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uBreit-Wheeler process: converting real photon into e!𝑒"

Breit & Wheeler, Phys. Rev. 46 (1934) 1087 
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The Breit-Wheeler Process : 𝜸𝜸 → 𝒆!𝒆"
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Breit-Wheeler Process, Why So Elusive ?
uAlready in 1934 Breit and Wheeler knew it was hard, maybe impossible?
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uAlready in 1934 Breit and Wheeler knew it was hard, maybe impossible?

uOr maybe not impossible?

E. J. Williams, Phys. Rev. 45, 729(1934)
K. F. Weizsacker, Z. Physik, 612 (1934)

Breit-Wheeler Process, Why So Elusive ?



u Highly Lorentz-contracted charged nuclei produce 

electromagnetic fields (EM)

u Equivalent Photon Approximation (EPA): EM fields → a 

flux of quasi-real photons
Weizsäcker, C. F. v. Zeitschrift für Physik 88 (1934): 612 

u High photon density from highly charged nuclei (∝ 𝑍#)

u Virtuality 𝑄# ≲ ⁄ℏ 𝑅$ # in UPCs ⟹ almost real

Ann.Rev.Nucl.Part.Sci. 55 (2005) 271-310 

uVirtuality cancels at low photon transverse momentum

Vidovic, M. and Greiner, M. and Best, C. Phys.Rev.C 47 (1993) 2308-2319
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Ultra-Peripheral Heavy Ion Collisions (UPCs)
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Breit-Wheeler Process in UPCs

u Exclusive production of 𝑙!𝑙" pair
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u Exclusive production of 𝑙!𝑙" pair

u Smooth invariant mass spectra

Breit-Wheeler Process in UPCs
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u Exclusive production of 𝑙!𝑙" pair

u Smooth invariant mass spectra

u Concentrated at low 𝑝%
p Back to back in transverse plane

Breit-Wheeler Process in UPCs
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STARLight: Comput. Phys. Commun. 212 (2017) 258 u Exclusive production of 𝑙!𝑙" pair

u Smooth invariant mass spectra

u Concentrated at low 𝑝%
p Back to back in transverse plane

u Individual ⁄𝑙! 𝑙" preferentially aligned along 

beam direction
S. Brodsky, T. Kinoshita and H. Terazawa, Phys. Rev. D4, 1532 (1971)

p Highly virtual photon interactions should have an 

isotropic distribution

p 𝜃!: angle between 𝑙" and beam axis in pair rest frame

Breit-Wheeler Process in UPCs
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FIG. 3. The fully corrected di↵erential cross sections for exclusively produced e+e� pairs with respect to (a) the invariant mass
Mee (and predicted vector-meson background from photoproduction [35]), (b) the polar angle distribution | cos ✓0|, and (c) the
pair transverse momentum P?.

Quantity Measured SL gEPA QED

� (µb) 261±4±13±34 220 260 260

Ultra-Peripheral Peripheral

Measured QED SC SL Measured QED

|A4��| (%) 16.8± 2.5 16.5 19 0 27± 6 34.5

|A2��| (%) 2.0± 2.4 0 5 5 6± 6 0
p

hP 2
?i (MeV) 38.1± 0.9 37.6 35.4 35.9 50.9± 2.5 48.5

TABLE I. Top row: cross section within the fiducial STAR
acceptance [41] for �� ! e+e� compared with theory cal-
culations [35, 44, 45] (SL stands for STARLight, SC for Su-
perChic). The quoted uncertainties on the measured cross
section are for statistical, systematic and the overall scale un-
certainty, respectively. Lower rows: �� and

p
hP 2

?i from
UPCs and 60 � 80% central collisions (peripheral) with the
corresponding theory calculations [8, 35, 44, 45] where ap-
plicable. The fits to the data with Eq. (1) result in �2/ndf
of 19/16 and 10/17 for UPC and 60� 80% centrality, respec-
tively. The quoted uncertainties are statistical and systematic
uncertainties added in quadrature.

