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The Breit-Wheeler 
Process

𝛾𝛾 → 𝑒!𝑒"
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Observation of the Breit-Wheeler Process

• Non-linear effect forbidden in classical electromagnetism
• At lowest order, two Feynman diagrams contribute and interfere
• Breit-Wheeler process: real photon collisions → important distinction
• Finally observed after 85+ years  ⟹Applications in nuclear physics
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DECEM HER 15, 1934 P H YS I CAI REVI EW VOI-U M E

Collision of Two Light Quanta
G. BREIT AND JQHN A. WHEELER, **Department of Physics, ¹mYork University

(Received October 23, 1934)

The recombination of free electrons and free positrons
and its connection with the Compton effect have been
treated by Dirac before the experimental discovery of the
positron. In the present note are given analogous calcula-
tions for the production of positron electron pairs as a
result of the collision of two light quanta. The angular
distribution of the ejected pairs is calculated for diff'erent

polarizations, and formulas are given for the angular dis-
tribution of photons due to recombination. The results are
applied to the collision of high energy photons of cosmic
radiation with the temperature radiation of interstellar
space. The effect on the absorption of such. quanta is found
to be negligibly small.

~WO simultaneously acting light waves with
vector potentials

A;=a;* exp {—(~;l—k;r) I
+a; exp {2(cv;t—k,r) } (1)

are considered as acting on an electron. Under
the inliuence of the waves a single electron wave
function P'2) is changed, and the perturbed
function may be expanded according to powers
of a, u*. The phenomena of pair production and
of recombination have to do with the terms in
a&*a2* and. u1c&, respectively, as is obvious frorr1
the theory of quantization of light waves. We
consider first the pair production. We let the
function $(0) represent an electron in a negative
energy state. It is convenient for practical
applications to normalize P"& so as to have the
electron density equal to unity. It is also un-
necessary to use quantized light waves in the
pair production problem, since the results with
quantized waves are known to be identical with
those obtained by means of ordinary waves.
'As a result of the calculation one finds that at
a time t after the application of the waves the
wave function contains a term which may be
interpreted as referring to an electron in a
positive energy state with a momentum and a
spin coordinate which are functions of the
original momentum and spin and of the momenta
and polarizations of the light quanta. The
density of electrons corresponding to this wave
function may be put into the form

* Now at Department of Physics, University of Wis-
consin.**National Research Fellow now at Copenhagen.

8W=c(P22+m2c2) 2+ W1—h1 1—hv2,
W1=—W, (3)

where P2 Pl+Pl+ P2
is the final momentum of the electron and
P1, P& are the momenta of the quanta. The total
electron density due to the two light quanta is
obtained by summing expression (2) over all
possible states of negative energy. The equal and
opposite spin directions for every p& contribute
to the density. One is thus only interested in
the average for 8 over the different directions 0.

of the positron spin. This average will be called8'. There are 2P1'dP1d~1 U/h' electronic states
of negative energy in the fundamental volume V
for which the momentum is p1 and the direction
is within the solid. angle dco1. Each of (hese has
a density 1/ U. The number of positron electron
pairs produced per cm' corresponding to the
absolute value of positron momentum being
between p1 and p1+dp1 in the direction —P1 and
in solid angle ds&1 is thus obtained from (2) by
multiplying it by 2P1'dp1dco1/h'. Integrating over
dpi, and making use of

d(5W) ~ I Pl/Wl+P1P2/P1W2jdp1 (3)

—exp ( 2tbw—/h) I2/(Bw)'. (2)

Here 8 is a dimensionless number depending on
initial momenta and spin and the polarizations
of the quanta. 6$' is the difference in energy of
the initial and the final states. Thus if S'
=—IWI is the energy of the electron in its
initial state and if hv1, kv2 are the energies of the
quanta, then
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Observation of the Breit-Wheeler Process

• The incoming photon polarization leads to 
vacuum birefringence [Toll, 1952], visible as 
a cos 4𝜙modulation [1,2]

⇒ Precision understanding of the photon 
wavefunction and sensitivity to polarization
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General density matrix for the two-
photon system:

Spin 1 Photon helicity 𝑎 = (−, 0, +)
Helicity 0 : Forbidden for real photon
Real photon: Allowed 𝑱𝑷 states: 𝟐±, 𝟎±

⇢a,a
0
=

0

@
⇢++ ⇢+0 ⇢+�

⇢+0 ⇢00 ⇢+0

⇢+� ⇢+0 ⇢++
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Discovery of the Breit-Wheeler Process

• The incoming photon polarization leads to 
vacuum birefringence [Toll, 1952], visible as 
a cos 4𝜙modulation [1,2]

⇒ Precision understanding of the photon 
wavefunction and sensitivity to polarization
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STAR Collaboration, Phys. Rev. Lett. 128, 122303 (2021)

The 𝐽 = 2 states lead to ±cos 4𝜙
azimuthal modulations

𝑒!𝑒"

https://doi.org/10.1103/PhysRevLett.128.122303
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STAR Collaboration, Phys. Rev. Lett. 128, 122303 (2021)

The 𝐽 = 2 states lead to ±cos 4𝜙
azimuthal modulations

𝑒!𝑒"

Would be great to see Photon Wigner 
Function Calculations for this 
measurement for 𝑒"𝑒! and 𝜇"𝜇! etc.

https://doi.org/10.1103/PhysRevLett.128.122303
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Breit-Wheeler Process in HICs
• Under what condition do these photons interact as real photons?

• Photon Wigner Function (PWF) formalism & LO-QED formalism agree very well
• How to understand the minor differences between them?
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𝛼 ≡ 1 − ⁄Δ𝜙 𝜋

Δ𝜙

• Consider the S-Matrix behavior to 
identify the region where photons are 
real at leading order:



Breit-Wheeler Process in HICs
• Under what condition are these quasi-real photons “real”

• Photon Wigner Function (PWF) formalism & LO-QED formalism agree very well
• How to understand the minor differences between them?

/𝜔 𝛾 ≲ 𝑘% ≲ /1 𝑅 ≪ 𝜔,

2
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• Consider the S-Matrix behavior to 
identify the region where photons are 
real at leading order:



Energy Dependence & Infrared Divergence
• RHIC beam energy scan → unique capability to study low energy behavior
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section. This has been used as an argument [12, 22, 23, 33, 34] that the e+e� pair production from
UPC is not the Breit-Wheeler process despite the original proposal in the Breit-Wheeler paper [1].
In this section, we follow the Vidovic paper [30] using the S-Matrix derivation to illustrate the
approximation which results in the EPA and propose a criterion for defining the Breit-Wheeler
process in relativistic heavy-ion collisions.
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FIG. 1. (color online) (a) The cross section for the production of e+e� pairs via the Breit-Wheeler process
in Au+Au collisions within STAR acceptance as a function of center-of-mass energy. Results are shown
for di↵erent centralities and for two di↵erent nuclear charge radii of 6.38 fm (solid line) and 6.9 fm (dotted
line). The STAR measurements [13, 20] are also plotted for comparison. (b) The corresponding ratios of
the cross section for R =6.9 fm over R = 6.38 fm.

Since the Coulomb field is a pure electric field, the Lorentz boost does not change the fact
that real photons cannot be generated by the single standalone nuclear field itself. The resulting
quantization as photons from the Poynting Vector from one nucleus would have the form as shown
in Equation (6) with a spacelike Lorentz vector and a ”negative squared mass” of �((!/�)2 + k2?).
It was argued that if one were to define the process in UPC as the Breit-Wheeler process, the
virtuality would simply have to be ignored. This is not the case. In fact, setting this term to
zero would result in infrared divergence of the photon flux. Equation 25 in Ref. [30] shows the
approximation required for the conserved transition current to behave as real photon interactions
in the S-Matrix. The requirement in the center-mass-frame of the heavy-ion collision is that both
photons satisfy the following condition:

!/� . k? << ! (10)

With this criterion and subsequent omission of the higher order second and third terms of the
order of 1/�2, the vertex function of the two-photon process in relativistic heavy-ion collisions in
Eq. 28 of Ref. [30] would be identical to that of the real-photon interaction in Eq. 19 of Ref.[30].
The interpretation is therefore that the single photon flux of the virtual states from the Lorentz

4

and m is the mass of the lepton. In order to compute results at all impact parameters, where in
general no simple analytical form is available, the multi-dimensional integration is performed with
the VEGAS Monte Carlo integration routine [27].

The nuclear electromagnetic form factor can be obtained via the Fourier transform of the charge
distribution as

F (k2) =

Z
d3reik.r⇢A(r). (4)

In this Article, we assume that the charges in the target and projectile nuclei are distributed
according to the Woods-Saxon distribution [28] without any fluctuations or point-like structure as

⇢A(r) =
⇢0

1 + exp[(r �RWS)/d]
(5)

where the radius R (Au: 6.38 fm) and skin depth d (Au: 0.535 fm) are based on fits to low
energy electron scattering data such that all deformations are assumed to be higher order and are
ignored [29], and ⇢0 is the density at the center of nucleus. The Fourier transform of the Woods-
Saxon distribution does not have an analytic form, it was computed numerically for the following
calculations.

The EPA is used when deriving the cross section for pair production in Eq. (1). According to the
EPA, the number spectrum of photons with energy ! [17] manifest by the field of a single nucleus
is:

n(!) =
(Ze)2

⇡!

Z 1

0

d2k?
(2⇡)2

2

664
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�
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k 2
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◆
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3

775

2

�!
k 2

?, (6)

where Z is the nuclear charge number, � is the Lorentz factor,
�!
k ? is the photon transverse mo-

mentum, and F

✓⇣
!

