1993).



Photo-Processes in Hadronic Collisions

• Significant excess yields at low transverse momentum 
• Very small photon 𝑝! from coherent EM field 

• Clear signature of photon mediated processes, even in hadronic collisions
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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

)
-1 )2

 ((
G

eV
/c

ee
dN

/d
M

10−10

8−10

6−10

4−10

2−10

1−10
60-80%

-2 10×40-60%
-4 10×10-40%

Au+Au Cocktail

 < 0.15 GeV/cee
T

p
Solid: Au+Au 200 GeV
Open: U+U 193 GeV

STAR

(a)

|<1ee|<1, |yeη>0.2 GeV/c, |e
T

p

)2 (GeV/ceeM
0.5 1 1.5 2 2.5 3 3.5

D
at

a/
C

oc
kt

ai
l

1

10

(b)

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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and Uþ U collisions compared to cocktails. The systematic
uncertainties of the data are shown as gray boxes. The gray bands
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collisions, compared with a broadened ρ model calculation [8].
The contributions of ρ and ϕ from the photonuclear process are
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of integrated excess yields in the mass regions of 0.4–0.76,
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The centrality dependence of hadronic cocktail yields in the mass
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comparison. The systematic uncertainties are shown as gray boxes.

PHYSICAL REVIEW LETTERS 121, 132301 (2018)

132301-5

STAR Collaboration, PRL.121(13), 132301 (2018). J. Adam et al. (ALICE CollaboraEon) Phys. Rev. LeK. 116, 222301

𝛾𝛾 → 𝑙#𝑙$ in 60 − 80% Central 𝛾ℙ → 𝐽/𝜓 in 70 − 90% Central



Photon-Photon processes in Central Collisions
• ATLAS: able to measure 𝛾𝛾 → 𝜇#𝜇$ even in central collisions
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• Stringent test of impact parameter 
dependence in 𝑏 → 0 fm collisions
• Significant broadening of 𝛼 in central 

collisions compared to STARLight

ATLAS-CONF-2019-051

What is the source of this broadening?

Acoplanarity, (𝛼 ≝ 1 − |Δ𝜙|/𝜋) measures 
how back-to-back is the pair

ATLAS, Phys. Rev. Lett. 121, 212301 (2018)
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FIG. 6. Acoplanarity distribution for µ+µ− production for the kinematics of the ATLAS experi-

ment [24, 25]. The solid line represents result of the approach presented in this paper. Each panel
corresponds to a different centrality class.
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Photon-Photon processes in Central Collisions
• ATLAS: able to measure 𝛾𝛾 → 𝜇#𝜇$ even in central collisions

April 16, 2021 J. D. Brandenburg 8

• Stringent test of impact parameter 
dependence in 𝑏 → 0 fm collisions
• Significant broadening of 𝛼 in central 

collisions compared to STARLight
• Well describe by full QED & Wigner 

function calculations
→ Both yield and 𝛼 distribution

• Access photon Wigner distribution
→ Photon Flux in terms of 𝑛(𝜔, 𝑏, 𝑞)

PLB Volume 814, 
2021, 136114

Can we be sure it is not primarily a final state 
effect (interaction with QGP)? S. R.  Klein, et. al, PRL. 122, (2019), 132301 

ATLAS PRL. 121 (2018) , 212301

Acoplanarity, (𝛼 ≝ 1 − |Δ𝜙|/𝜋) measures 
how back-to-back is the pair

ATLAS, Phys. Rev. LeH. 121, 212301 (2018)

https://www.sciencedirect.com/science/journal/03702693
https://www.sciencedirect.com/science/journal/03702693/814/supp/C


Testing Impact Parameter Dependence
Creative new ways to test impact parameter dependence of photons in UPC