This is a consequence of the quantum numbers of the
two photons involved in the Breit-Wheeler process [47]
where helicity state Jz = 0 is absent for real photons but
necessary for exclusive single vector-meson production.
Fits to the Breit-Wheeler shape plus the vector meson’s
mass spectral line shape show the absence of all light
vector mesons and result in the following limits to the
measured e+e� cross section: ⇢ at (�0.4 ± 1.2)%, ! at
(�0.5±0.3)% and � at (0.2±0.2)%. Potential background
contribution from exclusive photo-nuclear production of
vector mesons [48] with the decay branch ⇢0(�) ! e+e�

is simulated in STARLight and shown as purple lines in
Fig. 3(a). The STARLight model is also used to pre-
dict the background from double vector meson produc-
tion (e.g. �� ! ⇢0⇢0) where one vector meson decays
to an e+e� pair. The cross section for such a process
is several orders of magnitude lower than the exclusive
photoproduction of a single ⇢0 [48]. In addition, such a
process of semi-inclusive ⇢0 production results in a broad

⇢0 transverse momentum distribution and is estimated to
be less than 10�5 times the already negligible background
contribution from photo-nuclear production of ⇢0.
Figure 3(b) shows the | cos ✓0| distribution, in which ✓0

is the polar angle of the e+ momentum vector with re-
spect to the beam, measured in the e+e� center-of-mass
frame. The main structure, the fall-o↵ of | cos ✓0|, is the
result of the gross detector acceptance that limits detec-
tion of particles to 45� <⇠ ✓ <⇠ 135�. However, the Breit-
Wheeler process exhibits an enhancement toward small
polar angle, measurably di↵erent from that of isotropic
e+e� emission. The contribution from isotropic e+e�

emission is determined via a template fit and found to
be consistent with zero [(1 ± 2)% of the measured cross
section].

In Fig. 3(c), we show the di↵erential cross section as a
function of the pair transverse momentum (P?) in UPCs
compared with the same distribution in 60�80% central
collisions to demonstrate the sensitivity of the process
to the initial geometry of the colliding electromagnetic
fields. The data show a clear peak in the production rate
at very low P?. The shapes of the spectra are quantified
by the spread in the transverse momentum plane (viap
hP 2

?i) calculated from the data where available plus
an exponential fit to estimate the additional contribution
above the measured range [43] (see Table I).
Finally, Fig. 4 shows the first measurement of the angu-

lar distribution �� for e+e� pairs produced in photon-
photon collisions. Distributions from both UPCs and
60� 80% central collisions are shown with fits to a func-
tion of the form:

f(��) = C(1 +A2�� cos 2��+A4�� cos 4��), (1)

where C is a constant and A2�� (A4��) is the magni-
tude of a cos 2�� (cos 4��) modulation. The observed
magnitude of the cos 2�� and cos 4�� modulations are
reported in Table I. These data were not unfolded to
remove momentum resolution e↵ects, which contribute
a +1.5% and +3.5% correction for UPCs and 60 � 80%
central collisions, respectively [41]. The data presented
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This is a consequence of the quantum numbers of the
two photons involved in the Breit-Wheeler process [47]
where helicity state Jz = 0 is absent for real photons but
necessary for exclusive single vector-meson production.
Fits to the Breit-Wheeler shape plus the vector meson’s
mass spectral line shape show the absence of all light
vector mesons and result in the following limits to the
measured e+e� cross section: ⇢ at (�0.4 ± 1.2)%, ! at
(�0.5±0.3)% and � at (0.2±0.2)%. Potential background
contribution from exclusive photo-nuclear production of
vector mesons [48] with the decay branch ⇢0(�) ! e+e�

is simulated in STARLight and shown as purple lines in
Fig. 3(a). The STARLight model is also used to pre-
dict the background from double vector meson produc-
tion (e.g. �� ! ⇢0⇢0) where one vector meson decays
to an e+e� pair. The cross section for such a process
is several orders of magnitude lower than the exclusive
photoproduction of a single ⇢0 [48]. In addition, such a
process of semi-inclusive ⇢0 production results in a broad

⇢0 transverse momentum distribution and is estimated to
be less than 10�5 times the already negligible background
contribution from photo-nuclear production of ⇢0.
Figure 3(b) shows the | cos ✓0| distribution, in which ✓0

is the polar angle of the e+ momentum vector with re-
spect to the beam, measured in the e+e� center-of-mass
frame. The main structure, the fall-o↵ of | cos ✓0|, is the
result of the gross detector acceptance that limits detec-
tion of particles to 45� <⇠ ✓ <⇠ 135�. However, the Breit-
Wheeler process exhibits an enhancement toward small
polar angle, measurably di↵erent from that of isotropic
e+e� emission. The contribution from isotropic e+e�

emission is determined via a template fit and found to
be consistent with zero [(1 ± 2)% of the measured cross
section].

