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1 – Introduction

2 – Initial EM Fields

3 – EM Fields in Medium
- Origin of coherent field
- Medium Interaction
- Future opportunities

- QCD in Strong fields
- Pair production from strong fields
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- Phenomenology of two photon interactions
- Experimental Catalysts
- “Mapping” the spatial extent of magnetic fields in heavy-ion collisions 



Open Questions: QCD in Strong Magnetic Fields
• Potential effects on evolution of the early universe and 

effects on strong (QCD) processes [1]
• Strong magnetic fields inside dense neutron stars may 

lead to non-trivial QCD phenomena [1]
• In heavy-ion collisions, coexistence of strong fields + 

nontrivial topological structure of the QGP -> chiral 
anomaly [2, 3]
• How does an external magnetic field effect the QCD 

phase diagram & existence / location of critical point? 
[4,5]
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FIG. 27. Compilation of post-blinding results. This figure is largely the same as Fig. 26 with the following di↵erences: numerical
changes in the results from the new run-by-run QA algorithm are treated as an additional systematic uncertainty added in
quadrature, and two data points (open markers) have been added on the right to indicate the ratio of inverse multiplicities
(No✏ine

trk ) and the ratio of relative pair multiplicity di↵erence (r) as explained in the text.

VI. POST BLINDING

During the second step of our analysis (the isobar blind analysis) a potential issue was identified related to the
predefined criteria of the QA algorithm (as described in Sec. IID). The condition of being within five times the
weighted error or one percent of the variation of the local mean may be too relaxed to identify all the boundaries of
stable run periods and outlier runs in some QA variables. When combining the identified run mini-regions, a new
algorithm is implemented by 1) removing the “within one percent of the variation of the local mean” condition, and 2)
adding a tolerance of “within 2-RMS di↵erence”, which seems to be more e↵ective for some QA variables such as Nfits.
This new algorithm is again executed in the final step of isobar unblind analysis (Step-3) and all the results using
this algorithm are presented in this post-blinding section. No qualitative changes are observed in the final quantities.
The numerical changes in the results from this new run-by-run QA algorithm are treated as an additional systematic
uncertainty to update Fig.26 and obtain Fig. 27.

Two additional data points are included on Fig. 27 for the following reasons. Most ratio quantities shown in Fig. 26
or Fig.27 have magnitudes that are below unity with high significance, whereas in a purely non-CME scenario with
controlled backgrounds, the expectation is that these quantities should be consistent with unity. The reason for these
ratios being less than unity is, in part, due to the multiplicity di↵erence in the two isobar systems. As documented in
Table III, the multiplicity distributions are di↵erent for the two isobar species to the extent that in bins of matching
centrality, the mean multiplicity is around 4% lower for mid-central Zr+Zr than for mid-central Ru+Ru collisions.
The measured magnitudes of most observables, such as �� and ��, decrease with increasing multiplicity because of
the trivial multiplicity dilution for these per-pair quantities. Therefore, the corresponding ratios of these observables
between the two isobar systems will become larger, if taken in bins of matching multiplicity. Under the approximation
that background to�� is caused by flowing clusters with the properties of the clusters staying the same and the number
of clusters scaling with multiplicity, the value of �� scales with the inverse of multiplicity [20], i.e. N�� / v2 with
the proportionality presumably equal between the two isobars. Because of this, it may be considered that the proper
baseline for the ratio of ��/v2 between the two isobars is the ratio of the inverse multiplicities of the two systems.
Analysis with respect to this baseline is not documented in the pre-blinding procedures of this blind analysis, so is
not reported as part of the blind analysis. We include this inverse multiplicity ratio as the right-most point in Fig. 27.

It is interesting to note that ordering among the quantities in their magnitudes is observed in Figs. 26 and 27. The
��/v2 ratio has a smaller magnitude than the  and k ratios. This is consistent with the multiplicity ratio baseline
for the former as discussed above and the fact that the trivial multiplicity dependence cancels in the latter so its
baseline would be unity. On the other hand, the R-variable inverse width 1/�R 2

ratio is larger than the ��/v2 ratio.
This di↵erence is expected to be driven by: 1) di↵erent pT ranges used for the two quantities, 2) di↵erence in the
multiplicity dependence (see, e.g., Ref. [81]), and 3) di↵erence in the non-flow contributions. The scaling relations
extracted in Ref. [81] indicate an approximate relation between 1/�2

R 2
, multiplicity N and ��, which would imply

Open Questions: QCD in Strong Magnetic Fields

?
Can we provide experimental constraints on the magnetic field in heavy-ion collisions?



