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Background and motivation

Ultraperipheral collisions(UPCs)
relativistically moving ions will introduce electromagnetic field.

Equivalent photon approximation(EPA)
1924, Fermi;
Weizäscker and Williams, 1930’s;

n(ω) =
4Z2αe

ω

∫
d2k⊥
(2π)2 k2

⊥

[
F(k2

⊥ + ω2/γ2)
(k2
⊥ + ω2/γ2)

]2

σWW
A1A2→A1A2X =

∫
dω1dω2nA1 (ω1)nA2 (ω2)σγγ→X(ω1, ω2)

γ − γ: dσ ∝ Z4

γ − A: dσ ∝ Z2

But! strong interaction dominant in
center collisions

UPC:
Two nuclei physically miss each other,
interact ( only ) electromagnetically

pic from Peter Steinberg’s talk, Mon
clean background
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Background and motivation

Photon TMD

photons can be formulated in the context of TMD factorization:∫
2dy−d2y⊥
xP+(2π)3 eik·y〈P|Fµ

+(0)Fν
+(y)|P〉

∣∣∣
y+=0 = δ

µν
⊥ f γ1 (x, k2

⊥) +

(
2kµ⊥kν⊥

k2
⊥

− δ
µν
⊥

)
h⊥γ1 (x, k2

⊥),

Mulders, Rodrigues, PRD63(2001)

A nucleus moves along P+, A+ dominant, Fµ
+ ∝ kµ⊥A+, Fµ

+Fν
+ ∝ kµ⊥kν⊥A+A+,

implies,

f γ1 (x, k2
⊥) = h⊥γ1 (x, k2

⊥)

coherent photons are linearly polarized

how to probe: azimuthal asymmetry see e.g., Boer, Mulders, Pisano, PRD 80 (2009) 094017
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Background and motivation

dilepton production in UPCs

Azimuthal asymmetries in γγ → e+e−

C. Li, J. Zhou and YZ, 2020

where C is a constant and A2Δϕ (A4Δϕ) is the magnitude of a
cos 2Δϕ (cos 4Δϕ) modulation. The observed magnitude
of the cos 2Δϕ and cos 4Δϕ modulations are reported in
Table I. These data were not unfolded to remove momen-
tum resolution effects, which contribute a þ1.5% and
þ3.5% correction for UPCs and 60%–80% central colli-
sions, respectively [40]. The data presented in Figs. 3 and 4
are plotted with statistical (vertical bars) and systematic
(boxes) uncertainties [40].
The measured fiducial cross section is compared with

two calculations that incorporate mutual Coulomb excita-
tion, nuclear dissociation, and the production of eþe− pairs
according to the Breit-Wheeler photon-photon fusion cross
section. The QED theory is a numerical calculation of the

differential cross sections at the lowest-order QED as
illustrated in Fig. 1. The prescription in Ref. [13] was
followed in a new implementation in Ref. [48]. The
STARLight model [43] implements a conventional EPA,
factorizes photon flux into energy and transverse momen-
tum spectra independently, and excludes the photon flux
inside nuclei. The consequential features are a lower cross
section due to the exclusion as shown in Fig. 3(a), a softer
P⊥ distribution independent of impact parameter as shown
in Fig. 3(c), and the absence of any azimuthal anisotropy.
We list the predicted total cross section within the STAR
acceptance from these calculations (Table I). A third model
calculation using generalized EPA (GEPA) is also pre-
sented. It performs a multidimensional integration of the
form factors and the Breit-Wheeler cross section over the
specific impact parameter [48]. The total measured cross
section agrees with all three calculations at the "1σ level.
The distributions presented in Figs. 3 and 4 are all, within
uncertainties, consistent with the expectation from the
Breit-Wheeler process alone. We observe a significant
(4.8σ) increase in the

ffiffiffiffiffiffiffiffiffiffi
hP2

⊥i
p

in 60%–80% central colli-
sions compared to the same quantity in UPCs. For the
60%–80% central data, the large uncertainties allow room
for some additional broadening of the P⊥ distribution.
A best fit value is found using the Breit-Wheeler distribu-
tion convoluted with a Gaussian having a width of σ ¼
14" 4ðstatÞ " 4ðsystÞ MeV (χ2=ndf ¼ 3.4=6). These data
demonstrate that the energy spectrum of the colliding
photons depends on the nucleus-nucleus impact parameter
and, therefore, on the spatial distribution of the electro-
magnetic fields. Both spectra are well described (total
production rate and differential shape) by the QED calcu-
lations which include this dependence [47,48] and invali-
date several existing models [8,9,43,48] that neglect it.
These observed features of the Breit-Wheeler process
provide experimental confirmation of fundamental QED
predictions.
In UPCs, the cos 4Δϕ modulation is observed with an