In Fig. 3(c), we show the di↵erential cross section as a
function of the pair transverse momentum (P?) in UPCs
compared with the same distribution in 60�80% central
collisions to demonstrate the sensitivity of the process
to the initial geometry of the colliding electromagnetic
fields. The data show a clear peak in the production rate
at very low P?. The shapes of the spectra are quantified
by the spread in the transverse momentum plane (viap
hP 2

?i) calculated from the data where available plus
an exponential fit to estimate the additional contribution
above the measured range [43] (see Table I).
Finally, Fig. 4 shows the first measurement of the angu-

lar distribution �� for e+e� pairs produced in photon-
photon collisions. Distributions from both UPCs and
60� 80% central collisions are shown with fits to a func-
tion of the form:

f(��) = C(1 +A2�� cos 2��+A4�� cos 4��), (1)

where C is a constant and A2�� (A4��) is the magni-
tude of a cos 2�� (cos 4��) modulation. The observed
magnitude of the cos 2�� and cos 4�� modulations are
reported in Table I. These data were not unfolded to
remove momentum resolution e↵ects, which contribute
a +1.5% and +3.5% correction for UPCs and 60 � 80%
central collisions, respectively [41]. The data presented
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Breit-Wheeler Process in UPCs



Observation of 𝛾𝛾 → 𝑒!𝑒" in HHICs at STAR
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Breit-Wheeler Process in Hadronic Heavy Ion Collisions (HHICs) 
STAR, PRL 121 (2018) 132301  
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𝒑𝑻 Broadening in HHICs 
STAR, PRL 121 (2018) 132301  
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STAR, PRL 121 (2018) 132301  ATLAS, PRL 121 (2018) 212301 

𝛼 = 1 − &!"&"

' , 𝛼 ∝ ⁄𝑝%(( 𝑀((
𝛼 = 0 𝛼 > 0

𝒑𝑻 Broadening in HHICs 
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STAR, PRL 121 (2018) 132301  ATLAS, PRL 121 (2018) 212301 

𝛼 = 1 − &!"&"

' , 𝛼 ∝ ⁄𝑝%(( 𝑀((
𝛼 = 0 𝛼 > 0

Back-to-back correlation becomes weaker towards central collisions 

𝒑𝑻 Broadening in HHICs 



Final-state effect? 

2022/09/07 Xiaofeng Wang 16

Origin of 𝒑𝑻 Broadening in HHICs 

Coulomb 
Scattering

Lorentz 
Force



Final-state effect? 
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Coulomb 
Scattering

Lorentz 
Force

ATLAS, arXiv: 2206.12594
Initial-state effect? 

uDescribed by lowest-order QED without 
medium effect 
p b dependence of initial photon 𝑝#

Origin of 𝒑𝑻 Broadening in HHICs 



Breit-Wheeler 𝛾𝛾 → 𝑒!𝑒"
pair production process

Mutual Coulomb excitation and nuclear dissociation
• Control b in UPCs

2022/09/07 Xiaofeng Wang 18

Control b in UPCs



b

uQualitatively described by a leading 
order QED model

p Initial photon 𝑝# has b dependence

p Systematically lower than data, which 
could be caused by lacking high order 
corrections 