Pair Production in Strong Fields
▻In  1951, Julian Schwinger developed 

quintessential form of 𝑒!𝑒" pair 
production in QED

▻Schwinger: Vacuum breaks down above a 
critical field (𝐸#):

𝐸# =
$!%"

&ℏ ≃ 1.3 ×10() V/cm

▻In heavy-ion collisions:

𝐸$*+ =
,&-
.! ≈ 5×10() − 10(/ V/cm

▻But very short lifetime – not constant
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M. Vidović, M. Greiner, C. Best, and G. Soff, Phys. Rev. C 47, 2308 (1993).

Julian Schwinger



Two Photon Interactions
Ultra-relativistic charged nuclei produce highly 
Lorentz contracted electromagnetic field
EM overlap time: Δ𝑡 = ⁄! "# < 10$% s (RHIC)

▻Fields must be treated in terms of quanta 
▻Equivalent photon approximation:                                 

Fermi, Williams, and Weizäcker

𝛾𝛾 → 𝑙&𝑙' : Breit-Wheeler Process
• One photon from the field of each nucleus interacts
• Second order process in 𝛼
• 𝑍𝛼 ≈ 1 → High photon density with highly charged 

nuclei
• Conventionally studied in ultra-peripheral collisions 
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𝑏

𝑣 ≈ 𝑐

𝑣 ≈ 𝑐

𝐸

𝐵

Gregory Breit

John Wheeler



Part 2: Initial EM Fields
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Phenomenology of 𝛾𝛾 → 𝑙!𝑙" in HICs
1. External Field Approximation

• Nuclei are not deflected, maintain straight-line velocity
• Field results from entire charge distribution

Start from the electromagnetic 4-potential in the Lorentz gauge:

November 5th, 2021 : CVM Daniel Brandenburg 8

With photon momenta 𝑘!,# and nuclei velocities

M. Vidović, et al., Phys. Rev. C 47, 2308 (1993).
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• Nuclei are not deflected, maintain straight-line velocity
• Field results from entire charge distribution

Start from the electromagnetic 4-potential in the Lorentz gauge:
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With photon momenta 𝑘!,# and nuclei velocities
Straight line trajectory assumption → quasi-real photons, very different 
from 𝑒$ + 𝑒% collider where large deflection can take place

M. Vidović, et al., Phys. Rev. C 47, 2308 (1993).



Phenomenology of 𝛾𝛾 → 𝑙!𝑙" in HICs
1. External Field Approximation

• Nuclei are not deflected, maintain straight-line velocity
• Field results from entire charge distribution

2. Equivalent Photon Approximation (EPA)
• Photon number density related to time-averaged energy-flux

𝑛 𝜔; 𝑏& =
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× ∫
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Inherently connected to the field’s lifetime→ more on field lifetime later
M. Vidović, et al., Phys. Rev. C 47, 2308 (1993).

V. Weizsäcker

E. J. Williams
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Connection to electric field → magnetic field cannot separate pair in vacuum 
M. Vidović, et al., Phys. Rev. C 47, 2308 (1993).
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Basic phenomenology in place for > 20 years, so what is new?
M. Vidović, et al., Phys. Rev. C 47, 2308 (1993).

V. Weizsäcker

E. J. Williams



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
November 5th, 2021 : CVM Daniel Brandenburg 14

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 < 2.6 GeV=c2.
The pT distributions of eþe− pairs in three mass regions

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

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

measured at a higher pT, it cannot describe the enhance-
ment observed at very low pT in 40%–80% centrality
heavy-ion collisions. We integrated the low-pT invariant
mass distributions for excess pairs over the three
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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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PHYSICAL REVIEW LETTERS 121, 132301 (2018)

132301-5

STAR Collaboration, PRL.121(13), 132301 (2018). J. Adam et al. (ALICE Collaboration) Phys. Rev. Lett. 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

November 5th, 2021 : CVM Daniel Brandenburg 15

• 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)

𝛼



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

November 5th, 2021 : CVM Daniel Brandenburg 16

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 & 
calculations via Wigner functions 
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

November 5th, 2021 : CVM Daniel Brandenburg 17
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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
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Rigorous Theoretical Descriptions
• QED calculations from Feynman diagrams

• W. Zha, JDB, et al., PLB 800, 135089 (2020).
• C. Li, J. Zhou, and Y. Zhou, PLB 795, 576 (2019).
• C. Li, J. Zhou, and Y. Zhou, Phys. Rev. D 101, 034015 (2020).