�

⌘2
+

�!
k 2

?

◆
is the nuclear electromagnetic form factor.

III. TRANSVERSE MOMENTUM DISTRIBUTION

From Eq. (6), the photon density increases dramatically as k? ! 0 and would diverge if it were
not regulated by the !/� factor. This implies that the measurements of beam energy dependence
of the l+l� pair di↵erential cross section and mean transverse momentum would be sensitive to the
infrared-divergence term as evident from those equations. Specifically, the transverse momentum
would be expected to increase with decreasing beam energy (�) for the same kinematic acceptance
of e+ and e�. Although it is commonly believed that the transverse momentum distribution of
photons is due to uncertainty principle and therefore k? / 1/RA, we could demonstrate how
to obtain photon transverse momentum in classic electromagnetism. At a given ultra-relativistic
Lorentz boost (�), the classical electric field from a charged nucleus can be expressed as

~E =
Ze

4⇡"0�2r2(1� �2 sin2 ✓)
3
2

r̂, (7)

• As 𝑘' → 0 flux increases
• Only cutoff by the ⁄( ) term
• Allowed phase space for Breit-Wheeler 
processes plumets as 𝑠** → 0

• Sensitivity to details of the charge distribution

NB. RHIC BES: Au+Au collisions from 𝑠!! = 7.7 − 64 GeV
X. Wang, JDB, L. Ruan, F. Shao, Z. Xu, C. Yang, W. Zha, arXiv:2207.05595 [nucl-th]

https://arxiv.org/abs/2207.05595


Energy Dependence & Infrared Divergence
• RHIC beam energy scan → unique capability to study low energy behavior
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• As 𝑘' → 0 flux increases
• Only cutoff by the ⁄( ) term
• Allowed phase space for Breit-Wheeler 
processes plumets as 𝑠** → 0

• Sensitivity to details of the charge distribution
• Pair transverse momentum (at fixed 𝒃) 
increases with decreasing energy210 310 410
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Impact to Explore QGP EM Properties 

u 6)* decreases from semi-peripheral 

to peripheral collisions

uNon-UPCs slightly higher than QED 
model: final state effect? 

p The b dependence of photon ## should be 
considered to explore QGP EM properties  
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and m is the mass of the lepton. In order to compute results at all impact parameters, where in
general no simple analytical form is available, the multi-dimensional integration is performed with
the VEGAS Monte Carlo integration routine [27].
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From Eq. (6), the photon density increases dramatically as k? ! 0 and would diverge if it were
not regulated by the !/� factor. This implies that the measurements of beam energy dependence
of the l+l� pair di↵erential cross section and mean transverse momentum would be sensitive to the
infrared-divergence term as evident from those equations. Specifically, the transverse momentum
would be expected to increase with decreasing beam energy (�) for the same kinematic acceptance
of e+ and e�. Although it is commonly believed that the transverse momentum distribution of
photons is due to uncertainty principle and therefore k? / 1/RA, we could demonstrate how
to obtain photon transverse momentum in classic electromagnetism. At a given ultra-relativistic
Lorentz boost (�), the classical electric field from a charged nucleus can be expressed as
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NON-UPC: hint of systematic increase above QED baseline → effect of long lived B-field in QGP?
X. Wang, JDB, L. Ruan, F. Shao, Z. Xu, C. Yang, W. Zha, arXiv:2207.05595 [nucl-th]

https://arxiv.org/abs/2207.05595


QCD in Strong Magnetic Fields
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STAR Collaboration, et al., Phys.Rev.C 105 (2022)  arXiv:2109.00131
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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

Can we provide experimental constraints on the magnetic field in heavy-ion collisions?
- Low-x behavior of the fields?
- Lifetime of electro(magnetic) fields? 
- Effect of event-by-event fluctuations? …

https://arxiv.org/abs/2109.00131
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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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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
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ing ATLAS results have large uncertainties and where
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models is that both colliding nuclei maintain their ve-
locities (a �(k⌫

i
ui⌫) function) to validate the external
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where the photon flux is expected to be generated pre-
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ping and finite momentum transfer may be an impor-
tant correction to the initial electromagnetic fields.
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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⌫ =
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aE ·B, (40)

where 1/⇤ is the coupling strength of the interaction
(⇤ has units of energy) and a is the field for a mas-
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Opportunities @ STAR 2023-2025
• RHIC Run 23 + 25 = 20B / 40 nb−1 Au+Au events

• Plan: trigger events with Zero Degree Calorimeters
• Nearly perfect for selecting UPC interactions

• Test QED processes for deviation from baseline
• → Indication of some final state effect (trapped 𝐵-field)?

September 22, 2022 Daniel Brandenburg 14
STAR BUR Runs 23-25

These pairs have very low 𝑝#, 
so they are susceptible to 
Lorentz-force bending from 
trapped B-field AND/OR 
electromagnetic scattering off 
QGP

Expected effect:

Decorrelation (weakening) of 
cos 4𝜙 AND broadening of 𝑝#

JDB, W. Zha, and Z. Xu, Eur. Phys. J. A 57, 299 (2021).

https://drupal.star.bnl.gov/STAR/starnotes/public/SN0793


Application: Constrain Charge Distribution

** → +"+# can be used to constrain nucleus 
charge distribution at RHIC energy
STAR data compared to EPA-QED

Low energy scattering: R=6.38 fm, d=0.535 fm
R. C. Barrett and D. F. Jackson, Nuclear Sizes and Structure (Oxford 
University Press, 1977)

200 GeV vs 54 GeV: maybe due to energy 
dependence of charge distribution

Low-energy vs RHIC (3, difference): maybe 
due to energy dependence of charge 
distribution and/or final state effect

04/07/22 Xiaofeng Wang @ QM 2022, April 4-10, 2022 11

EPA-QED: J. D. Brandenburg et al, Eur. Phys. J. A 57 (2021) 299.
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Imaging the Nuclear Charge Distribution
• 𝛾𝛾 → 𝑙3𝑙4 can be used to image 
the nuclear charge distribution 
at high-energy

• Combined data favors a charge 
distribution slightly larger than 
low-energy scattering result at 
3𝜎

• Further energy dependence 
measurements may prove 
important 
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X. Wang, JDB, L. Ruan, F. Shao, Z. Xu, C. Yang, W. 
Zha, arXiv:2207.05595 [nucl-th]
JDB, W. Zha, and Z. Xu, Eur. Phys. J. A 57, 299 
(2021)
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FIG. 3. (color online) The constraints on gold nuclear charge distribution obtained by the comparison
between STAR measurement of �� ! e+e� and the lowest order QED calculation.

radius and skin depth are parameterized according to a Woods-Saxon distribution and are assumed
to be the same for both electromagnetic and strong interactions. The results show that the RHIC
measured charge radius is systematically larger than that from low-energy electron scattering at
the 2 � 3� level. Compared to Fig. 8 in Ref. [18] obtained from only the measured pT distribu-
tion in UPCs, the gray contour in Fig. 3 obtained from the measured pT and Mee distributions in
UPCs [20] shows a trend towards a slightly larger radius. In addition to adding the Mee distribution
in constraining the nuclear parameters, another di↵erence is that our current result uses the same
free parameters for both the strong-interaction radius and the charge radius used to compute the
form factors. On the other hand, the result in Fig.8 of Ref. [18] was found with only the charge
radius in the form factor as a free parameter, assuming that the strong-interaction radius of the
nucleus was unchanged.

VI. DISCUSSIONS

Figure 1 shows a logarithmic growth of cross section and Figure 2 shows a flat distribution
for

p
sNN � 100 GeV (� � 50). These are consistent with the discussion in Section IV of the

Breit-Wheeler process. For lower energy (�  50), the numeric results show that the cross section
decreases dramatically while

p
hp2

T
i increases with decreasing beam energy. This is consistent with

the substantial contributions of photon interaction from phase space with k?<

⇠!/�. Within the
kinematic acceptance, it was required that the single electron (positron) momentum to be > 200
MeV at midrapidity [13, 20]. This momentum threshold requires � � 10 to have any phase space for
the Breit-Wheeler process as defined in Equation (11). The results shown in Figure 1 and Figure 2
suggest that significant contributions to the process outside of that valid range starts at � . 50.

Conversely, at extreme high energy, there are constraints on the validity of the Breit-Wheeler
process as well. We note that in addition to the lepton pair momentum, the acoplanarity (↵) has
been used in literature [14]. The criterion can be readily defined in terms of acoplanarity since it
is straightforwardly related as

p
2k? ' ⇡

2!↵ [19, 41]. Therefore, the criterion of the Breit-Wheeler

X. Wang, JDB, L. Ruan, F. Shao, Z. Xu, C. Yang, W. 
Zha, arXiv:2207.05595 [nucl-th]
JDB, W. Zha, and Z. Xu, Eur. Phys. J. A 57, 299 
(2021)

https://arxiv.org/abs/2207.05595
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• Possible null CME result has 
opened questions:

• How well are the initial EM fields 
really known?