+ -

CMS, PRL 127 (2021) 122001 
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Control b in UPCs
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Impact to Explore QGP EM Properties 

u 𝒑𝑻𝟐 decreases from semi-peripheral 

to peripheral collisions

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

p The b dependence of photon 𝑝# should be 
considered to explore QGP EM properties  
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Application: Mapping the Magnetic Field

uTotal and differential cross-sections (e.g. 
⁄𝑑𝜎 𝑑𝑃+) for 𝛾𝛾 → 𝑒!𝑒" are related to 

field strength and configuration
p Photon density is related to energy flux of 

the electromagnetic fields 𝑛 ∝ 𝑆 = $
%!
𝐸×𝐵

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

→ Extract 𝐵 (single ion) based on 
measured cross-section 



u𝜸𝜸 → 𝒍!𝒍" can be used to 
constrain nucleus charge 
distribution at RHIC energy

(STAR data compared to EPA-QED)
u200 GeV vs 54.4 GeV / low energy 

scattering: a potential indication of 
charge fluctuation and/or final-
state effect 
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Eur. Phys. J. A 57 (2021) 299
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Low energy scattering: R=6.38 fm, d=0.535 fm
Nuclear Sizes and Structure (Oxford University Press, 1977)

Application: Constrain Charge Distribution
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Optical Birefringence

Birefringent material: Different index of refraction for 
light polarized parallel (𝑛∥) vs. perpendicular (𝑛+) to 
optical axis of material
→ splitting of wave function when ∆𝑛 = 𝑛∥ − 𝑛+ ≠ 0
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Vacuum Birefringence

Vacuum birefringence: Predicted in 1936 by Heisenberg & Euler. Index of refraction for 𝛾
interaction with 𝐵 field depends on relative polarization angle i.e. ∆𝜎 = 𝜎∥ − 𝜎+ ≠ 0

Vacuum +
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Birefringence of the QED Vacuum 

Vacuum birefringence: Predicted in 1936 by Heisenberg & Euuler. Index of refraction for 𝛾
interaction with 𝐵 field depends on relative polarization angle i.e. ∆𝜎 = 𝜎∥ − 𝜎+ ≠ 0

Lorentz contraction of EM fields →Quasi-real 
photons should be linearly polarized (𝐸 ⊥ 𝐵 ⊥
𝑘)

Recently realized, ∆𝜎 = 𝜎∥ − 𝜎+ ≠ 0 leads to 
𝒄𝒐𝒔 𝒏∆𝝓 modulations in polarized 𝛾𝛾 →
𝑒!𝑒"
C. Li, J. Zhou, Y.-j. Zhou, Phys. Lett. B 795, 576 (2019)

Δ𝜙 = ∆𝜙 𝑒! + 𝑒" , 𝑒! − 𝑒"
≈ ∆𝜙 𝑒! + 𝑒" , 𝑒!

𝒆"𝒆&
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Birefringence of the QED Vacuum 
Recently realized, ∆𝜎 = 𝜎∥ − 𝜎+ ≠ 0
leads to 𝒄𝒐𝒔 𝒏∆𝝓 modulations in 
polarized 𝛾𝛾 → 𝑒!𝑒"
C. Li, J. Zhou, Y.-j. Zhou, Phys. Lett. B 795, 576 (2019)

Δ𝜙 = ∆𝜙 𝑒! + 𝑒" , 𝑒! − 𝑒"
≈ ∆𝜙 𝑒! + 𝑒" , 𝑒!
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STAR, PRL 127 (2021) 052302 

𝒆"𝒆&
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Birefringence of the QED Vacuum 
Recently realized, ∆𝜎 = 𝜎∥ − 𝜎+ ≠ 0
leads to 𝒄𝒐𝒔 𝒏∆𝝓 modulations in 
polarized 𝛾𝛾 → 𝑒!𝑒"
C. Li, J. Zhou, Y.-j. Zhou, Phys. Lett. B 795, 576 (2019)

Δ𝜙 = ∆𝜙 𝑒! + 𝑒" , 𝑒! − 𝑒"
≈ ∆𝜙 𝑒! + 𝑒" , 𝑒!