• Calculations using photon Wigner function
• S. R.  Klein, et. al, PRL. 122, (2019), 132301 
• M. Kłusek-Gawenda, et al., PLB 814, 136114 (2021).

• Classical field approximation
• R. Wang, S. Pu, and Q. Wang, Phys. Rev. D 104, 056011 (2021).

• Exact results from stochastic plane waves
• T. Adamo, A. Ilderton, and A. J. MacLeod, arXiv:2110.02567 (2021).

Key Characteristics:
• Photon momentum (and therefore 𝑒!𝑒" momentum) determined by EM field 

distribution – can be used to “map” the field
• Photons are quasi-real with linear polarization – sensitivity to relative 

polarization angle

November 5th, 2021 : CVM Daniel Brandenburg 19

Figure 2: A cartoon for photon emission in UPC.

Here, we assume the photon �(p1) or �(p2) comes from the nuclei A1(P1) or A2(P2), re-

spectively. Note that, each photon does not have to come from the nuclear center. We can

identify biT in Eq. (2) as the transverse distance between �(pi) and Ai(Pi) with i = 1, 2,

which are related to the impact parameter bT = b1T � b2T as shown in Fig. 2.

The invariant amplitude M can be obtained through the matrix element of the operator
bT or the T-matrix element. The results are given in Eqs. (A16,A17). By inserting these

results for invariant amplitudes into Eq. (2), the differential cross section can be put into

the form

d�
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0
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0
2; k1, k2) , (4)

where P
0z
1 is a function of nulcear transverse momenta which approaches P

z
A1 if all nulcear

transverse momenta are vanishing, Lµ⌫;�⇢ is the lepton tensor in Eq. (A21), and we have

6



1. Measure d𝜎/𝑑𝑃# from 𝛾𝛾 → 𝑙!𝑙" interactions
2. Compute the QED prediction for various EM field input
3. Find all QED field configurations that fall within ±1𝜎 of experimental 

uncertainties
• QED calculation input are the four-potentials of two colliding fields

→ Only the electromagnetic form factor(FF) and photon kinematics are “free” 
parameters
→ Numerically compute FF from Woods-Saxon density, vary R and a

Procedure for Mapping Field with 𝛾𝛾 → 𝑙!𝑙"
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[1] JDB, W. Zha, and Z. Xu, Eur. Phys. J. A 57, 299 (2021).



Field distribution from QED
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Photon density is ∝ 𝐸 ?, B ?



Field distribution from QED
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Pair 𝑝@ ≈ 25 − 30 𝑀𝑒𝑉, 𝛾 polarization mostly averages out

𝑏"# 𝑏$#

Photon density is ∝ 𝐸 ?, B ?



Field distribution from QED
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Photon density is ∝ 𝐸 ?, B ?



Field distribution from QED
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Photon density is ∝ 𝐸 ?, B ?



Field distribution from QED
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Photon density is ∝ 𝐸 ?, B ?



Field distribution from QED

November 5th, 2021 : CVM Daniel Brandenburg 26

Photon density is ∝ 𝐸 ?, B ?



Field distribution from QED
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Photon density is ∝ 𝐸 ?, B ?



Field distribution from QED
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Pair 𝑝@ ≈ 40𝑀𝑒𝑉, 𝛾 polarization : mostly (anti)parallel → −cos 4Δ𝜙

Photon density is ∝ 𝐸 ?, B ?



Precision transverse momentum + polarization = constrain field spatial extent
Mapping of EM Field Distribution
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STAR Collaboration, Phys. Rev. Lett. 127, 052302 (2021).
JDB, W. Zha, and Z. Xu, Eur. Phys. J. A 57, 299 (2021).

Assumptions:
1) Continuous Woods-
Saxons distribution
2) Individual field of two 
ions are identical
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Precision transverse momentum + polarization = constrain field spatial extent

• 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

Mapping of EM Field Distribution
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STAR Collaboration, Phys. Rev. Lett. 127, 052302 (2021).
JDB, W. Zha, and Z. Xu, Eur. Phys. J. A 57, 299 (2021).