• Do event by-event fluctuations 
wash out differences?

unique opportunity to test the electromagnetic field dependence of photon-induced produc-38

tion.39

2 Experiment and Analysis40

The STAR experiment has recorded around 4 billion minimum-bias Ru+Ru and Zr+Zr col-41

lision events in 2018. Electrons with pe
T > 0.2 GeV/c and |⌘e| < 1 are selected by combining42

the ionization energy loss measured by the Time Projection Chamber (TPC) [6] and the flight43

time measured by the Time-of-Flight (TOF) detector [7]. The raw signal of e+e� pairs at very44

low pT is obtained by subtracting background from the unlike-sign pair distribution. A Monte45

Carlo (MC) simulation is used to estimate the contributions from known hadronic sources,46

usually referred to the hadronic cocktail, which need to be subtracted in order to obtain the47

excess yields.48
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Figure 1: (a) The e+e� invariant mass spec-
tra within the STAR acceptance from Ru+Ru
and Zr+Zr collisions for pair pee

T < 0.15
GeV/c in 70-80% centrality. The hadronic
cocktails are shown as solid lines of di↵er-
ent colors. (b) The corresponding ratios of
data over cocktail.
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Figure 2: The e+e� pair pT distribution
within the STAR acceptance in 0.4-2.6
GeV/c2 mass region in 70-80% centrality,
compared to cocktails.

3 Results49

In Fig. 1(a), the e+e� invariant mass distributions corrected for detector ine�ciency in Ru+Ru50

and Zr+Zr collisions are shown as solid and open circles respectively in 70-80% centrality for51

pair pT < 0.15 GeV/c within STAR acceptance (pe
T > 0.2 GeV/c, |⌘e| < 1, and |yee| < 1). The52

corresponding enhancement factors are defined as ratios of data over hadronic cocktail in the53

same mass regions, which are displayed in Fig. 1(b). The enhancement factors reach local54

minima around M� before rising towards larger mass, similar to the trends seen in Au+Au55

and U+U collisions [1].56

The pT distributions of e+e� pairs in the mass region from 0.4-2.6 GeV/c2 are shown57

in Fig. 2 for 70-80% isobaric collisions. While for pee
T > 0.15 GeV/c, data are consistent58
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• Possible null CME result has 
opened questions:

• How well are the initial EM fields 
really known?

• Do event by-event fluctuations 
wash out differences?

Addition of dimuon data pending
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'
at very low &$
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At &$ > 0.15 GeV/c, hadronic production 
contributions to %"%# pairs are similar in 
Ru + Ru and Zr + Zr
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with hadronic cocktails, significant excesses above hadronic cocktails are seen at pee
T < 0.1559
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Figure 3: Left panel: The centrality dependence of integrated excess yields at pee
T < 0.1 GeV/c

in the mass region of 0.4-2.6 GeV/c2 in Ru+Ru and Zr+Zr collisions within the STAR ac-
ceptance. Right panel: The centrality dependence of the ratios of integrated low-pT excesses
between Ru+Ru and Zr+Zr collisions. The solid line is the fitted result to data points by a
constant function.

After subtracting the hadronic cocktail, the integrated low-pT excess yields of e+e� pairs61

as a function of average number of participating nucleons
D
Npart
E

are shown in the left panel62

of Fig. 3. The integrated excesses yields in Ru+Ru collisions are systematically higher63

than those in Zr+Zr collisions. The right panel of Fig. 3 is the centrality dependence of64

excess yield ratios between Ru+Ru and Zr+Zr collisions, and a constant function is utilized65

to fit the ratios. The fitted result is about 2.4� higher than unity, which hints at the initial66

electromagnetic field dependence between the two collision systems.67
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• At very low &$, ⁄7 8 dominated by $9 → ⁄7 8
• Ratio is consistent with ''

'(
!

at very low &$
• Initial EM field is different in Ru + Ru and Zr + Zr (~1.7,) 
• At &$ > 0.2 GeV/c, hadronic production contributions to ⁄7 8 are similar in Ru + Ru and Zr + Zr

Poster by Kaifeng Shen (04/06/22 6:30-7:30)

Ru/Zr

Ru/Zr

γ

J/ψ

e+

e−

Evidence that initial fields are similar to expectations
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Nuclear Radius is Too Large???
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L. ADAMCZYK et al. PHYSICAL REVIEW C 96, 054904 (2017)

TABLE VII. The coherent and incoherent cross sections for ρ0 photoproduction within |y| < 1 with XnXn

and 1n1n mutual excitation, and their ratios.

Parameter XnXn 1n1n

σcoh. 6.49 ± 0.01 (stat.) ± 1.18 (syst.) mb 0.770 ± 0.004 (stat.) ± 0.140 (syst.) mb
σincoh. 2.89 ± 0.02 (stat.) ± 0.54 (syst.) mb 0.162 ± 0.010 (stat.) ± 0.029 (syst.) mb
σincoh./σcoh. 0.445 ± 0.015 (stat.) ± 0.005 (syst.) 0.233 ± 0.007 (stat.) ± 0.007 (syst.)

If the nuclear excitation was completely independent of ρ
photoproduction, then the cross-section ratio for incoherent
to coherent production should not depend on the type of
nuclear excitation studied. It is not; the difference could
signal the breakdown of factorization, for a couple of reasons.
One possibility is that unitarity corrections play a role by
changing the impact parameter distributions for 1n1n and
XnXn interactions. When b ! 2RA, the cost of introducing
another low-energy photon into the reaction is small. So one
photon can excite a nucleus to a GDR, while a second photon
can further excite the nucleus, leading to Xn emission rather
than 1n [18]. The additional photon alters the impact parameter
distributions for the 1n1n and XnXn channels. The XnXn
channel will experience a slightly larger reduction at small |t |
due to interference from the two production sites. This may
slightly alter the measured slopes and coherent-to-incoherent
ratios. Alternately, at large |t |, a single photon can both produce
a ρ0 and leave the target nucleus excited, breaking the assumed
factorization paradigm. The rate has not been calculated for ρ0,
but the cross section for J/ψ photoproduction accompanied by
neutron emission is significant [39]. This calculated J/ψ cross
section is noticeably less for single neutron emission than for
multineutron emission, so ρ0 photoproduction accompanied
by neutron emission might alter the XnXn incoherent-to-
coherent cross-section ratio more than that of 1n1n. The differ-
ence between the ratios for 1n1n and XnXn collisions is some-
what larger than was found in a previous STAR analysis [7].

The dσ/dt for coherent ρ0 photoproduction accompanied
with mutual dissociation of the nuclei into any number of
neutrons (XnXn) and only one neutron (1n1n) is shown
in Fig. 8 with red and blue markers, respectively. In both
1n1n and XnXn events, two well-defined minima can
clearly be seen. In both spectra, the first minima are at
−t = 0.018 ± 0.005 (GeV/c)2. Second minima are visible at
0.043 ± 0.01 (GeV/c)2. To first order, the gold nuclei appear
to be acting like black disks, with similar behavior for 1n1n
and XnXn interactions.

A similar first minimum may be visible in ALICE data for
lead-lead collisions. Figure 3 of Ref. [8] shows an apparent dip
in dN/dpT for ρ0 photoproduction, around pT = 0.12 GeV/c
[−t = 0.014 (GeV/c)2]. Lead nuclei are slightly larger than
gold nuclei, so the dip should be at smaller |t |.

These minima are shallower than would be expected for
γ -A scattering, because the photon pT partly fills in the dips in
the γ -A pT spectrum. There are several theoretical predictions
for the locations and depths of these dips. A classical Glauber
calculation found the correct depths, but slightly different
locations [40]. A quantum Glauber calculation did a better
job of predicting the locations of the first minimum [10],
although that calculation did not include the photon pT , so

missed the depth of the minimum. However, quantum Glauber
calculations which included nuclear shadowing predict that,
because of the emphasis on peripheral interactions, the nuclei
should be larger, so the diffractive minima are shifted to lower
|t | [41]. For ρ photoproduction with lead at LHC energies,
this calculation predicted that the first minima should be at
about 0.0165 (GeV/c)2 without the shadowing correction,
and 0.012 (GeV/c)2 with the correction. These values are
almost independent of collision energy but depend on the
nuclear radii. Scaling by the ratio of the squares of the
nuclear radii, 1.078, the predictions are about 0.0177 (GeV/c)2

without the shadowing correction, and 0.0130 (GeV/c)2 with
the shadowing. The data are in better agreement with the
prediction that does not include the shadowing correction.

The Sartre event generator run in UPC mode at RHIC
energies [42] produces a Au nucleus recoil after ρ0 elastic
scattering with a very good agreement with the ρ0 t distribution
presented here. That is not surprising, since it includes
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FIG. 8. dσ/dt for coherent ρ0 photoproduction in XnXn events
(filled red circles) and 1n1n events (open blue circles). The filled
bands show the sum in quadrature of all systematic uncertainties listed
in Table V and the statistical errors, which are shown as vertical lines.
The red and blue lines show an exponential fit at low t , as discussed in
the text. The inset shows, with finer binning at low pT , the effects of
the destructive interference between photoproduction with the photon
emitted by any of the two ions.

054904-10

Photo-nuclear measurements have historically 
produced a |t| slope that corresponds to a mysteriously 
large source!