April 16, 2021 J. D. Brandenburg 9

Other unique measurements 
from STAR, ATLAS, ALICE …

• Use neutron spectra to access impact 
parameter dependence

Neutron Spectra in UPC  ⇔ Glauber in HICs

• Strong impact parameter dependence
→ Traditional EPA fails to describe data

→ Trend agrees with full QED calculations
What do we learn?
→ Photon momenta results from field geometry

CMS: arXiv:2011.05239



Photon Polarization
Photon Polarization:
• Polarization vector is defined by 

the semi-classical EM fields
• Experimental signature of 

polarization: cos 4𝜙 modulation
• Final cos 4𝜙 modulation 

depends precisely on the field 
strength and extent in space

April 16, 2021 J. D. Brandenburg 10



Photon Polarization
Photon Polarization:
• Polarization vector is defined by 

the semi-classical EM fields
• Experimental signature of 

polarization: cos 4𝜙 modulation
• Final cos 4𝜙 modulation 

depends precisely on the field 
strength and extent in space

Vacuum polarization effect, first 
laboratory evidence for vacuum
birefringence

April 16, 2021 J. D. Brandenburg 11
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C. Li, J. Zhou, Y.-j. Zhou, Phys. Lett. B 795, 576 (2019)
Li, C., Zhou, J. & Zhou, Y. Phys. Rev. D 101, 034015 (2020).

STAR, arXiv : 1910.12400
JDB, W Zha, Z Xu, arXiv:2103.16623
Phys. Rev. D 90, 045025
Thesis J Toll, ProQuest.https://search.proquest.com/docview/301990593/



Applications 
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Mapping of EM Field Distribution
• Using STAR’s measurement of 𝛾𝛾 → 𝑒#𝑒$ (in UPC)
• Precision transverse momentum + polarization = constrain field map in 2D

• Much stronger field possible at small distances
• More measurements needed to constrain event-by-event fluctuations of EM fields

• Novel input for magnetic-field driven phenomena
April 16, 2021 J. D. Brandenburg 13

STAR, arXiv : 1910.12400
JDB, W Zha, Z Xu, arXiv:2103.16623



Light-by-Light Scattering & the Search for Axions
• Light-by-Light sca_ering through 

Axion-like par`cles:
𝛾𝛾 → 𝑎 → 𝛾𝛾

Photon-ALP Lagrangian density[1]: 

• Due to quantum spin-momentum 
correla]ons, axion produc]on should be 
correlated with impact parameter 
direc]on (due to 𝑬 ⋅ 𝑩 coupling)
• Access through photon polariza]on 

sensi]ve differen]al measurements
• More direct than total cross sec]on

April 16, 2021 J. D. Brandenburg 14

Prospects for Measurements of Photon-Induced Processes in Ultra-
Peripheral Collisions of Heavy Ions with the ATLAS Detector in the LHC Runs 
3 and 4 - CERN Document Server. http://cds.cern.ch/record/2641655/files/.

pT requirement of 300 MeV on the track veto in comparison to the 3 GeV and 100 MeV requirements,
respectively, imposed in the 2015 LbyL analysis.
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6 Searching for Axion-like Particles

Axions and ALP are fundamental components of extensions of the Standard Model, occurring in most
solutions of the strong CP problem [19, 20]. In addition, ALP with masses below the MeV scale could
have a wide range of implications for cosmology and astrophysics. In particular, they are good candidates
for cold dark matter [21], which could a�ect the thermal evolution of the universe, the Cosmic Microwave
Background [22] or lead to astrophysical anomalies, such as the observed transparency of the universe to
very high energy �-rays [23].