Part 3: EM Fields in Medium
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Searching for Medium Effects
• Question:
• Electrically conductive QGP                
→ “trap” the field

• Possible Effect:
• Increased pair production
• Lorentz-force bending of 𝑒!/𝑒"
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188 L. McLerran, V. Skokov / Nuclear Physics A 929 (2014) 184–190

Fig. 1. Magnetic field for static medium with Ohmic conductivity, σOhm.

The decay of the conductivity owing to expansion of the medium can only decrease the life-
time of the magnetic field and thus will not be considered here. Our simulations are done for
Au–Au collisions at energy

√
s = 200 GeV and fixed impact parameter b = 6 fm. In Fig. 1 we

show time evolution of the magnetic field in the origin "x = 0 as a function of the electric con-
ductivity σOhm. The results show that the lifetime of the strong magnetic field (eB > m2

π ) is not
affected by the conductivity, if one uses realistic values obtained in Ref. [5].

4. Energy dependence

In the previous section, we established that for realistic values of the conductivities the elec-
tromagnetic fields in heavy-ion collisions are almost unmodified by the presence of the medium.
Thus one can safely use the magnetic field generated by the original protons only. This magnetic
field can be approximated as follows

eB(t, "x = 0) = 1
γ

cZ

t2 + (2R/γ )2 , (18)

where Z is the number of protons, R is the radius of the nuclei, γ is the Lorentz factor and, finally,
c is some non-important numerical coefficient. We are interested on the effect of the magnetic
field on the matter, otherwise the magnetic field does not contribute to photon production. Thus
we need to compute the magnetic field at the time tm, characterizing matter formation time.
On the basis of a very general argument, one would expect that tm = aQ−1

s . Here we assumed
that the Color Glass Condensate (CGC) provides an appropriate description of the early stage
of heavy ion collisions, namely Qs $ ΛQCD; in the CGC framework, owing to the presence of
only one dimensional scale, the matter formation time is inversely proportional to the saturation
scale. We also note that if the formation time for a particle is much less than this, the magnetic
field has a correspondingly larger effect, as the magnetic field is biggest at early times. The
phenomenological constraints from photon azimuthal anisotropy at the top RHIC energy demand
tm ≈ 2R/γRHIC, i.e. a = 2RQRHIC

s /γRHIC. Using this relation, we can estimate the magnitude of

L. McLerran, V. Skokov, Nuclear 
Physics A 929 (2014) 184–190 

[1] Skokov, V. V., Illarionov, A. Yu. & Toneev, V. D. Int. J. Mod. Phys. A 24, 5925–5932 (2009).
[2] A. Bzdak and V. Skokov,, Physics Letters B 710, 171 (2012).



Long-lived Magnetic Field?
�⃗� = 𝑞 𝐸 + �⃗� ×𝐵
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𝐵

Assumptions:
1. Used STARLight 𝑷&Spectra as baseline
2. All 𝑒± travers 1 fm through 𝐵 ≈ 10!0T 

(𝑒𝐵𝐿 ≈ 30 MeV/𝑐)
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STAR Collaboration, Phys. Rev. Lett. 121, 132301 (2018).



Long-lived Magnetic Field?
�⃗� = 𝑞 𝐸 + �⃗� ×𝐵
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𝐵

Distinguishing Characteristics:
• Effect should increase with rapidity difference between 

leptons
• Effect should saturate for separation > 3 units of rapidity 
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S. Klein, A.H. Mueller, B.W. Xiao, F. Yuan, Phys. Rev. D 102(9), 094013 (2020). 

STAR Collaboration, Phys. Rev. Lett. 121, 132301 (2018).



Searching for Medium Effects
• Question:
• Field at low-x and effect of event-by-

event fluctuations

• Possible Effect:
• Modified 𝑃@ and 𝛼 distribution
• Modification of relative photon-

photon polarization angle                 
→Modified cos 4𝜙 modulation
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Fluctuation driven

[1] Skokov, V. V., Illarionov, A. Yu. & Toneev, V. D. Int. J. Mod. Phys. A 24, 5925–5932 (2009).
[2] A. Bzdak and V. Skokov,, Physics Letters B 710, 171 (2012).