STAR (2017): |t| slope = 407.8 ± 3 ⁄𝐺𝑒𝑉 𝑐 !$

→ Effective radius of 8 fm
(𝑅%&

'()*+,- ≈ 6.38 fm )

ALICE (Pb) :   |t| slope = 426 ± 6 ± 15 ⁄𝐺𝑒𝑉 𝑐 !$

→ Effective radius of 8.1 fm
(𝑅./

'()*+,- ≈ 6.62 fm)

Extracted nuclear radii are way too large

STAR Collaboration, L. Adamczyk, et al., Phys. Rev. C 96, 054904 (2017). 
J. Adam et al. (ALICE Collaboration), J. High Energy Phys. 1509 (2015) 095. 
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Interference between two indistinguishable cases
arXiv:2204.01625

Nuclei ‘take turns’ emitting photon vs. Pomeron

mailto:https://arxiv.org/abs/2204.01625


𝜙 Measurement in Au+Au and U+U Collisions 
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-210×0.4±0.6 ±23.8 : A = 
-210×0.9±1.2 ±-0.5 : A = 

Au+Au
U+U
Au+p

Syst. Uncert.
Quantify the difference in strength for Au+Au vs. 
U+U via a fit:

𝑓 Δ𝜙 = 1 + 𝑎 cos 2Δ𝜙

Au+Au :  𝑎 = 0.292 ± 0.004 (stat) ±0.004 (syst.)
U+U :      𝑎 = 0.237 ± 0.006 (stat) ±0.004 (syst.)
Difference of 𝟒. 𝟑𝝈 (stat. & syst.): • Interference effect is sensitive to the nuclear geometry 

(gluon distribution) – difference between Au and UarXiv:2204.01625

C. Li, J. Zhou, Y. Zhou, Phys. Lett. B 795, 576 (2019)
C. Li, J. Zhou & Y. Zhou Phys. Rev. D 101, 034015 (2020).

mailto:https://arxiv.org/abs/2204.01625


Precision Pb Neutron Skin Measurement at RHIC
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Precision measurement of CDE𝐴𝑢 and FGH𝑈
mass radii via interference effect in diffractive 
photonuclear production 
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Spin Interference effect causes apparent 
increase of nuclear size. For 20 years, extracted 
radius appeared ~1 fm too large 

• Direct measurement of the radius (R) and skin 
depth (a) with small uncertainty

• First technique for measuring neutron skin at 
high-energy!

JDB, STAR Collaboration, https://arxiv.org/abs/2204.01625



Discovery of Novel Quantum Entanglement 
Enabled Spin Interference
• Final-state Interference between distinguishable particles
• Resolves a ~20-year puzzle in diffractive photonuclear measurements
• Calibrated source of linearly polarized photons provides a precision probe 
of gluon distribution within heavy nuclei

• For the first time: we can measure neutron skin at high-energy!
September 22, 2022 Daniel Brandenburg 26

J. Cotler, F. Wilczek, and V. Borish, Annals of Physics 424, 168346 (2021).



Quantum Entanglement and Gluon Tomography
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FIG. 2: The asymmetry is plotted as the function of q? for
RHIC energy

p
S = 200GeV. The rapidities y1, y2 of produced

pions are integrated over the region [�1, 1] and Q is integrated
over the region [0.6GeV , 1GeV ]. The contributions from the
final state soft photon radiation and elliptic gluon distribution
to the asymmetry are shown separately.
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FIG. 3: The asymmetry in photon production of di-pion in
eA collisions at EIC is plotted as the function of q? for the
center of mass energy

p
S = 100GeV. The rapidities y1, y2

of produced pions are integrated over the region [2, 3] and
the invariant mass of di-pion Q is integrated over the re-
gion [0.6GeV , 1GeV ]. Transverse momentum carried by the
quasi-real photon emitted from electron beam is required to
be smaller than 0.1GeV.
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FIG. 1: cos 4� azimuthal asymmetry results from the in-
terference between the p wave and the f wave of pion pairs
that are from the decay of ⇢0 meson in conjugate amplitude,
and are from direct production in the amplitude. The color
neutral exchange in the amplitude described by the elliptic
gluon distribution e↵ectively carries two unit orbital angular
momentum. The incident photon is linearly polarized.

calculations. First of all, the dipole-nucleus scat-
tering amplitude (the azimuthal independent part) is
parametrized in terms of dipole-nucleon scattering am-
plitude N (r?) [74–78],

N(b?, r?) ⇡ 1� [1� 2⇡BpTA(b?)N (r?)]
A (21)

where we adopt the GBW model for N (r?). We
also made the numerical estimates with a more so-
phisticated treatment for N (r?) [76–79], which leads
to the similar results. The nuclear thickness function
TA(b?) is determined with the Woods-Saxon distribu-
tion in our numerical calculation, and Bp = 4GeV �1.
For the scalar part of vector meson function, we use
“Gauss-LC” wave function also taken from Ref. [74, 75]:

⌦⇤(|r?|, z) = �z(1 � z) exp
h
� r2?

2R2
?

i
with � = 4.47,

R2
? = 21.9GeV�2. The nuclear thickness function is

estimated with the Woods-Saxon distribution, F (~k2) =R
d3rei

~k·~r C0

1+exp [(r�RWS)/d] where RWS (Au: 6.38fm) is

the radius and d (Au.:0.535fm) is the skin depth. C0 is
the normalization factor.

UPCs events measured at RHIC are triggered by de-
tecting accompanied forward neutron emissions. The im-
pact parameter dependence of the probability for emit-
ting any number of neutrons from an excited nucleus
(referred to as the “Xn” event) is described by the

function, P (b̃?) = 1 � exp
h
�P1n(b̃?)

i
with P1n(b̃?) =

5.45 ⇤ 10�5 Z3(A�Z)

A2/3b̃2?
fm2. Therefore, the “tagged” UPC

cross section is defined as,

2⇡

Z 1

2RA

b̃?db̃?P
2(b̃?)d�(b̃?, ...) (22)

With all these ingredients, we are ready to perform nu-
merical study of the cos 4� azimuthal asymmetry for
RHIC kinematics.

We first compute the azimuthal averaged cross section
and compare it with STAR data to fix the coe�cient
C ⇡ �10 which determines the relative magnitude be-
tween the direct pion pair production and that via ⇢0

decay. We then are able to compute the cos 4� asymme-
try from the elliptic gluon distribution. The QED and
the elliptic gluon distribution contributions to the asym-
metry are separately presented in Fig. 2. If we only take
into account the final state soft photon radiation e↵ect,
the theory calculation severely underestimates the ex-
perimental data. To match the STAR data [39], a rather
large value of the coe�cient E = 0.4 in the Eq. 15 which
is roughly one order of magnitude larger than the per-
turbative estimate for E [10, 17], has been used in our
numerical calculation. Since we are dealing with the deep
non-perturbative region, it is hard to tell whether such
large value for E is reasonable or not. Moreover, there is
a lot of uncertainties associated with the transition from
quark pair to di-pion. Other non-perturbative model for
describing this transition might lead to a much larger
asymmetry with the same value of E. Nevertheless, as
demonstrated in Fig. 2, it is clear that the elliptic gluon
distribution is a necessary element to account for the ob-
served asymmetry (around 10% ).

We also compute the cos 4� azimuthal asymmetry in
the process � + A ! A0 + ⇡+ + ⇡� for EIC kinematics
with the same set parameters. It is shown in Fig. 3 that
the contribution from the elliptic gluon distribution to
the asymmetry flips the sign as the result of the absence
of the double slit interference e↵ect in eA collisions. It
would be very interesting to test this predication at the
future EIC. In view of the recent findings [23, 24], this
might be the only clean observable to probe the gluon
Wigner function at EIC, because it is free from the con-
tamination due to the final state soft gluon radiation ef-
fect.

Conclusion. We studied cos 4� azimuthal asymmetry
in exclusive di-pion production near ⇢0 resonance peak in
UPCs. Both the final state soft photon radiation e↵ect
and the elliptic gluon distribution can give rise to such a
asymmetry. It is shown that the QED e↵ect alone, which
can be cleanly computed, is not adequate to describe the
STAR data. On the other hand, with some model de-
pendent input, a better agreement with the preliminary
STAR data is reached after including the elliptic gluon
distribution contribution, though the theory calculation
still underestimates the measured asymmetry. This thus
leads us to conclude that the observed cos 4� asymmetry
might signal the very existence of the non-trivial quan-
tum correlation encoded in elliptic gluon distribution.
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Gluon tomography at RHIC and EIC

Final state asymmetries due to QED-QCD 
interference, reveals phase between 
photon and gluon fields

Clear signature of elliptic gluon distribution within nuclei.
Complimentary measurements at RHIC and EIC
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Searching for the Baryon Number
• Baryon Number is one of the most 
strictly conserved quantum numbers
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• Double ratio:  ҧ𝑝/𝑝 < 1 at lower 𝑝𝑇
• Soft baryon stopping that is stronger in 
𝛾𝐴 compared to peripheral 𝐴𝐴
• Indication of a baryon junction existing inside 

nucleon
D. Kharzeev, Physics Letters B 378, 238-246 (1996)J. D. Brandenburg et al, arXiv 2205.05685
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Low 𝑝𝑇 Baryon Enhancement in 𝛾𝐴
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Low 𝑝𝑇 Baryon Enhancement in 𝛾𝐴
Baryon junction hypothesis

2

• In QCD, quarks carry color, flavor, electric charge and isospin. 
It seems reasonable to assume quarks also carry baryon number. 
But this assumption is not dictated by QCD.

• Theory proposed that baryon number (B) could be carried by a 
non-perturbative Y-shaped topology, called the baryon junction, 
while charges (Q) are carried by quarks.