Recently an increasing interest has also been paid to ALP masses above 1 GeV [24]. In this mass range,
ALP are largely irrelevant for cosmology but they can have a number of implications for general physics.
Indeed, the Higgs discovery has set spin zero particles in the spotlight of searches for new physics, with
scalar and pseudo-scalar particles (elementary or not) as heralds of new phenomena. An interesting feature
is that ALP (generically labeled as a in the following) in this mass range would induce an anomalous
contribution to the LbyL, via the reaction: �� ! a ! ��, under the condition that the magnitudes
of the EM fields associated with the incident photon are large enough, typically ���~E��� > 1018 V/m. This
has triggered the study presented in Ref. [5], and then in Ref. [6] using the recent observation of LbyL
scattering published by the ATLAS experiment in Pb+Pb collisions [4], where the electric field produced
by the ultra-relativistic Pb is of the order of 1025 V/m (thus satisfying the above condition). Then, the
photon-ALP interaction can be described by a Lagrangian density of the form [24]:

La�� =
1

4⇤
aFµ⌫ F̃µ⌫ =

1
⇤

aE · B,

where a is the massive scalar ALP field (of mass ma) and 1/⇤ is the coupling of the interaction (the
dimension of ⇤ is energy). This means in particular that the equation of motion of the field a reads:

6

1. Bauer, M., Neubert, M. & Thamm, A. Collider probes of axion-like particles. 
J. High Energ. Phys. 2017, 44 (2017).
ATLAS, Nature Physics 13 (2017),  852
ATLAS, Phys. Rev. Lett. 123, 052001 (2019).
CMS, Physics Letters B 797, 134826 (2019).JDB, W Zha, Z Xu, arXiv:2103.16623

http://cds.cern.ch/record/2641655/files/


Photonuclear Polariza=on Interference Effect
• Nuclei “take-turns” emitting photon vs. Pomeron

April 16, 2021 J. D. Brandenburg 15

• Diffractive Photonuclear measurements 
→ mainstay since HERA

Access to photon polarization 
interference is sensitive to:
→ Details of nuclear geometry (gluon 
distribution)
→ Impact Parameter (spatial distribution)

Eur.Phys.J.C46:585-603,2006
Phys.Rev.D 50 (1994) 5518-5534
Phys.Lett.B 483 (2000) 23-35

[1] Xing, H et.al. J. High Energ. Phys. 2020, 64 (2020).
JDB IniUal Stages 2021

Polarization interference → cos 2𝜙 modulation, A new tool for studying nuclei 

https://indico.cern.ch/event/854124/contributions/4135492/


cos 2Δ𝜙 𝑣𝑠. 𝜌" 𝑝# in U+U and Au+Au
• Strong cos 2Δ𝜙

modulation observed at 
p% < ~60 MeV/𝑐 –
similar to Au+Au
• Systematic uncertainty 

shown in blue band

• U+U and Au+Au show
similar structure
• Details of interference 

sensitive to gluon 
distribution within nuclei 

April 16, 2021 J. D. Brandenburg 16
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Summary and Outlook
• New experimental results → crucial input for theoretical treatment
• Lots of progress, sadly can only show a few results

April 16, 2021 J. D. Brandenburg 17

More details in JDB, W Zha, Z Xu arXiv:2103.16623

https://arxiv.org/abs/2103.16623


Summary and Outlook
• New experimental results → crucial input for theore`cal treatment
• Lots of progress, sadly can only show a few results

• Photon polariza`on and Transverse momentum broadening (𝛾𝛾 → 𝑙#𝑙$)
→ Novel input: Map in 2D the ultra-strong EM fields
→ More measurements needed to constrain event-by-event fluctua`ons
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More details in JDB, W Zha, Z Xu arXiv:2103.16623

https://arxiv.org/abs/2103.16623


Summary and Outlook
• New experimental results → crucial input for theoretical treatment
• Lots of progress, sadly can only show a few results

• Photon polarization and Transverse momentum broadening (𝛾𝛾 → 𝑙#𝑙$)
→ Novel input: Map in 2D the ultra-strong EM fields
→ More measurements needed to constrain event-by-event fluctuations
• Photon polarization in Light-by-Light scattering: Provide differential approach 

+ more sensitivity for axion-like particle searches
• Photon polarization interference in photonuclear interactions
→ New observable for a long-standing process + important for the future (EIC)