[1] Skokov, V. V., Illarionov, A. Yu. & Toneev, V. D. Int. J. Mod. Phys. A 24, 5925–5932 (2009).
[2] A. Bzdak and V. Skokov,, Physics Letters B 710, 171 (2012).



Event-by-event  Fluctuations + Interactions
• Significantly stronger field possible at small 

radial distances (based on current data)
• Fluctuating nucleon positions effect field 

inside nucleus
• OR Long-lived magnetic field         
→ Lorentz-force bending of pairs
• High precision data from STAR 2023-25 
• What to look for:

• Field at small distance→ large 𝑃! and 𝛼
• Look for modification of 𝑑𝜎/𝑑𝑃! shape
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Event-by-event  Fluctuations + Interactions
• Significantly stronger field possible at small 

radial distances (based on current data)
• Fluctuating nucleon positions effect field 

inside nucleus
• OR Long-lived magnetic field                                
→ Lorentz-force bending of pairs
• High precision data from STAR 2023-25 
• What to look for:

• Field at small distance→ large 𝑃! and 𝛼
• Look for modification of 𝑑𝜎/𝑑𝑃! shape
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Hint of modification in 60 − 80% central collisions:
Additional 14 ± 4 (stat.)±4 (syst.) MeV/c broadening

[1] Skokov, V. V., Illarionov, A. Yu. & Toneev, V. D. Int. J. Mod. Phys. A 24, 5925–5932 (2009).
[2] A. Bzdak and V. Skokov,, Physics Letters B 710, 171 (2012).



Projections for STAR 2023-25

• STAR’s Beam Use Request now 
approved through 2025

• High statistics (10-20B) Au+Au
at 𝑠11 = 200 GeV

• Potential sensitivity to observe 
modification in 𝑃2#
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Fig. 11: (color online) (a) Projections for measurements of the �� ! e+e� process in peripheral and ultra-
peripheral collisions. Left: The

p
hp2

T
i of dielectron pairs within the fiducial acceptance as a function of pair mass,

Mee, for 60� 80% central and ultra-peripheral Au+Au collisions at
p
sNN = 200 GeV. (b) The projection of the

cos 4�� measurement for both peripheral (60� 80%) and ultra-peripheral collisions. Reproduced from Ref. [119].

plorations [31]. In all of the theoretical approaches dis-
cussed here, there is a strong assumption of a continu-
ous charge distribution without point-like substructure.
It has been shown that the substructures of protons and
quarks within nuclei [121] and their fluctuations [122]
can significantly alter the electromagnetic field inside
the nucleus at any given instant. This should result in
an observable e↵ect, and deserves further theoretical
and experimental investigation. The expected e↵ects
are most prominent in central collisions where the exist-
ing ATLAS results have large uncertainties and where
STAR currently lacks the necessary statistics for a mea-
surement. The very first assumption in all the known
models is that both colliding nuclei maintain their ve-
locities (a �(k⌫

i
ui⌫) function) to validate the external

and coherent field approximation. In central collisions,
where the photon flux is expected to be generated pre-
dominantly by the participant nucleons, charge stop-
ping and finite momentum transfer may be an impor-
tant correction to the initial electromagnetic fields.

We have ignored higher-order corrections in both
the initial electromagnetic field [123] and the Sudakov
e↵ect [124] in this review in order to focus on the physics
of the lowest order QED processes. However, the Su-
dakov e↵ect may be significant at smearing the dip
around ↵ = 0, altering the high P? tail [124] and reduc-
ing the azimuthal asymmetry at high pair P? [35]. Fur-
thermore, it has been pointed out that there may be,
in a single event, significant multiple pair production
in up to 20% of the UPC events [125] at LHC energies.
This may complicate the model calculation, experimen-

tal measurements, and the corresponding comparisons
in which an exact match of how the events are defined is
needed between experiment and theory. Recently, var-
ious approaches for revisiting the Coulomb corrections
have been proposed, in one case to the photons [126],
and in the other case to the produced e+e� pair [127].
All these aspects need to be put into a consistent and
coherent framework for comprehensive comparison to
experiment and for precision tests of models based on
QED [59,101].