D. Kharzeev, Phys. Lett. B 378, 238–246 (1996)

https://en.wikipedia.org/wiki/Quark

Yang Li STAR collaboration meeting
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• Double ratio:  ҧ𝑝/𝑝 < 1 at lower 𝑝𝑇
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𝛾𝐴 compared to peripheral 𝐴𝐴

• Ratio is smaller at higher rapidity (𝐴-
going side)
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Discoveries at STAR with Polarized Photons
1. Observation of the Breit-Wheeler process

• Vacuum Birefringence effects provide precision 
calibration of photon wavefunction

• Image nuclear charge distribution & experimentally 
constrain initial EM fields of e.g. Isobar collisions

2. Discovery of Spin Interference Enabled 
Nuclear Tomography
• Precision neutron skin measurements:
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Application: Constrain Charge Distribution

** → +"+# can be used to constrain nucleus 
charge distribution at RHIC energy
STAR data compared to EPA-QED

Low energy scattering: R=6.38 fm, d=0.535 fm
R. C. Barrett and D. F. Jackson, Nuclear Sizes and Structure (Oxford 
University Press, 1977)

200 GeV vs 54 GeV: maybe due to energy 
dependence of charge distribution

Low-energy vs RHIC (3, difference): maybe 
due to energy dependence of charge 
distribution and/or final state effect

04/07/22 Xiaofeng Wang @ QM 2022, April 4-10, 2022 11

EPA-QED: J. D. Brandenburg et al, Eur. Phys. J. A 57 (2021) 299.
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FUTURE: Baryon Number is a fundamental conserved 
quantum number

• How is it manifest / carried by nucleons?
• Baryon Junction provides potential explanation of 

increased stopping observed in 𝜸A compared to AA



Thermal Dileptons
• Thermal dileptons: direct access to system properties
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in the range of fit (0.2 ≤ Mee (GeV c–2) ≤ 0.7) and the spectrum is 
thus dominated by fBE (compare equation (1)).

The integrated excess yield in the window 0.3 ≤ Mee (GeV c–2) ≤ 0.7  
is found to be N4π

excess ¼ ð1:07 ± 0:06stat ± 0:2systÞ ´ 10$4

I
. The excess 

surpasses the conventional sources by an average factor of 5.7 ± 0.3stat 
and reaches a factor of about 12 if the 10% most central events  
are selected. This rise reflects the increasing number of ρ gene-
rations in the case of a larger fireball volume and clearly signals  
a qualitative change in the nature of radiating sources, immanent  
to heavier collision systems.

The dynamics of heavy-ion collisions at bombarding energies of 
a few gigaelectronvolts per nucleon have successfully been addressed 
by microscopic transport models34–36. However, for the descrip-
tion of dilepton emission, these calculations usually do not treat 
modifications of the ρ meson explicitly on the level of in-medium 
spectral functions. As can indeed be seen in Fig. 3, transport calcula-
tions assuming a free ρ spectral function (Hadron String Dynamics 
(HSD), SMASH)34,36 feature a clear bump around Mee = 0.7 GeV c–2, 
which is obviously not observed in the experimental data. The agree-
ment between transport model calculations and data can, however, 
be improved by assuming a strong collisional broadening of the ρ 
spectral function as demonstrated in the case of the HSD transport 
model. Furthermore, in HSD, most of the yield at the lower invariant 
masses is saturated by the contribution from an incoherent summa-
tion over Δ, NN and πN bremsstrahlung processes.

On the other hand, the excess radiation can be satisfacto-
rily described by assuming thermal emission rates folded with a  

spacetime evolution of the fireball derived from the coarse-grained 
respective transport calculations (UrQMD, SMASH)36–38 (compare 
Thermal dilepton radiation). The structureless excess yield indicates 
a strong medium modification of the ρ meson, probably induced by 
the high baryon density. This is a remarkable observation, as model 
calculations, based on the same in-medium spectral function, pre-
cisely reproduce the excess radiation measured at much higher col-
lision energies. Despite earlier concerns39 about the applicability of 
this approach at low beam energies, the calculations agree well with 
data in the region Mee > 0.3 GeV c–2 although they systematically 
overshoot the measurement for small invariant masses, an observa-
tion that needs to be further investigated.

Further evidence for the existence of thermal radiation is 
obtained from studying the system-size dependence of the dilep-
ton radiation. In Fig. 4 we present yields of signal pairs obtained 
in A + A collisions divided by the respective expectation from con-
ventional sources for three different collision systems according to

RAA ¼ 1
hAAA

parti
dNAA

dMee

dNNN

dMee

! ""1

ð3Þ

The excess is observable for invariant masses beyond the π0 Dalitz 
region. While for the C + C collisions the ratio is still consistent with 
unity within systematic uncertainties, the radiation is enhanced by 
an average factor of three in the case of Ar + KCl collisions. The 
strongest excess is observed for Au + Au collisions. A comparison 
of coarse-grained transport model calculations with data in the 
moderately heavy Ar + KCl collision system, 〈Apart〉 = 38.5, also 
demonstrates the limitations of using vacuum properties for the 
hadrons: agreement with data is indeed achieved only with explicit 
in-medium spectral functions36,38,40.

Our results demonstrate that, although at the beam energies con-
sidered here only about 10% of the charged particles in the final 
state are mesons (chiefly pions), we nevertheless observe a strong 
excess of dileptons. Its yield exceeds the one expected from known 
sources by factors and reveals a spectral distribution well described 
by assuming decays of in-medium ρ mesons. The data support the 
assumption of a strong broadening, which can be connected to par-
tial restoration of the dynamically broken chiral symmetry.
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Fig. 3 | Acceptance-corrected dilepton excess yield. Black squares:  
excess yield extracted by subtracting η, ω contributions as well as the  
NN reference normalized to the number of neutral pions. Red curve:  
dN/dMee!∝!(Mee)3/2!exp(−Mee/T) fit. Dashed curves: ρ (‘free’ spectral 
function) contribution from HSD34 and from SMASH36 transport model 
calculations normalized to the respective number of neutral pions. The 
meaning of the errors is as in Fig. 2. Solid green curve: incoherent sum 
of Δ!→!Ne+e−, NN and πN bremsstrahlung and ρ (collisional broadening 
scenario) contributions from HSD (multiple Δ regenerations are assumed 
in the model). The dark-blue36, blue37 and pink38 curves show the results of 
three versions of coarse-grained calculations using different concepts to 
obtain the local thermal parameters.
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Fig. 4 | Systematics of the e+e− pair yield in A!+!A collisions attributed to 
excess radiation. The ratios (RAA) depicted as symbols show the invariant-
mass yield for various collision systems A!+!A (refs. 31,32), per 〈Apart〉 of the 
respective heavy-ion centrality class, and normalized to the reference NN 
yield obtained from elementary NN collisions. Open black circles RC+C 1!A GeV,  
open black squares RC+C 2!A GeV, blue circles RAr+KCl and black squares RAu+Au. 
Statistical (s.d.) uncertainties are shown as vertical bars. The yellow 
band corresponds to the systematic uncertainties (meaning as in Fig. 2). 
Horizontal lines mark the corresponding average excess factors (see ref. 33 
for details).
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• True temperature measurement 
unmodified by flow dynamics ARTICLESNATURE PHYSICS

Here we report the first observation of dilepton emission from QCD 
matter at high net baryon density, which resembles in its properties 
the matter expected to be formed in binary neutron star mergers.

Thermal dilepton radiation
Dileptons (e+e−, or μ+μ−) emerge from the decay of virtual photons 
that directly couple to the electromagnetic current of hadrons. It 
has been argued that the spectral distribution of dileptons emitted 
during the early stage of a heavy-ion reaction at ultrarelativistic col-
lision energies should reveal the thermal properties of the medium 
due to their production in frequent annihilations of quarks and anti-
quarks5. The eightfold differential emission rate of dileptons from a 
thermalized source (emissivity) per unit volume and time d4x, and 
in a four-momentum interval d4q, is related to the spectral function 
of the electromagnetic current in the medium Πem(M, q;T, μB):

dN
d4q d4x

¼ "
α2

π3M2 f
BEðq0;TÞ ImΠemðM; q;T; μBÞ ð1Þ

Here, M ≡ Mee is the invariant mass of the lepton pair with four-
momentum q ¼ q0; qð Þ

I
, fBE(q0, T) the Bose–Einstein distribution 

characterizing the thermalized medium and α the fine-structure 
constant. In this way, the spectral function encodes the microscopic 
properties of the medium at given T and μB. The dilepton yield 
observed in an experiment is then given by the spacetime integral 
over the full evolution of the radiating fireball. The strong tempera-
ture dependence of the emissivity, nevertheless, favours emission 
from the hot and dense stage of the collision.

The electromagnetic current is well known in vacuum. Its struc-
ture suggests a decomposition into a non-perturbative low-mass 
regime saturated by hadronic resonances, with the short-lived ρ 
meson playing the dominant role (in accordance with vector meson 
dominance6), and a high-mass regime, where perturbative (par-
tonic) processes start to dominate. By selecting different regions in 
invariant mass the sensitivity of the experiment can be adjusted to 
the hadronic or partonic stage of the fireball evolution.

In the QGP the dilepton rate is chiefly determined by quark–
antiquark annihilation7. If the emitting source has hadronic 
constituents, the dominant channel producing dileptons is the 
intermediate ρ meson8,9. Thus, the direct link between the spectral 
properties of the ρ meson and dilepton emission qualifies dilep-
ton spectroscopy as ideal tool to probe the in-medium properties 
of hadrons. According to equation (1), modifications of the in-
medium ρ spectral function should be imprinted in the spectral 
distribution of the dileptons at invariant masses around the vec-
tor meson’s pole mass. It has been suggested in ref. 9 that the ρ 
mesons undergo a significant broadening in a hadronic medium, 
giving rise to abundant emission of dileptons at masses below the 
ρ pole mass10. This broadening is due to frequent interactions of 
the ρ meson with the surrounding hadrons in the medium—most 
importantly baryons.