April 16, 2021 J. D. Brandenburg 19

More details in JDB, W Zha, Z Xu arXiv:2103.16623

Thank you!

https://arxiv.org/abs/2103.16623


Light-by-Light Scattering 
ATLAS Observed Light-by-Light 
Scattering in UPCs: 

April 16, 2021 20
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Figure 3: Kinematic distributions for �� ! �� event candidates: (a)
diphoton invariant mass, (b) diphoton transverse momentum. Data
(points) are compared with the sum of signal and background expectations
(histograms). Systematic uncertainties of the signal and background
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
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• Purely quantum 
mechanical process (𝛼89: )

• Light-by-Light scaaering 
involves real photons by 
defini]on

• Standard Model process 
proceeds through loop of 
charged par]cles (lepton, 
quarks, 𝑊±)
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PT-broadening effects are sensitive to the electromagnetic
property of the quark-gluon plasma, whereas the jet
PT-broadening effects depend on the strong interaction
property. The experimental and theoretical investigations of
both phenomena will deepen our understanding of the hot
medium created in these collisions. The clear indication of
lepton PT-broadening effects from ATLAS and STAR
[29,30] should stimulate further study on dijet azimuthal
correlations in heavy ion collisions.
The rest of the Letter is organized as follows. We first

study the azimuthal angular correlation for dileptons in
UPCs in Sec. II. Then, we investigate the medium effects,
including the QED multiple scattering effects and the
magnetic effects in Secs. III and IV, respectively. Finally,
Sec. V summarizes the paper.
Lepton pair production in ultraperipheral heavy ion

collisions.—The leading order production of lepton pairs
comes from photon-photon scattering, see, Fig. 1(a). The
outgoing leptons have momenta p1 and p2, individual
transverse momenta p1⊥ and p2⊥, and rapidities y1 and y2,
respectively. The leptons are produced dominantly back to
back in the transverse plane, i.e., jp⃗⊥j ¼ jp⃗1⊥ þ p⃗2⊥j ≪
jp1⊥j ∼ jp2⊥j. The incoming photons have the
following momenta: k1¼P⊥=

ffiffiffi
s

p
ðey1þey2ÞPA and k2 ¼

P⊥=
ffiffiffi
s

p
ðe−y1 þ e−y2ÞPB, where P⊥ represents jp1⊥j∼

jp2⊥j, and the incoming nuclei have per-nucleon momenta
PA and PB. In the Sudakov resummation formalism, the
differential cross section can be written as [37]

dσAB½γγ&→μþμ−

dy1dy2d2p1⊥d2p2⊥
¼ σ0

Z
d2r⊥
ð2πÞ2

eip⊥·r⊥Wðb⊥; r⊥Þ; ð1Þ

where b⊥ denotes the centrality at a particular impact
parameter of AA collisions, σ0 ¼ jM̄ð0Þj2=16π2Q4 with
jM̄0j2 ¼ ð4πÞ2α2e2ðt2 þ u2Þ=tu,Q is the invariant mass for
the lepton pair, t and u are the usual Mandelstam variables
for the 2 → 2 process. In the coordinate space which
allows one to conveniently take care of the transverse
momentum conservation, Wðb⊥; r⊥Þ is the combination
of incoming photon fluxes considered in previous studies
[38–42] and all order Sudakov resummation (see, e.g.,
Refs. [21,22,43]),

Wðb⊥; r⊥Þ ¼ N γγðb⊥; r⊥Þe−SuðQ;mμ;r⊥Þ; ð2Þ

where Su is the Sudakov factor and will be presented below.
By setting Su ¼ 0, one gets back to the results in previous
studies [38–41]. The factor N γγ represents the incoming
photon flux overlap,

N γγðb⊥; r⊥Þ ¼ xaxb

Z
d2k1⊥d2k2⊥eiðk1⊥þk2⊥Þ·r⊥

× ½fγAðxa; k1⊥Þf
γ
Bðxb; k2⊥Þ&b; ð3Þ

where xa ¼ k1=PA and xb ¼ k2=PB. To simplify the
above expression, we have introduced an impact
parameter b⊥-dependent photon flux: ½fγAf