In addition to the Breit-Wheeler process discussed
herein, the Light-by-Light (LbyL) scattering process
has also recently been observed at the LHC by the AT-
LAS [128,129] and CMS [130] collaborations. In the
Standard Model, the leading order LbyL process pro-
ceeds through box diagrams of virtual charged parti-
cles. However, measurement of the LbyL process has
also been proposed as an avenue for testing physics be-
yond the standard model, since the process may pro-
ceed through predicted axion-like (ALP, a) particles
(�� ! a ! ��) [131]. Future LHC measurements of the
LbyL cross section are expected to provide additional
constraining power on the allowed ALP mass and cou-
pling [117]. The ALP process is connected to the elec-
tromagnetic field distribution through the Lagrangian
density of the form [131]

La�� =
1

4⇤
aFµ⌫ F̃µ⌫ =

1

⇤
aE ·B, (40)

where 1/⇤ is the coupling strength of the interaction
(⇤ has units of energy) and a is the field for a mas-
sive scalar ALP. The physical link to the EM fields
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Event-by-event Fluctuations + Interactions
• Fluctuating nucleon positions effect field 

inside nucleus
• Long-lived magnetic field                            
→ Lorentz-force bending of pairs
• High precision data from STAR 2023-25 
• What to look for:
• Modification of Δ𝜙 distribution (relative 

photon-photon polarization angle)
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2021/01/14 7

cos 4Δ𝜙 Modulations

Quantity Value Τ𝝌𝟐 𝒏𝒅𝒇

C 62.5 ± 5.3
Τ8.9 8

-𝐴4∆𝜙 % 20.8 ± 11.8

• Lorentz contraction of EM fields → 

Quasi-real photons should be linearly 

polarized (𝐸 ⊥ 𝐵 ⊥ 𝑘)

• Recently realized, there are cos 4Δ𝜙

modulations in polarized 𝛾𝛾 → 𝑒+𝑒− [1]
[1] C. Li, J. Zhou, Y.-j. Zhou, Phys. Lett. B 795, 576 (2019)

Xiaofeng Wang @Initial Stages 2021

• Indication of cos 4∆𝜙 modulations in linearly 

polarized 𝛾𝛾 → 𝑒+𝑒− process with a significance of 2𝜎

(systematics needs to be studied)

✓ More statistics is needed to confirm the trend

𝑒+

𝑒− + 𝑒+𝑒−
𝑒− − 𝑒+

∆𝝓

STAR，ArXiv : 1910.12400

In the mean time, measurement in BES-II datasets:
Xiaofeng Wang, Initial Stages 2021 : 
https://indico.cern.ch/event/854124/contributions/4135471/

[1] Skokov, V. V., Illarionov, A. Yu. & Toneev, V. D. Int. J. Mod. Phys. A 24, 5925–5932 (2009).
[2] A. Bzdak and V. Skokov,, Physics Letters B 710, 171 (2012).

https://indico.cern.ch/event/854124/contributions/4135471/


Projections for STAR 2023-25

• STAR’s Beam Use Request now 
approved through 2025

• High statistics (10-20B) Au+Au
at 𝑠11 = 200 GeV

• Potential sensitivity to observe 
modification in 𝑃2#
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Fig. 11: (color online) (a) Projections for measurements of the �� ! e+e� process in peripheral and ultra-
peripheral collisions. Left: The

p
hp2

T
i of dielectron pairs within the fiducial acceptance as a function of pair mass,

Mee, for 60� 80% central and ultra-peripheral Au+Au collisions at
p
sNN = 200 GeV. (b) The projection of the

cos 4�� measurement for both peripheral (60� 80%) and ultra-peripheral collisions. Reproduced from Ref. [119].

plorations [31]. In all of the theoretical approaches dis-
cussed here, there is a strong assumption of a continu-
ous charge distribution without point-like substructure.
It has been shown that the substructures of protons and
quarks within nuclei [121] and their fluctuations [122]
can significantly alter the electromagnetic field inside
the nucleus at any given instant. This should result in
an observable e↵ect, and deserves further theoretical
and experimental investigation. The expected e↵ects
are most prominent in central collisions where the exist-
ing ATLAS results have large uncertainties and where
STAR currently lacks the necessary statistics for a mea-
surement. The very first assumption in all the known
models is that both colliding nuclei maintain their ve-
locities (a �(k⌫

i
ui⌫) function) to validate the external

and coherent field approximation. In central collisions,
where the photon flux is expected to be generated pre-
dominantly by the participant nucleons, charge stop-
ping and finite momentum transfer may be an impor-
tant correction to the initial electromagnetic fields.