amplitude of ð16.8" 2.5Þ%. The data are in good agree-
ment with numerical lowest-order QED calculations which
predict an amplitude of 16.5%. The data are also compared
to predictions from the STARLight [43] and SUPERCHIC [8]
models. STARLight, which includes the single-photon
kinematics for the process but does not employ any
polarization-dependent effects, predicts an isotropic distri-
bution. SUPERCHIC is a model similar to STARLight,
but with the photon helicity dependence determined
by the orientation of the electromagnetic fields in the
transverse plane.
When the collisions are defined as a flux of photons from

the projectile nucleus traversing a circular magnetic field
generated by the target nucleus [49–52], the observation of
a separation in the differential angular distribution of the
produced particles relative to the initial photon polarization
and magnetic field angle is closely related to the

TABLE I. Top row: cross section within the fiducial STAR
acceptance [40] for γγ → eþe− compared with theory calcula-
tions [43,47,48] (SL stands for STARLight, SC for SUPERCHIC).
The quoted uncertainties on the measured cross section are for
statistical, systematic, and the overall scale uncertainty, respec-
tively. Lower rows: Δϕ and

ffiffiffiffiffiffiffiffiffiffi
hP2

⊥i
p

from UPCs and 60%–80%
central collisions (peripheral) with the corresponding theory
calculations [8,43,47,48] where applicable. The fits to the data
with Eq. (1) result in χ2=ndf of 19=16 and 10=17 for UPC and
60%–80% centrality, respectively. The quoted uncertainties are
statistical and systematic uncertainties added in quadrature.

Quantity Measured SL GEPA QED

σðμbÞ 261" 4" 13" 34 220 260 260

Ultraperipheral Peripheral

Measured QED SC SL Measured QED

jA4Δϕj (%) 16.8" 2.5 16.5 19 0 27" 6 34.5
jA2Δϕj (%) 2.0" 2.4 0 5 5 6" 6 0ffiffiffiffiffiffiffiffiffiffi

hP2
⊥i

p
(MeV) 38.1" 0.9 37.6 35.4 35.9 50.9" 2.5 48.5

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
 )φ∆cos 4

φ∆4
 + Aφ∆cos 2

φ∆2
( 1 + A×Fit: C σ 1 ±

 :−e+ e→γγPolarized
QED
SuperChic

Without Polarization :
STARLight

STAR   < 0.1 GeV < 0.76 GeV, Pee0.45 < M

e
φ−

ee
φ = φ∆

FIG. 4. The Δϕ ¼ ϕee − ϕe distribution from UPCs and
60%–80% central collisions for Mee > 0.45 GeV with calcula-
tions from QED [47], STARLight [43], and from the publicly
available SUPERCHIC3 code [8].

PHYSICAL REVIEW LETTERS 127, 052302 (2021)

052302-6

STAR collaboration, PRL127, 052302 (2021), arXiv:1910.12400

coherent photons are linearly polarized is verified by STAR
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Background and motivation

Motivation

The fact that the coherent photons in UPCs are highly linearly
polarized can be used as a probe to study QCD phenomenology.

Significant cos 2φ and cos 4φ asymmetries for ρ0 meson production in
UPCs have been observed by STAR collaboration.

Huge amounts of data for ρ0 at STAR and LHC.
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Azimuthal asymmetries in ρ production at RHIC and LHC

ρ production in UPC: illustration diagram

φ = pπ⊥ ∧ q⊥

q⊥: ρ0 transverse momentum

pπ⊥: π’s transverse momentum.

observable:

〈cos(nφ)〉 =

∫
dσ

dP.S. cos(nφ) dP.S.∫
dσ

dP.S.dP.S.
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Azimuthal asymmetries in ρ production at RHIC and LHC dipole model, joint b̃⊥ and q⊥ dependent amplitude

scattering amplitude

Use color dipole model to calculate the scattering amplitude
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Azimuthal asymmetries in ρ production at RHIC and LHC dipole model, joint b̃⊥ and q⊥ dependent amplitude

joint b̃⊥ and q⊥ dependent amplitude

γ from B produce a pair of quarks
(dipole), interact with the CGC gluon
in A, produce ρ0 (inside A due to
color confinement)

set the center of nucleus B as the zero point,
b̃⊥: impact parameter, the relative position of the two nuclei in the transverse plane

b⊥: the position of the produced ρ0 (λρ � RA)

γ from A produce a pair of quarks
(dipole), interact with the CGC gluon
in B, produce ρ0 (inside B due to
color confinement)
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Azimuthal asymmetries in ρ production at RHIC and LHC dipole model, joint b̃⊥ and q⊥ dependent amplitude

coherent production amplitude:

M(Y , b̃⊥) ∝
[
FB(Y , b⊥ − b̃⊥)NA(Y , b⊥) + NB(−Y , b⊥ − b̃⊥)FA(−Y , b⊥)

]
Fourier transform b⊥ → q⊥,

M(Y , b̃⊥) ∝
∫

d2k⊥d2∆⊥δ
2(q⊥ − ∆⊥ − k⊥){

FB(Y , k⊥)NA(Y ,∆⊥) e−ib̃⊥·k⊥ + FA(−Y , k⊥)NB(−Y ,∆⊥) e−ib̃⊥·∆⊥
}
,

Double slit like interference effect
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Azimuthal asymmetries in ρ production at RHIC and LHC cos 2φ asymmetry in ρ0 production

ρ0 production cross section

dσ
d2q⊥dYd2b̃⊥

= 1
(2π)4

∫
d2∆⊥d2k⊥d2k′⊥δ

2(k⊥ + ∆⊥ − q⊥)(εV∗
⊥ · k̂⊥)(εV

⊥ · k̂
′
⊥)

{ ∫
d2b⊥

× eib̃⊥ ·(k′⊥−k⊥)
[
TA(b⊥)Ain(Y ,∆⊥)A∗in(Y ,∆′⊥)F (Y , k⊥)F (Y , k′⊥) + (A↔ B)

]
+

[
eib̃⊥ ·(k′⊥−k⊥)Aco(Y ,∆⊥)A∗co(Y ,∆′⊥)F (Y , k⊥)F (Y , k′⊥)

]
+

[
eib̃⊥ ·(∆′⊥−∆⊥)Aco(−Y ,∆⊥)A∗co(−Y ,∆′⊥)F (−Y , k⊥)F (−Y , k′⊥)

]
+

[
eib̃⊥ ·(∆′⊥−k⊥) Aco(Y ,∆⊥)A∗co(−Y ,∆′⊥)F (Y , k⊥)F (−Y , k′⊥)

]
+

[
eib̃⊥ ·(k′⊥−∆⊥) Aco(−Y ,∆⊥)A∗co(Y ,∆′⊥)F (−Y , k⊥)F (Y , k′⊥)

] }
,

the interference terms ensure the perfect peak and valley structure

(εV∗
⊥ · k̂⊥)(εV

⊥ · k̂
′
⊥)→

[
(k̂⊥ · k̂′⊥) + cos(2φ)

(
2(k̂⊥ · q̂⊥)(k̂′⊥ · q̂⊥) − k̂⊥ · k̂′⊥

)]
,

the spin vectors of γ and ρ0 result in the cos 2φ asymmetry

see also W. Zha, J. D. Brandenburg, L.J. Ruan, Z.B. Tang and Z.B. Xu, 2020
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Azimuthal asymmetries in ρ production at RHIC and LHC cos 2φ asymmetry in ρ0 production

coherent ρ0 production: compare with STAR

STAR, Phys.Rev.C 96 (2017) 5, 054904

Au Skin depth Strong interaction radius
Standard value 0.54fm 6.38fm

Fitted to STAR data 0.64fm 6.9fm

H.X. Xing, C. Zhang, J. Zhou and YZ, JHEP10(2020)064
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Azimuthal asymmetries in ρ production at RHIC and LHC cos 2φ asymmetry in ρ0 production

coherent ρ0 production: compare with STAR

STAR collaboration, arXiv:2204.01625

Isaac Upsal, Wed, WG2
Model II: H.X. Xing, C. Zhang, J. Zhou and YZ, JHEP10(2020)064
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Azimuthal asymmetries in ρ production at RHIC and LHC cos 2φ asymmetry in ρ0 production

cos 2φ asymmetry: illustration diagram

〈+1| − 1〉 ∼ cos 2φ
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Azimuthal asymmetries in ρ production at RHIC and LHC cos 2φ asymmetry in ρ0 production

cos 2φ asymmetry: numerical results
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STAR  pairs vs. Models-p+pSignal B
=200 GeV

NN
sAu +Au

Model I: R=6.38 fm, a=0.535 fm

Model II: R=6.9 fm, a=0.535 fm

=200 GeV
NN
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Model I: R=6.38 fm, a=0.535 fm

Model II: R=6.9 fm, a=0.535 fm

Figure 5: (A) Radial parameter as a function of the φ angle for Au+Au and U+U with an

empirical second order modulation fit. (B) Comparison between the fully corrected Au+Au

distribution and theoretical calculations (36, 37) that include the photon’s linear polarization

and two-source interference effects.

spin alignment ([29.2± 0.4(stat .)± 0.4(syst .)]% in Au+Au and [23.8± 0.6(stat .)± 0.6(syst .)]%

in U+U) show adefinite interference effect due to the non-locality of the pion wave functions.