γ
B&b ¼R

d2b1⊥d2b2⊥Θðb⊥ÞNγðb1⊥; k1⊥ÞNγðb2⊥; k2⊥Þ, where
ΘðbÞ denotes the impact parameter constraints for a
particular centrality with b⃗⊥ ¼ b⃗1⊥ − b⃗2⊥, and individual
photon flux Nγðb1⊥; k1⊥Þ can be computed separately
[38–42]. Here, the interdependence between the impact
parameter bi⊥ and the photon’s transverse momentum
contribution ki⊥ is ignored, which could introduce addi-
tional theoretical uncertainties.
The Sudakov factor Su starts to appear at one-loop order,

where soft photon radiations contribute to the dominant
logarithms in the kinematics of our interest. The typical
Feynman diagrams for the real photon radiation are shown
in Figs. 1(b),1(c). Applying the Eikonal approximation,
see, e.g., Ref. [43], we obtain

Mð1Þrj2soft ¼ e2
2p1 · p2

p1 · ksp2 · ks
jMð0Þj2; ð4Þ

where Mð0Þ is the leading order Born amplitude and
ks is the soft photon momentum. In the small total trans-
verse momentum region l⊥ ¼ p⊥ ≪ P⊥, we have the
following behavior from the above contribution:
ðα=π2Þð1=l2

⊥Þ lnðQ2=l2
⊥ þm2

μÞ, where mμ is the lepton
mass and l⊥ is related to ks⊥. In order to derive the one-
loop result for Su, we need to Fourier transform the above
expression to the conjugate r⊥ space, and add the virtual
photon contributions. Because of the lepton mass mμ, the
cancellation between the real and virtual diagrams will
depend on the relative size of μr ¼ c0=r⊥ and mμ, where
c0 ¼ 2e−γE with γE the Euler’s constant. In the end, we find
at one-loop order [37],

Su ¼

(− α
2π ln

2 Q2

μ2r
; μr > mμ;

− α
2π ln

Q2

m2
μ

"
ln Q2

μ2r
þ ln m2

μ

μ2r

#
; μr < mμ:

ð5Þ

When the lepton mass is negligible, i.e., μr ≫ mμ, this
leads to the same leading double logarithmic behavior as
that in the back-to-back hadron production in eþe−

(a) (b) (c)

FIG. 1. The leading order and next-to-leading order QED
Feynman diagrams for lepton pair production through γγ proc-
esses: (a) The leading order diagram (interchange between k1 and
k2 should be included as well); (b) soft photon radiation from the
lepton; (c) soft photon radiation from the antilepton. Photon
radiation from the lepton propagator is power suppressed.
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Q2
ser2⊥ ∼ 1. Therefore, we need to take into account the

multiple scattering effects.
If we compare the above dipole to the QCD dipole

[49,50], we will find the following differences. First,
because the couplings in QED and QCD are dramatically
different, this introduces a major difference for the medium
PT-broadening effects, in addition to the difference in the
Sudakov effects mentioned above. 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 ratio of the thermal distributions of quarks and
gluons: 21

2 Nf∶16 [51]. Here Nf is the number of active
flavors. After accounting for the electric charge and color
factor differences in the multiple scattering, we estimate the
ratio between the QED and QCD saturation scales as