We have ignored higher-order corrections in both
the initial electromagnetic field [123] and the Sudakov
e↵ect [124] in this review in order to focus on the physics
of the lowest order QED processes. However, the Su-
dakov e↵ect may be significant at smearing the dip
around ↵ = 0, altering the high P? tail [124] and reduc-
ing the azimuthal asymmetry at high pair P? [35]. Fur-
thermore, it has been pointed out that there may be,
in a single event, significant multiple pair production
in up to 20% of the UPC events [125] at LHC energies.
This may complicate the model calculation, experimen-

tal measurements, and the corresponding comparisons
in which an exact match of how the events are defined is
needed between experiment and theory. Recently, var-
ious approaches for revisiting the Coulomb corrections
have been proposed, in one case to the photons [126],
and in the other case to the produced e+e� pair [127].
All these aspects need to be put into a consistent and
coherent framework for comprehensive comparison to
experiment and for precision tests of models based on
QED [59,101].

In addition to the Breit-Wheeler process discussed
herein, the Light-by-Light (LbyL) scattering process
has also recently been observed at the LHC by the AT-
LAS [128,129] and CMS [130] collaborations. In the
Standard Model, the leading order LbyL process pro-
ceeds through box diagrams of virtual charged parti-
cles. However, measurement of the LbyL process has
also been proposed as an avenue for testing physics be-
yond the standard model, since the process may pro-
ceed through predicted axion-like (ALP, a) particles
(�� ! a ! ��) [131]. Future LHC measurements of the
LbyL cross section are expected to provide additional
constraining power on the allowed ALP mass and cou-
pling [117]. The ALP process is connected to the elec-
tromagnetic field distribution through the Lagrangian
density of the form [131]

La�� =
1

4⇤
aFµ⌫ F̃µ⌫ =

1

⇤
aE ·B, (40)

where 1/⇤ is the coupling strength of the interaction
(⇤ has units of energy) and a is the field for a mas-
sive scalar ALP. The physical link to the EM fields
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Origin of the coherent EM Field?
Question: What is coherently interaction?

November 5th, 2021 : CVM Daniel Brandenburg 41

• STAR Measurements of ⁄𝐽 𝜓 → 𝑙!𝑙" in peripheral collisions already indicate interference
• Distinguish coherent emitter: photo-Nuclear interactions in peripheral events
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Figure 89: Left: Measurement of the cos 2�� modulation of ⇡+
⇡
� pairs from photonuclear ⇢0

and continuum production compared to theoretical predictions [319]. Projections are shown for a
similar measurement of the azimuthal modulation of e

+
e
� pairs from photonuclear production of

the J/ . Center: Projection of the dN/dy of photoproduced J/ in non-UPC events vs. the event
centrality (Npart) compared to various theoretical production scenarios. Right: Projection of the t

spectra of photoproduced J/ in 40 � 80% central collisions.
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STAR Collaboration et al., PRL 123, 132302 (2019).
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Conclusions
• First experimental constraints on 

magnetic field produced in HICs
• Still many open questions:

• Event-by-event fluctuations
• Field at low-x
• Lorentz-force bending
• Source of coherent field

• Exciting opportunities available:  
• LHC and RHIC between now – 2025

Many thanks to coauthors: 
Zhangbu Xu and Wangmei Zha and others
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What have we learned from recent experiments?
Several common assumptions in EPA implementations (past decades)
• Assumption: Photon mediated processes are only relevant for UPC (𝑏 > 2𝑅)
→ Photo-induced processes even in CENTRAL heavy-ion collisions
→ Test impact parameter dependence in collisions with precise 𝒃
• Assumption: Photon momentum ∝ photon virtuality, with virtuality 𝑞? ≈ ⁄( G! [2,3]
• Photon 𝑘@ and pair 𝑝@ independent of impact parameter
• Photon’s are predominantly longitudinally polarized 

→ Strong impact parameter dependence of pair 𝒑@ even in UPC->Not medium effect
→ Photons are linearly polarized in transverse plane

November 5th, 2021 : CVM Daniel Brandenburg 44

[1] A. J. Baltz, G. Baur, et al., Physics Reports 458, 1 (2008).
[2] ATLAS Collaboration et al. Phys. Rev. Lett. 123, 052001 (2019).
[3] Annu. Rev. Nucl. Part. Sci. 2005.55:271-310