The strong modification of the ρ might be a signal for the onset 
of chiral-symmetry restoration. The (partial) restoration of the 
dynamically broken chiral symmetry can be demonstrated by 
calculating the QCD partition function at high temperatures for 
a matter–antimatter-symmetric (μB = 0) medium11. The restora-
tion is accompanied by the melting of h!qqi

I
. This finding is consis-

tent with the conclusion of the Weinberg sum rules, which state 
that the spectral properties of the vector meson ρ and its chiral 
partner, the axial-vector meson a1, should become mass degener-
ate in the case of vanishing h!qqi

I
. Such a trend has been demon-

strated in ref. 12 on the basis of QCD and Weinberg sum rules 
and is also supported by a calculation in the functional renor-
malization group framework13. In both cases, the degeneracy is 
realized through strong broadening of the chiral partners. As a 
fundamental property this degeneracy is expected to occur also 
in baryon-rich matter, which is not directly accessible by lattice 
QCD computations.

According to equation (1), if Im Πem/M2 is approximately con-
stant, the dilepton emission rate is determined essentially by fBE and 
is ideally suited to extract the temperature of the emitting medium 
(thermometer)14,15. Since the invariant mass is a Lorentz-invariant 
quantity, this observable is not affected by the rapid expansion of 
the fireball (the spectra of real photons are Doppler shifted). Due 
to the penetrating nature of dileptons, their yield in the low-mass 
region (0.3 ≤ Mee (GeV c–2) ≤ 0.7) depends on both the volume 
V and the lifetime τ of the fireball. The volume is also accessible 
through hadronic observables; dileptons are therefore sensitive in 
particular to the lifetime of the fireball (clock). This sensitivity has 
been demonstrated by model calculations15–17. The spectral distri-
bution of the dileptons in the region around the low-mass vector 
mesons depends on the in-medium spectral function of the ρ and 
hence opens a window to the observation of chiral-symmetry resto-
ration (spectrometer).

In the following we will show that the acceptance-corrected 
excess dilepton yield, obtained for the heavy collision system 
Au + Au at a centre-of-mass energy per colliding nucleon pair of ffiffiffiffiffiffiffi
sNN

p

I
 = 2.42 GeV, is in accordance with emission from thermalized 

hadronic matter and with the assumption of a strong modification 
of hadronic states in a hot and dense medium.

Previous experiments
Significant excess radiation of dileptons in high-energy nuclear col-
lisions, beyond contributions from final-state hadron decays, has 
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Fig. 1 | The conjectured QCD phase diagram of strong-interaction matter. 
The black symbols are the experimentally deduced chemical freeze-
out points describing the final-state hadron abundances in a statistical 
hadronization model1. Stars, squares, circles and triangles depict results 
from the various implementations (related to canonical suppression of 
strangeness or the hadron spectrum). The horizontal and vertical bars are 
the s.d. due to experimental uncertainties. The expectation values of the 
chiral condensate relative to the vacuum as constrained by QCD (ref. 2)  
are depicted as blue curves. The yellow band is the crossover region3. 
The dotted–dashed purple curve shows the conjectured first-order phase 
transition, which terminates in a second-order QCD critical point (open 
purple circle). The red upright triangle displays the temperature deduced 
from the dimuon invariant-mass spectrum measured by the NA60 
Collaboration14, while the red inverted triangle is the result of the HADES 
Collaboration, reported here. The two black dashed curves indicate the 
corresponding predicted evolution of the fireball parameters43–45. The solid 
green curve marks the first-order liquid–gas phase transition in nuclear 
matter, terminating in the critical end point (green circle)46.
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• BES II datasets allow drastically 
greater precision & energy reach

• STAR is able to extract the true QGP 
temperature from IMR dileptons for 
the first time

April 07, 2022 10Zaochen Ye at QM2022 - Krakow, Poland

Clear enhancement compared to cocktail contributions in both 
low mass region (LMR) and intermediate mass region (IMR)
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Low + Intermediate Mass Thermal Dielectron

IMR: QGP thermometer

27 GeV and 54.4 GeV data are 
consistent, and higher than NA60

T is higher than Tpc (156 MeV), 
indicating that the emission is
predominantly from deconfined 
partonic phase - QGP

NA60: EPJC (2009) 59: 607–623



Thermal Dileptons at STAR ‒ BES II
• Low Mass Range (LMR)

• Extracted T is close to 𝑇.1 from 
LQCD and 𝑇'( from spectra

• Emitted from hadronic phase, near 
transition

• Intermediate Mass Range (IMR)
• Extracted T found to be higher than 𝑇!"
• Dileptons emitted during the QGP phase

First TRUE temperature 
measurement of QGP phase (blue-
shift-free)
• More measurements at lower BES II 

beam energies coming soon!
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𝐽/𝜓 ALICE data
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III. NUMERICAL ESTIMATIONS

We now introduce models/parametrizations used in our numerical calculations. Let us
first specify the dipole-nucleus scattering amplitude, which is expressed in terms of dipole-
nucleon scattering amplitude N (r?) [15, 16, 88–90],

N(b?, r?) ⇡ 1� [1� 2⇡BpTA(b?)N (r?)]
A (10)

where Bp = 4GeV �1. The dipole-nucleon scattering amplitude is parametrized as [18, 88–
91],

N (r?) =
�
1� exp

⇥
�r2?G(xg, r?)

⇤ 
(11)

Here G is proportional to the DGLAP evolved gluon distribution in the Bartels, Golec-
Biernat and Kowalski (BGBK) parametrization [91],

G(xg, r?) =
1

2⇡Bp

⇡2

2Nc
↵s

✓
µ2
0 +

C

r2?

◆
xfg

✓
xg, µ

2
0 +

C

r2?

◆
(12)

with C chosen as 4 and µ2
0 = 1.17GeV2 resulting from the fit [16] that describes the HERA

data quite well.
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FIG. 1: Azimuthal averaged cross section of coherent J/ production in unrestricted UPCs at
RHIC energy and LHC energy. The rapidity of J/ is integrated over the range [-1, 1] for RHIC
kinematics and [-0.8, 0.8] for LHC kinematics.

The nuclear thickness function TA(b?) is computed with the conventional Woods-Saxon
distribution,

F (~k2) =

Z
d3rei

~k·~r C0

1 + exp [(r �RA)/d]
(13)

where RA(Au: 6.38 fm, Pb: 6.68 fm) is the radius and d(Au: 0.535 fm, Pb: 0.546 fm) is the
skin depth, and C0 is a normalization factor. For the scalar part of the vector meson wave
function, we use the ”Gaus-LC” wave function, also taken from Ref. [15, 16].

�⇤(|r?|, z) = �z(1� z) exp


� r2?
2R2

?

�
(14)

with � = 1.23, R2
? = 6.5 GeV�2 for J/ meson.
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FIG. 2: Azimuthal averaged cross section of coherent J/ production in unrestricted UPCs at
LHC energy. The transverse momentum of J/ is integrated over the range [0, 0.2] GeV.

FIG. 3: cos 2� azimuthal asymmetry in coherent J/ production at RHIC energy and LHC
energy. The rapidity of the di-lepton pair is integrated over the range [-1, 1] at RHIC kinematics
and [-0.8,0.8] at LHC kinematics. J/ is reconstructed via the decay mode J/ ! e+e� at RHIC
and J/ ! µ+µ� at LHC, respectively.

As for the coherent photon distribution, at low transverse momentum it is commonly com-
puted with the equivalent photon approximation (also often referred to as the Weizsäcker-
Williams method) which has been widely used to compute UPC observables(see for exam-
ple [82–84]). In the equivalent photon approximation, F(x, k?) reads,

F(x, k?) =
Z
p
↵e

⇡
|k?|

F (k2
? + x2M2

p )

(k2
? + x2M2

p )
, (15)

where Mp is the proton mass. We assume that the charge distribution inside the nucleus
is also described by the Woods-Saxon form factor. In the EIC case, the incoming electron
serve as the photon source. In this case, we take both the electric charge number Z and
form factor F to be 1, and replace Mp with me in the denominator to obtain the photon
distribution for the electron.

To test the theoretical calculation, We first compute the azimuthal averaged cross section
of J/ coherent photoproduction and compare them with the experimental measurements
at RHIC and LHC for unrestricted UPC events [44, 51, 92], for which case the impact
parameter b̃? will be integrated from 2RA to 1. As shown in Fig. 1, our calculation can
describe the experimental data quite well, in terms of both the shape and the normalization
at low q? for coherent J/ production. Here we would like to stress that the perturbative tail
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Azimuthal asymmetry in coherent 𝐽/𝜓

September 22, 2022 Daniel Brandenburg 37

FIG. 2: Azimuthal averaged cross section of coherent J/ production in unrestricted UPCs at
LHC energy. The transverse momentum of J/ is integrated over the range [0, 0.2] GeV.
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FIG. 3: cos 2� azimuthal asymmetry in coherent J/ production at RHIC energy and LHC
energy. The rapidity of the di-lepton pair is integrated over the range [-1, 1] at RHIC kinematics
and [-0.8,0.8] at LHC kinematics. J/ is reconstructed via the decay mode J/ ! e+e� at RHIC
and J/ ! µ+µ� at LHC, respectively.