hq̂QEDLi
hq̂QCDLi

¼ α2e
α2s

21
2 Nf

2
9

21
2 Nf

2
9 þ 16 1

2

¼ α2e
α2s

×
7

15
; ð9Þ

for Nf ¼ 3 which gives
P

u;d;se
2
q ¼ Nf

2
9 and for QCD

quark jets. Here hq̂Li represents the saturation scale in
dipole formalisms. For gluon jets, a factor of CA=CF should
be multiplied to the denominator. A few comments are in
order. First, we assume that quarks and gluons are ther-
malized at the same time, which may not be true [51].
Second, we did not take into account a few detailed effects
from the medium property, such as the associated Debye
masses for QED and QCD. In addition, for the QCD case,
there are length dependent double logarithms [52]. Last but
not least, the medium path length L can be different
between the QED and QCD cases, since the electron pair
can be created outside the medium. If all these effects are
taken into account, the above simple formula cannot apply.
Nevertheless, the above equation can serve as a simple
formula for a rough estimate.
If we assume the QED multiple scattering limit, we can

modify the above Wðb⊥; r⊥Þ of Eq. (2) as

N γγðb⊥; r⊥Þe−SuðQ;mμ;r⊥Þe−ðhq̂QEDLir
2
⊥=4Þ; ð10Þ

where the last factor comes from the medium contribution
to the dilepton PT-broadening effects. In Fig. 3, we show
these effects by imposing two different values of the q̂L.
Comparing these curves to the ATLAS measurements,
we conclude that the effective hq̂QEDLi range from
ð100 MeVÞ2 in most central collisions to ð50 MeVÞ2 in
noncentral collisions. Using Eq. (9) together with αs ¼ 0.2,
we can find hq̂QCDLi ∼ 16 GeV2 for central PbPb colli-
sions at the LHC, which is in agreement with Refs. [23,24].
We can also estimate the QED energy loss [48]. However, it

is too small (few percent of the PT-broadening value) to
have any observational effects.
Medium effects: Magnetic fields.—There has been a

suggestion that the PT broadening could come from the
magnetic effects of the medium [30] as a result of the
Lorentz force: B⃗ × V⃗, where B⃗ and V⃗ are the magnetic field
vector and the lepton’s velocity, respectively. The lepton
bending is strongly correlated with the directions of the
magnetic field and the lepton’s momentum. If we can
measure these correlations, we will be able to disentangle
these mechanisms.
The initial magnetic fields generated by the colliding

nuclei could contribute to an additional PT-broadening
effects. However, this effect is completely canceled out by
the effects from the electric fields in the leading power of
q⊥=P⊥ [37,53]. This cancellation is also consistent with a
factorization argument that the final state interaction effects
vanish in this process because of the opposite charges of the
lepton pair.
Some theorists have suggested that there is a residual

coherentmagnetic field in the quark-gluon plasma after the
collisions [54–56]. Because of the collision symmetry, the
magnetic field only contains the perpendicular component
B⃗⊥. It has a nontrivial dependence on the impact parameter:
increases from UPC to peripheral collisions but decreases
toward more central collisions [54–56]. The ATLAS data
do not appear to follow this trend.
This is very different from the incoherent multiple

interaction effects discussed above, which increases mono-
tonically with the centrality. Furthermore, because the
Lorentz force vanishes along the direction of the magnetic
field, the event plane dependence from the magnetic effects
is expected to be quantitatively different with the one from
the multiple scattering effects.
More importantly, the magnetic effects depend on the

longitudinal velocity vz of the leptons. Therefore, if
the lepton and the antilepton move in the same z direction,
the magnetic effects cancel out in the total pair PT. Because
of the linear dependence on vz, the total PT-broadening
effects for the pair can be formulated as

hΔp2⊥iBμþμ− ¼ hP2
mðb⊥Þi½tanhðyþÞ − tanhðy−Þ&2; ð11Þ

FIG. 3. Medium modifications to the acoplanarity distribution,
with different values of the effective q̂L.
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Assumptions:
1. Primordial distribution given by STARLight
2. Daughters traverse medium
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assume the ratio of the thermal distributions of quarks and
gluons: 21