0 2
π π

0

200

400

600

800

1000

1200

1400

 / 
20

)
π

co
un

ts
  /

 ( Au+Au UPC  0.65×Au+Au 60-80% Au+Au UPC  0.65×Au+Au 60-80% 
 )φΔcos 4

φΔ4
 + AφΔcos 2

φΔ2
( 1 + A×Fit: C σ 1 ±

 :−e+ e→ γγPolarized 
QED
SuperChic

Without Polarization :
STARLight

STAR   < 0.1 GeV < 0.76 GeV, Pee0.45 < M
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→ First earth-based observation (6.7 𝜎 level) of vacuum birefringence

𝒆"𝒆&
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Birefringence of the QED Vacuum 

n 𝒄𝒐𝒔 𝟐∆𝝓 modulation is 
proportional to ⁄𝑚# 𝑝%#:
Only measurable for 𝝁"𝝁& pairs at STAR 

p 𝑐𝑜𝑠 4∆𝜙 : 3.3𝜎
p 𝒄𝒐𝒔 𝟐∆𝝓 : 2.3𝜎

Quantity Measured QED ⁄𝝌𝟐 𝒏𝒅𝒇
𝐴"∆$(%) 20 ± 8 ± 3 13

⁄32 17−𝐴%∆$(%) 35 ± 8 ± 7 22

QED: Zha et al., Phys.Lett.B 800 (2020) 135089 

𝝁"𝝁&



2022/09/07 Xiaofeng Wang 29

Summary

1. Measurements of exclusive Breit-Wheeler process
2. Experimental demonstration that the 𝑝./ spectra from 𝛾𝛾 → 𝑙0𝑙1

depends on impact parameter
3. Higher precision data needed to conclusively determine if there are 

medium effects 
4. Breit-Wheeler process in HICs provides a new tool to constrain nuclear

charge distribution
5. First earth-based observation of vacuum birefringence : Observed (6.7𝜎) 

via angular modulations in linearly polarized 𝛾𝛾 → 𝑙0𝑙1 process 
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RHIC Run 2023-2025

iTPC upgrade
STAR collaboration BUR for Run-23-25

higher statistics

lower 𝑝., 
lower systematic uncertainty

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0755
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RHIC Run 2023-2025

iTPC upgrade
STAR collaboration BUR for Run-23-25

higher statistics

lower 𝑝., 
lower systematic uncertaintyThanks for your attention !

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0755
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Vacuum Birefringence Daniel Brandenburg, QM 2019 talk

Vacuum birefringence: Predicted in 1936 by Heisenberg & Euuler. Index of refraction for 𝛾
interaction with 𝐵 field depends on relative polarization angle i.e. ∆𝜎 = 𝜎∥ − 𝜎+ ≠ 0

Lorentz contraction of EM fields →Quasi-real 
photons should be linearly polarized (𝐸 ⊥ 𝐵 ⊥
𝑘)

Recently realized, ∆𝜎 = 𝜎∥ − 𝜎+ ≠ 0 lead to 
cos n∆𝜙 modulations in polarized 𝛾𝛾 →
𝑒!𝑒"
C. Li, J. Zhou, Y.-j. Zhou, Phys. Lett. B 795, 576 (2019)

Feynman Diagram for Vacuum Birefringence 



u Exclusive production of 𝑙!𝑙" pair
u Smooth invariant mass spectra
u Concentrated at low 𝑝%

p Back to back in transverse plane
u Individual ⁄𝑙! 𝑙" preferentially aligned along 

beam direction
S. Brodsky, T. Kinoshita and H. Terazawa, Phys. Rev. D4, 1532 (1971)

p Highly virtual photon interactions should have an 
isotropic distribution

p 𝜃!: angle between 𝑙" and beam axis in pair rest frame
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Distinctive Features of Breit-Wheeler Process
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FIG. 3. The fully corrected di↵erential cross sections for exclusively produced e+e� pairs with respect to (a) the invariant mass
Mee (and predicted vector-meson background from photoproduction [35]), (b) the polar angle distribution | cos ✓0|, and (c) the
pair transverse momentum P?.