As for the coherent photon distribution, at low transverse momentum it is commonly com-
puted with the equivalent photon approximation (also often referred to as the Weizsäcker-
Williams method) which has been widely used to compute UPC observables(see for exam-
ple [82–84]). In the equivalent photon approximation, F(x, k?) reads,

F(x, k?) =
Z
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⇡
|k?|

F (k2
? + x2M2
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, (15)

where Mp is the proton mass. We assume that the charge distribution inside the nucleus
is also described by the Woods-Saxon form factor. In the EIC case, the incoming electron
serve as the photon source. In this case, we take both the electric charge number Z and
form factor F to be 1, and replace Mp with me in the denominator to obtain the photon
distribution for the electron.

To test the theoretical calculation, We first compute the azimuthal averaged cross section
of J/ coherent photoproduction and compare them with the experimental measurements
at RHIC and LHC for unrestricted UPC events [44, 51, 92], for which case the impact
parameter b̃? will be integrated from 2RA to 1. As shown in Fig. 1, our calculation can
describe the experimental data quite well, in terms of both the shape and the normalization
at low q? for coherent J/ production. Here we would like to stress that the perturbative tail
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Probing the Gluons within Deuteron
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• Photoproduction of 𝐽/𝜓 in d+Au UPC events5

ment of the di↵erential cross section, raw yields of each
p2T,J/ interval are determined based on the same fitting

procedure. In Fig. 2 (right), the ZDC energy depositions
in terms of Analog-to-Digital Converter (ADC) count are
shown for both Au- and deuteron-going directions. For
the deuteron-going direction, an ADC count larger than
40 is required for events associated with single neutron
emission. Note that after extracting the J/ signal, no
significant background (pedestal) has been found under
the neutron peak for the ADC count larger than 40.

The di↵erential cross section of J/ photoproduction
as a function of �t is measured in the d+Au UPCs, which
can be related to the photon-deuteron cross section based
on the following relation,

d2�(d+Au!J/ +X)

dtdy
= �T,�

d2�(�⇤+d!J/ +X)

dtdy
, (1)

where �T,� is the average transversely polarized photon
flux emitted from the Au nucleus2 with J/ rapidity
|y| < 1.0, and X represents the deuteron (coherent) or
the deuteron-dissociative (incoherent) system. There-
fore, the full di↵erential cross section in the photon-
deuteron system can be written as,

d2�(�⇤+d!J/ +X)

dtdy
=

1

�T,�

Nobs

�t⇥�y ⇥ (A⇥ ✏)⇥ ✏trig

⇥ 1

Lint ⇥BR(e+e�)
. (2)

Here �T,� = 11.78 is based on the STARlight MC gen-
erator, where the photon flux is calculated based on
the Au nucleus thickness function and the photon num-
ber density determined from the Weizsacker-Williams
method [43]. The Nobs is the raw J/ yield, Lint is the
integrated luminosity, BR(e+e�) = 5.93% is the branch-
ing ratio of J/ decaying into an electron pair, �t is
the bin width of p2T,J/ , �y = 2.0 is the rapidity range,

A⇥ ✏ is the J/ reconstruction acceptance and e�ciency
corrections, and ✏trig is the trigger e�ciency correction.
The J/ reconstruction e�ciency and trigger e�ciency
corrections are based on the STARlight MC events em-
bedded into STAR zero-bias events, where an unfold-
ing technique is employed in the correction procedure.
The default unfolding algorithm is based on the Bayesian
method from the RooUnfold software package [47].

Di↵erent sources of systematic uncertainty on the
di↵erential cross section were investigated, which were
quantitatively motivated by previous STAR publications
on VM and di-lepton measurements [19, 37, 48]. Varia-
tions of the fit functions, signal templates, yield extrac-
tion methods (bin counting vs fit parameter), and mo-
mentum resolution of tracks yield a combined systematic

2
The probability of a photon emitted by the deuteron is ⇠ 4

orders of magnitude smaller, therefore negligible in this analysis.

0 0.5 1 1.5)2 (GeV
ψT, J/

2 p≈-t 

1

10

210

310

)2
/d

td
y 

(n
b/

G
eV

 +
 X

)
ψ

 J
/

→
* +

 d
 

γ(
σd

-1 = 93 nb
int

 = 200 GeV, LNNsd+Au STAR

 + Xψ J/→* + d γ| < 1
ψJ/

|y
Total data 
n-tagged data 

Theory:
Saturation Model (CGC) 
Shadowing Model (LTA) 

0 0.5 1 1.5

)2 (GeV
ψT, J/

2 p≈-t 

0

0.5

1

1.5

D
at

a/
M

od
el

data sys. error

FIG. 3. Upper: di↵erential cross section as a function of
p2T,J/ of J/ photoproduction in UPCs at

p
sNN = 200 GeV.

Data for the total di↵ractive process are shown with solid
markers, while data with neutron tagging in the deuteron-
going ZDC are shown with open markers. Theoretical pre-
dictions based on the saturation model (CGC) [34] and the
nuclear shadowing model (LTA) [35] are compared with data,
shown as lines. Statistical uncertainty is represented by the
error bars, and the systematic uncertainty is denoted by the
shaded box. Lower: ratios of total data and models are pre-
sented as a function of �t ⇡ p2T,J/ . Color bands are sta-
tistical uncertainty based on the data only, while systematic
uncertainty is indicated by the gray box.

uncertainty of 7.3%. Track selections with more than 20
or 30 space points in TPC hits, with more than 10 or
20 space points of dE/dx determination, and less than 2
cm in a distance of closest approach with respect to the
primary vertex were investigated and found to lead to a
systematic uncertainty of 4%. Variation of the electron
identification selection creiteria yields a systematic un-
certainty of 2%. The systematic uncertainty associated
with the unfolding technique, e.g., regularization param-
eter (4 vs 10 iterations), unfolding algorithm (RooUnfold
Bayesian vs TUnfold [49]), and modified underlying truth
distributions (exponential vs flat), is found to be 3%. The
trigger e�ciency associated with the trigger simulation of
the BEMC is found to have an uncertainty of 8%. The
systematic uncertainty on the integrated luminosity de-
termined by the STAR experiment during this d+Au run

Why nucleus is nucleus instead of  a few free nucleons sitting 
together? 

Study the simplest and lightest nuclei 
•More proton-like or nuclei-like? 
•Possible to control its configurations at 
•the initial state? 
•UPC dAu collisions at RHIC can be a perfect testing ground 7
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FIG. 4. Theoretical predictions of the CGC saturation model [34] (left) and the LTA nuclear shadowing model [35] (right).
Coherent and incoherent contributions from the two models are presented separately by dashed lines.

the problem with dynamical modeling of the gluon den-
sity and its fluctuation of the target, while the nuclear
shadowing model emphasizes the importance of a shad-
owing correction from multi-nucleon interaction in nuclei
and the fluctuation of the dipole cross section. The data
are found to be in better agreement with the saturation
model for incoherent production, where the disagreement
between the two models has provided important insights
into our theoretical understanding of the nuclear breakup
processes.

Understanding these processes in a simple nuclear en-
vironment will be indispensable to further understanding
the nuclear e↵ect in heavy nuclei. The data and model
comparisons reported in this Letter place significant ex-
perimental constraints on the deuteron gluon density dis-
tributions and the deuteron breakup process. The results
reported here of J/ photoproduction will serve as an
essential experimental baseline for a high precision mea-
surement of di↵ractive J/ production at the upcoming
Electron-Ion Collider.
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Measuring 𝛾𝛾 → 𝜇!𝜇" at STAR
• Combining STAR’s Time Projection Chamber + Time-Of-Flight PID allows 
identification of very low momentum muons

• Cross-check between 𝑒3𝑒4 and 𝜇3𝜇4 demonstrate lack of photon virtuality
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Invariant mass spectrum

4/6/2022

�A significant enhancement with respect to the 
cocktail.
�𝜂, 𝜔, and 𝑐  𝑐 are the main sources of the 
cocktail.
�Consistent with the EPA-QED calculations in 
different centralities.

EPA-QED: W.M. Zha et al., 2020 Phys. Lett. B 800 135089 

Jian Zhou, QM2022 3

PID cut by TOF

Invariant mass spectrum
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�A significant enhancement with respect to the 
cocktail.
�𝜂, 𝜔, and 𝑐  𝑐 are the main sources of the 
cocktail.
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different centralities.
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PID cut by TOF

𝑝𝑇, t, and ∆𝜙 distributions  

4/6/2022

EPA-QED: W.M. Zha et al., 2020 Phys. Lett. B 800 135089 STARlight: S.R. Klein, 2018 Phys. Rev. C 97 054903 

Jian Zhou, QM2022 4

�Excesses concentrate below 𝑝𝑇 ≈ 0.1 GeV/c.
�Data in favor of EPA-QED calculation.

�The  < 𝑝𝑇2 > is consistent with the EPA-
QED calculation.

�Indication of the 4th-order azimuthal angular 
modulation of 𝜇+𝜇− pairs.
�The hint of 2nd-order azimuthal angular 
modulation.



Energy Dependence & Infrared Divergence
• RHIC beam energy scan → unique capability to study low energy behavior
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• As 𝑘' → 0 flux increases
• Only cutoff by the ⁄( ) term
• Allowed phase space for Breit-Wheeler 
processes plumets as 𝑠** → 0

• Sensitivity to details of the charge distribution
• Pair transverse momentum (at fixed 𝑏) 
increases with decreasing energy

7

boosted field is given by eq. (6) and that the interaction is only relevant for (or behaves as) photons
with real-photon states characterized by energy of ! and transverse momentum of k?, validating
the implementation of the so-called photon Wigner function (PWF) [21, 24, 35, 36]. The form
factor (field strength) in the photon flux limits the photon transverse momentum to be k? . 1/R
and in the regime of much higher k? (k? & 1/R and/or ! & �/R), significant contributions from
the ”semi-coherent” process [37] with photon scattering o↵ constituent nucleons and quarks inside
nucleus may invalidate the EPA assumption. This puts a further constraint on the available phase
space for the photons that may participate in the Breit-Wheeler process:

!/� . k? . 1/R ⌧ ! (11)

With decreasing beam energy (�) in the same kinematic acceptance, the phase space for the Breit-
Wheeler process decreases and we would expect that the photons outside this valid range (k? . !/�)
to contribute substantially to the interaction cross section at low beam energy.