2 Nf∶16 [51]. Here Nf is the number of active
flavors. After accounting for the electric charge and color
factor differences in the multiple scattering, we estimate the
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dipole formalisms. For gluon jets, a factor of CA=CF should
be multiplied to the denominator. A few comments are in
order. First, we assume that quarks and gluons are ther-
malized at the same time, which may not be true [51].
Second, we did not take into account a few detailed effects
from the medium property, such as the associated Debye
masses for QED and QCD. In addition, for the QCD case,
there are length dependent double logarithms [52]. Last but
not least, the medium path length L can be different
between the QED and QCD cases, since the electron pair
can be created outside the medium. If all these effects are
taken into account, the above simple formula cannot apply.
Nevertheless, the above equation can serve as a simple
formula for a rough estimate.
If we assume the QED multiple scattering limit, we can

modify the above Wðb⊥; r⊥Þ of Eq. (2) as
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where the last factor comes from the medium contribution
to the dilepton PT-broadening effects. In Fig. 3, we show
these effects by imposing two different values of the q̂L.
Comparing these curves to the ATLAS measurements,
we conclude that the effective hq̂QEDLi range from
ð100 MeVÞ2 in most central collisions to ð50 MeVÞ2 in
noncentral collisions. Using Eq. (9) together with αs ¼ 0.2,
we can find hq̂QCDLi ∼ 16 GeV2 for central PbPb colli-
sions at the LHC, which is in agreement with Refs. [23,24].
We can also estimate the QED energy loss [48]. However, it

is too small (few percent of the PT-broadening value) to
have any observational effects.
Medium effects: Magnetic fields.—There has been a

suggestion that the PT broadening could come from the
magnetic effects of the medium [30] as a result of the
Lorentz force: B⃗ × V⃗, where B⃗ and V⃗ are the magnetic field
vector and the lepton’s velocity, respectively. The lepton
bending is strongly correlated with the directions of the
magnetic field and the lepton’s momentum. If we can
measure these correlations, we will be able to disentangle
these mechanisms.
The initial magnetic fields generated by the colliding

nuclei could contribute to an additional PT-broadening
effects. However, this effect is completely canceled out by
the effects from the electric fields in the leading power of
q⊥=P⊥ [37,53]. This cancellation is also consistent with a
factorization argument that the final state interaction effects
vanish in this process because of the opposite charges of the
lepton pair.
Some theorists have suggested that there is a residual

coherentmagnetic field in the quark-gluon plasma after the
collisions [54–56]. Because of the collision symmetry, the
magnetic field only contains the perpendicular component
B⃗⊥. It has a nontrivial dependence on the impact parameter:
increases from UPC to peripheral collisions but decreases
toward more central collisions [54–56]. The ATLAS data
do not appear to follow this trend.
This is very different from the incoherent multiple

interaction effects discussed above, which increases mono-
tonically with the centrality. Furthermore, because the
Lorentz force vanishes along the direction of the magnetic
field, the event plane dependence from the magnetic effects
is expected to be quantitatively different with the one from
the multiple scattering effects.
More importantly, the magnetic effects depend on the

longitudinal velocity vz of the leptons. Therefore, if
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the magnetic effects cancel out in the total pair PT. Because
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§ Describe the broadening in terms of UPC curve + kick from 
Coulombic multiple scattering (in QGP)

§ Fits to data: 𝑘!"#$ ≈ 40 − 50 MeV

§ No significant centrality dependence, maybe a hint in last 
bin

§ Very different kinematics range than STAR dielectrons, 𝐵
field / coulomb scattering may not be mutually exclusive 
descriptions

Phys. Rev. Lett. 121, 212301 (2018)
arXiv:1806.08708
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§ Describe the broadening in terms of UPC curve + kick 
from Coulombic multiple scattering (in QGP)

§ Fits to data: 𝑘%&'( ≈ 40 − 50 MeV

§ New data (QM19): significant centrality dependence!

§ Very different kinematics range than STAR dielectrons, 𝐵
field / coulomb scattering may not be mutually exclusive 
descriptions

Phys. Rev. Lett. 121, 212301 (2018)
arXiv:1806.08708
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