Quantity Measured SL gEPA QED

� (µb) 261±4±13±34 220 260 260

Ultra-Peripheral Peripheral

Measured QED SC SL Measured QED

|A4��| (%) 16.8± 2.5 16.5 19 0 27± 6 34.5

|A2��| (%) 2.0± 2.4 0 5 5 6± 6 0
p

hP 2
?i (MeV) 38.1± 0.9 37.6 35.4 35.9 50.9± 2.5 48.5

TABLE I. Top row: cross section within the fiducial STAR
acceptance [41] for �� ! e+e� compared with theory cal-
culations [35, 44, 45] (SL stands for STARLight, SC for Su-
perChic). The quoted uncertainties on the measured cross
section are for statistical, systematic and the overall scale un-
certainty, respectively. Lower rows: �� and

p
hP 2

?i from
UPCs and 60 � 80% central collisions (peripheral) with the
corresponding theory calculations [8, 35, 44, 45] where ap-
plicable. The fits to the data with Eq. (1) result in �2/ndf
of 19/16 and 10/17 for UPC and 60� 80% centrality, respec-
tively. The quoted uncertainties are statistical and systematic
uncertainties added in quadrature.

This is a consequence of the quantum numbers of the
two photons involved in the Breit-Wheeler process [47]
where helicity state Jz = 0 is absent for real photons but
necessary for exclusive single vector-meson production.
Fits to the Breit-Wheeler shape plus the vector meson’s
mass spectral line shape show the absence of all light
vector mesons and result in the following limits to the
measured e+e� cross section: ⇢ at (�0.4 ± 1.2)%, ! at
(�0.5±0.3)% and � at (0.2±0.2)%. Potential background
contribution from exclusive photo-nuclear production of
vector mesons [48] with the decay branch ⇢0(�) ! e+e�

is simulated in STARLight and shown as purple lines in
Fig. 3(a). The STARLight model is also used to pre-
dict the background from double vector meson produc-
tion (e.g. �� ! ⇢0⇢0) where one vector meson decays
to an e+e� pair. The cross section for such a process
is several orders of magnitude lower than the exclusive
photoproduction of a single ⇢0 [48]. In addition, such a
process of semi-inclusive ⇢0 production results in a broad

⇢0 transverse momentum distribution and is estimated to
be less than 10�5 times the already negligible background
contribution from photo-nuclear production of ⇢0.
Figure 3(b) shows the | cos ✓0| distribution, in which ✓0

is the polar angle of the e+ momentum vector with re-
spect to the beam, measured in the e+e� center-of-mass
frame. The main structure, the fall-o↵ of | cos ✓0|, is the
result of the gross detector acceptance that limits detec-
tion of particles to 45� <⇠ ✓ <⇠ 135�. However, the Breit-
Wheeler process exhibits an enhancement toward small
polar angle, measurably di↵erent from that of isotropic
e+e� emission. The contribution from isotropic e+e�

emission is determined via a template fit and found to
be consistent with zero [(1 ± 2)% of the measured cross
section].

In Fig. 3(c), we show the di↵erential cross section as a
function of the pair transverse momentum (P?) in UPCs
compared with the same distribution in 60�80% central
collisions to demonstrate the sensitivity of the process
to the initial geometry of the colliding electromagnetic
fields. The data show a clear peak in the production rate
at very low P?. The shapes of the spectra are quantified
by the spread in the transverse momentum plane (viap
hP 2

?i) calculated from the data where available plus
an exponential fit to estimate the additional contribution
above the measured range [43] (see Table I).
Finally, Fig. 4 shows the first measurement of the angu-

lar distribution �� for e+e� pairs produced in photon-
photon collisions. Distributions from both UPCs and
60� 80% central collisions are shown with fits to a func-
tion of the form:

f(��) = C(1 +A2�� cos 2��+A4�� cos 4��), (1)

where C is a constant and A2�� (A4��) is the magni-
tude of a cos 2�� (cos 4��) modulation. The observed
magnitude of the cos 2�� and cos 4�� modulations are
reported in Table I. These data were not unfolded to
remove momentum resolution e↵ects, which contribute
a +1.5% and +3.5% correction for UPCs and 60 � 80%
central collisions, respectively [41]. The data presented
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FIG. 3. The fully corrected di↵erential cross sections for exclusively produced e+e� pairs with respect to (a) the invariant mass
Mee (and predicted vector-meson background from photoproduction [35]), (b) the polar angle distribution | cos ✓0|, and (c) the
pair transverse momentum P?.