V. NUMERICAL RESULTS
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FIG. 2. (color online) (a) The
p

hp2T i of e+e� pairs produced in Au + Au collisions within STAR
acceptance as a function of center-of-mass energy. Results are shown for di↵erent centrality and for nuclear
radii of 6.38 fm (solid line) and 6.9 fm (dotted line). The STAR measurements [13, 20] are also plotted for
comparison. (b) The corresponding cross section ratios for R = 6.9 fm over R = 6.38 fm.

In this paper, we focus on peripheral and ultra-peripheral collisions. In peripheral collisions,
the Breit-Wheeler process may be accompanied by hadronic interactions. According to the optical

4

and m is the mass of the lepton. In order to compute results at all impact parameters, where in
general no simple analytical form is available, the multi-dimensional integration is performed with
the VEGAS Monte Carlo integration routine [27].

The nuclear electromagnetic form factor can be obtained via the Fourier transform of the charge
distribution as

F (k2) =

Z
d3reik.r⇢A(r). (4)

In this Article, we assume that the charges in the target and projectile nuclei are distributed
according to the Woods-Saxon distribution [28] without any fluctuations or point-like structure as

⇢A(r) =
⇢0

1 + exp[(r �RWS)/d]
(5)

where the radius R (Au: 6.38 fm) and skin depth d (Au: 0.535 fm) are based on fits to low
energy electron scattering data such that all deformations are assumed to be higher order and are
ignored [29], and ⇢0 is the density at the center of nucleus. The Fourier transform of the Woods-
Saxon distribution does not have an analytic form, it was computed numerically for the following
calculations.

The EPA is used when deriving the cross section for pair production in Eq. (1). According to the
EPA, the number spectrum of photons with energy ! [17] manifest by the field of a single nucleus
is:

n(!) =
(Ze)2

⇡!
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where Z is the nuclear charge number, � is the Lorentz factor,
�!
k ? is the photon transverse mo-

mentum, and F

✓⇣
!

�

⌘2
+

�!
k 2

?

◆
is the nuclear electromagnetic form factor.

III. TRANSVERSE MOMENTUM DISTRIBUTION

From Eq. (6), the photon density increases dramatically as k? ! 0 and would diverge if it were
not regulated by the !/� factor. This implies that the measurements of beam energy dependence
of the l+l� pair di↵erential cross section and mean transverse momentum would be sensitive to the
infrared-divergence term as evident from those equations. Specifically, the transverse momentum
would be expected to increase with decreasing beam energy (�) for the same kinematic acceptance
of e+ and e�. Although it is commonly believed that the transverse momentum distribution of
photons is due to uncertainty principle and therefore k? / 1/RA, we could demonstrate how
to obtain photon transverse momentum in classic electromagnetism. At a given ultra-relativistic
Lorentz boost (�), the classical electric field from a charged nucleus can be expressed as

~E =
Ze

4⇡"0�2r2(1� �2 sin2 ✓)
3
2

r̂, (7)



Application: Constrain Charge Distribution

** → +"+# can be used to constrain nucleus 
charge distribution at RHIC energy
STAR data compared to EPA-QED

Low energy scattering: R=6.38 fm, d=0.535 fm
R. C. Barrett and D. F. Jackson, Nuclear Sizes and Structure (Oxford 
University Press, 1977)

200 GeV vs 54 GeV: maybe due to energy 
dependence of charge distribution

Low-energy vs RHIC (3, difference): maybe 
due to energy dependence of charge 
distribution and/or final state effect
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EPA-QED: J. D. Brandenburg et al, Eur. Phys. J. A 57 (2021) 299.
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Imaging the Nuclear Charge Distribution
• 𝛾𝛾 → 𝑙3𝑙4 can be used to image 
the nuclear charge distribution 
at high-energy

• Combined data favors a charge 
distribution slightly larger than 
low-energy scattering result at 
3𝜎

• Energy dependence 
measurements may prove 
important 
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FIG. 3. (color online) The constraints on gold nuclear charge distribution obtained by the comparison
between STAR measurement of �� ! e+e� and the lowest order QED calculation.

radius and skin depth are parameterized according to a Woods-Saxon distribution and are assumed
to be the same for both electromagnetic and strong interactions. The results show that the RHIC
measured charge radius is systematically larger than that from low-energy electron scattering at
the 2 � 3� level. Compared to Fig. 8 in Ref. [18] obtained from only the measured pT distribu-
tion in UPCs, the gray contour in Fig. 3 obtained from the measured pT and Mee distributions in
UPCs [20] shows a trend towards a slightly larger radius. In addition to adding the Mee distribution
in constraining the nuclear parameters, another di↵erence is that our current result uses the same
free parameters for both the strong-interaction radius and the charge radius used to compute the
form factors. On the other hand, the result in Fig.8 of Ref. [18] was found with only the charge
radius in the form factor as a free parameter, assuming that the strong-interaction radius of the
nucleus was unchanged.

VI. DISCUSSIONS

Figure 1 shows a logarithmic growth of cross section and Figure 2 shows a flat distribution
for

p
sNN � 100 GeV (� � 50). These are consistent with the discussion in Section IV of the

Breit-Wheeler process. For lower energy (�  50), the numeric results show that the cross section
decreases dramatically while

p
hp2

T
i increases with decreasing beam energy. This is consistent with

the substantial contributions of photon interaction from phase space with k?<

⇠!/�. Within the
kinematic acceptance, it was required that the single electron (positron) momentum to be > 200
MeV at midrapidity [13, 20]. This momentum threshold requires � � 10 to have any phase space for
the Breit-Wheeler process as defined in Equation (11). The results shown in Figure 1 and Figure 2
suggest that significant contributions to the process outside of that valid range starts at � . 50.

Conversely, at extreme high energy, there are constraints on the validity of the Breit-Wheeler
process as well. We note that in addition to the lepton pair momentum, the acoplanarity (↵) has
been used in literature [14]. The criterion can be readily defined in terms of acoplanarity since it
is straightforwardly related as

p
2k? ' ⇡

2!↵ [19, 41]. Therefore, the criterion of the Breit-Wheeler

X. Wang, JDB, L. Ruan, F. Shao, Z. Xu, C. Yang, W. 
Zha, arXiv:2207.05595 [nucl-th]
JDB, W. Zha, and Z. Xu, Eur. Phys. J. A 57, 299 
(2021) 0 2 4 6 8 10 12 14

r (fm)
0

0.2

0.4

0.6

0.8

1

×1015

|B
|(
Te
sl
a)

Nominal

± 1σ

2 σ±

= 107γAu @
z = 0 fm

b

https://arxiv.org/abs/2207.05595


Experimental Constraints on Initial EM Fields
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• Possible null CME result has 
opened questions:

• How well are the initial EM fields 
really known?

• Do event by-event fluctuations 
wash out differences?

Addition of dimuon data pending
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At very low &$ (< 0.15 GeV/c), %"%# pairs 
dominated by $$ → %"%#

Ratio is consistent with ''
'(

'
at very low &$

Initial EM field is different in -. + -. and 
01 + 01 (~3,) 

At &$ > 0.15 GeV/c, hadronic production 
contributions to %"%# pairs are similar in 
Ru + Ru and Zr + Zr

Poster by Kaifeng Shen (04/06/22 6:30-7:30)

with hadronic cocktails, significant excesses above hadronic cocktails are seen at pee
T < 0.1559
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Figure 3: Left panel: The centrality dependence of integrated excess yields at pee
T < 0.1 GeV/c

in the mass region of 0.4-2.6 GeV/c2 in Ru+Ru and Zr+Zr collisions within the STAR ac-
ceptance. Right panel: The centrality dependence of the ratios of integrated low-pT excesses
between Ru+Ru and Zr+Zr collisions. The solid line is the fitted result to data points by a
constant function.

After subtracting the hadronic cocktail, the integrated low-pT excess yields of e+e� pairs61

as a function of average number of participating nucleons
D
Npart
E

are shown in the left panel62

of Fig. 3. The integrated excesses yields in Ru+Ru collisions are systematically higher63

than those in Zr+Zr collisions. The right panel of Fig. 3 is the centrality dependence of64

excess yield ratios between Ru+Ru and Zr+Zr collisions, and a constant function is utilized65

to fit the ratios. The fitted result is about 2.4� higher than unity, which hints at the initial66

electromagnetic field dependence between the two collision systems.67
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Figure 4: The pT dependence of e+e� yield
ratios between Ru+Ru and Zr+Zr collisions
in 40-80% centrality. The statistical and
systematical uncertainties are combined and
shown as the vertical bars. The green solid
line is the prediction at low-pT based on
EPA-QED [8] and the blue dash line is the
( 44

40 )4 scaling.
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Figure 5: The collision system dependence
of the integrated e+e� excess yield within the
STAR acceptance, scaled with Z4, in 70-80%
centrality. The dash line is the EPA-QED
prediction [9].
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