The Magnetic Field in Heavy Ion Collisions

E and B fields via Lienard-Wichert potentials
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Mapping Magnetic field with Polarization Effects

• Quantum interference leads to 
structure in cos 4Δ𝜙 vs. 𝑃&

→ Very sensitive to the field 
distribution due to relative 
photon-photon polarization angle
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centralities are presented in Figs. 2 and 3. Here the
azimuthal asymmetries, i.e., the average value of cos 4ϕ
are defined as,

hcosð4ϕÞi ¼
R

dσ
dP:S: cos 4ϕdP:S:R

dσ
dP:S: dP:S:

: ð9Þ

We compute the asymmetry for two deferent centrality
classes as well as for the UPC and the tagged UPC cases.
The corresponding impact parameter range for a given
centrality class is determined using the Glauber model(see
the review article [46] and references therein). For the UPC,
the asymmetry is averaged over the impact parameter range
½2RA;∞%. However, STAR experiments at RHIC measure
pair production cross section together with the double
electromagnetic excitation in both ions. Neutrons emitted at
forward angles by the fragmenting nuclei are measured,
and used as a UPC trigger. Requiring lepton pair to be
produced in coincidence with Coulomb breakup of the

beam nuclei alters the impact parameter distribution com-
pared with exclusive production. In order to incorporate the
experimental conditions in the theoretical calculations, one
can define a “tagged” UPC cross section,

2π
Z

∞

2RA

b⊥db⊥P2ðb⊥Þdσðb⊥;…Þ ð10Þ

where the probability Pðb⊥Þ of emitting a neutron from the
scattered nucleus is often parametrized as [47],

Pðb⊥Þ ¼ 5.45 & 10−5 Z
3ðA − ZÞ
A2=3b2⊥

× exp
!
−5.45 & 10−5 Z

3ðA − ZÞ
A2=3b2⊥

"
: ð11Þ

As a matter of fact, the mean impact parameter is dramati-
cally reduced in interactions with Coulomb dissociation.
We plot the cos 4ϕ asymmetry for electron pair produc-

tion at midrapidity as the function of the total transverse
momentum q⊥ at the center mass energy

ffiffiffi
s

p
¼ 200 GeV in

Fig. 2. The general trend is that the asymmetry increases
when the impact parameter decreases. The overall q⊥ and
b⊥ dependent behavior of the asymmetry for the different
collision species(Au and Ru) are similar, except for that the
curves are slightly more flat for the smaller nucleus.
The asymmetry reaches a maximal value of 17%–22%
percent around q⊥ ≈ 30 MeV for the centrality classes
[60%–80%], [80%–99.9%], and the tagged UPC. For the
unrestricted UPC, the asymmetry is roughly twice smaller
than that in the tagged UPC. The results obtained for
dimuon production in Pb-Pb collisions at LHC energy
shown in Fig. 3 are rather close to these at RHIC energy.

III. CONCLUSIONS

We study the impact parameter dependence of the cos 4ϕ
azimuthal asymmetry for purely electromagnetic lepton

FIG. 2. Estimates of the cos 4ϕ asymmetry as the function of q⊥ for the different centralities at
ffiffiffi
s

p
¼ 200 GeV. The electron and

positron rapidities and transverse momenta are integrated over the regions [−1, 1], and [0.2 GeV, 0.4 GeV]. The asymmetries in Au-Au
collisions and Ru-Ru collisions are shown in the left plot and the right plot respectively.

FIG. 3. Estimates of the cos 4ϕ asymmetry as the function of
q⊥ for the different centralities at

ffiffiffi
s

p
¼ 5020 GeV. The muon

and antimuon rapidities and transverse momenta are integrated
over the regions [−1, 1], and [4 GeV, 45 GeV], respectively.

CONG LI, JIAN ZHOU, and YA-JIN ZHOU PHYS. REV. D 101, 034015 (2020)

034015-4

STAR has statistical precision for this measurement in Au+Au and U+U collisions
→ Requirement: differential measurement of ⟨ 𝑐𝑜𝑠 4𝜙 ⟩
→ U+U is especially interesting, due to deformation



Coulomb Scattering through QGP
• Charged particles may scatter off charge centers in QGP, modifying 

primordial pair 𝑃&?
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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. STARLight as baseline
2. Daughters traverse medium
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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
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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
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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
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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
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
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