Quantity Measured SL gEPA QED

� (µb) 261±4±13±34 220 260 260

Ultra-Peripheral Peripheral

Measured QED SC SL Measured QED

|A4��| (%) 16.8± 2.5 16.5 19 0 27± 6 34.5

|A2��| (%) 2.0± 2.4 0 5 5 6± 6 0
p

hP 2
?i (MeV) 38.1± 0.9 37.6 35.4 35.9 50.9± 2.5 48.5

TABLE I. Top row: cross section within the fiducial STAR
acceptance [41] for �� ! e+e� compared with theory cal-
culations [35, 44, 45] (SL stands for STARLight, SC for Su-
perChic). The quoted uncertainties on the measured cross
section are for statistical, systematic and the overall scale un-
certainty, respectively. Lower rows: �� and

p
hP 2

?i from
UPCs and 60 � 80% central collisions (peripheral) with the
corresponding theory calculations [8, 35, 44, 45] where ap-
plicable. The fits to the data with Eq. (1) result in �2/ndf
of 19/16 and 10/17 for UPC and 60� 80% centrality, respec-
tively. The quoted uncertainties are statistical and systematic
uncertainties added in quadrature.

This is a consequence of the quantum numbers of the
two photons involved in the Breit-Wheeler process [47]
where helicity state Jz = 0 is absent for real photons but
necessary for exclusive single vector-meson production.
Fits to the Breit-Wheeler shape plus the vector meson’s
mass spectral line shape show the absence of all light
vector mesons and result in the following limits to the
measured e+e� cross section: ⇢ at (�0.4 ± 1.2)%, ! at
(�0.5±0.3)% and � at (0.2±0.2)%. Potential background
contribution from exclusive photo-nuclear production of
vector mesons [48] with the decay branch ⇢0(�) ! e+e�

is simulated in STARLight and shown as purple lines in
Fig. 3(a). The STARLight model is also used to pre-
dict the background from double vector meson produc-
tion (e.g. �� ! ⇢0⇢0) where one vector meson decays
to an e+e� pair. The cross section for such a process
is several orders of magnitude lower than the exclusive
photoproduction of a single ⇢0 [48]. In addition, such a
process of semi-inclusive ⇢0 production results in a broad

⇢0 transverse momentum distribution and is estimated to
be less than 10�5 times the already negligible background
contribution from photo-nuclear production of ⇢0.
Figure 3(b) shows the | cos ✓0| distribution, in which ✓0

is the polar angle of the e+ momentum vector with re-
spect to the beam, measured in the e+e� center-of-mass
frame. The main structure, the fall-o↵ of | cos ✓0|, is the
result of the gross detector acceptance that limits detec-
tion of particles to 45� <⇠ ✓ <⇠ 135�. However, the Breit-
Wheeler process exhibits an enhancement toward small
polar angle, measurably di↵erent from that of isotropic
e+e� emission. The contribution from isotropic e+e�

emission is determined via a template fit and found to
be consistent with zero [(1 ± 2)% of the measured cross
section].

In Fig. 3(c), we show the di↵erential cross section as a
function of the pair transverse momentum (P?) in UPCs
compared with the same distribution in 60�80% central
collisions to demonstrate the sensitivity of the process
to the initial geometry of the colliding electromagnetic
fields. The data show a clear peak in the production rate
at very low P?. The shapes of the spectra are quantified
by the spread in the transverse momentum plane (viap
hP 2

?i) calculated from the data where available plus
an exponential fit to estimate the additional contribution
above the measured range [43] (see Table I).
Finally, Fig. 4 shows the first measurement of the angu-

lar distribution �� for e+e� pairs produced in photon-
photon collisions. Distributions from both UPCs and
60� 80% central collisions are shown with fits to a func-
tion of the form:

f(��) = C(1 +A2�� cos 2��+A4�� cos 4��), (1)

where C is a constant and A2�� (A4��) is the magni-
tude of a cos 2�� (cos 4��) modulation. The observed
magnitude of the cos 2�� and cos 4�� modulations are
reported in Table I. These data were not unfolded to
remove momentum resolution e↵ects, which contribute
a +1.5% and +3.5% correction for UPCs and 60 � 80%
central collisions, respectively [41]. The data presented
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