Through this measurement, we can also set a limit on whether or not the wave functions expe-

rience decoherence due to the decay process or other activity in their vicinity. The prediction

from Model I matches well with data while the prediction from Model II is about 20% above

the data as shown in Fig. 5B. This implies the coherence is at least 80%.

Conclusion

This measurement of photo-nuclear production in Au+Au and U+U collisions constitutes the

first utilization of the interacting photon’s transverse linear polarization recently demonstrated

by STAR in measurements of theγγ ! e+ e− process. Weobserveasignificant cos2φmodula-

tion through the⇢0 ! ⇡ + ⇡ − production channel. The observed amplitude and structure of the

cos2φ vs. PT distribution (in Au+Au and U+U collisions) is qualitatively consistent with theo-

retical calculations that include quantum interference effects due to thephoton’s transverse lin-

22

STAR 

LHC 

STAR, arXiv:2204.01625 

The linearly polarized photon and the interference effect together make the
< cos(2φ) > shape.
At pA/EIC, no interference term, the first peak absent.
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Azimuthal asymmetries in ρ production at RHIC and LHC cos 4φ asymmetry in ρ0 production

cos 4φ asymmetry: STAR experiment

Daniel Brandenburg, QM 2019
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Azimuthal asymmetries in ρ production at RHIC and LHC cos 4φ asymmetry in ρ0 production

cos 4φ asymmetry: theory

1. final state soft photon radiation

〈+3| − 1〉 ∼ cos 4φ Y. Hatta, B.W. Xiao, F. Yuan and J. Zhou,

PRL(2021) and PRD(2021)
cross section,

dσ(q⊥)
dP.S.

=

∫
d2q′⊥

dσ0(q′⊥)
dP.S.

S(q⊥ − q′⊥)

soft factor at leading order:

S(l⊥)=δ(l⊥)+
αe

π2l2⊥

{
c0 + 2c2 cos 2φ +2c4 cos 4φ + ...

}
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Azimuthal asymmetries in ρ production at RHIC and LHC cos 4φ asymmetry in ρ0 production

2. elliptic gluon Wigner distribution

elliptic Wigner gluon

〈+3| − 1〉 ∼ cos 4φ

dipole amplitude,

N(b⊥, r⊥) ≈ 1 − exp
[
−Q2

s

(
b2
⊥

)
r2
⊥/4

]
+ E

(
b2
⊥, r

2
⊥

)
2 cos(2φb − 2φr)

Q2
s

(
b2
⊥

)
r2
⊥

4
e−

Q2
s
(
b2
⊥

)
r2
⊥

4

Y. Hatta, B.-W. Xiao, and F. Yuan, PRL (2016).

cross section,

dσI

dP.S.
=

ζ(1− ζ)MρΓρ |P⊥ |fρππ
2(2π)7((Q2−M2

ρ)2 +M2
ρΓ2

ρ)

∫
d2∆⊥d2k⊥d2k′⊥δ

2(k⊥ + ∆⊥ − q⊥) cos(3φP − φk − 2φ∆) cos(φP − φk′ ){
eib̃⊥·(k′⊥−k⊥)A∗(x2,∆

′
⊥)E(x2,∆⊥)F (x1, k⊥)F (x1, k′⊥)eib̃⊥·(∆′⊥−∆⊥)A∗(x1,∆

′
⊥)E(x1,∆⊥)F (x2, k⊥)F (x2, k′⊥)

+eib̃⊥·(∆′⊥−k⊥)A∗(x2,∆
′
⊥)E(x1,∆⊥)F (x1, k⊥)F (x2, k′⊥)eib̃⊥·(k′⊥−∆′⊥)A∗(x1,∆

′
⊥)E(x2,∆⊥)F (x2, k⊥)F (x1, k′⊥)

}
+c.c.

for OAM & Wigner distribution study see also Shohini’s talk Wed
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Azimuthal asymmetries in ρ production at RHIC and LHC cos 4φ asymmetry in ρ0 production

cos 4φ asymmetry: numerical results
STAR

Daniel Brandenburg, QM 2019

QED alone is not adequate to
describe the STAR data, elliptic gluon
Wigner distribution also contribute to
cos(4φ) asymmetry

at EIC, contribution from the elliptic
gluon distribution flip sign due to the
absence of the double-slit interference

Y. Hagiwara, C. Zhang, J. Zhou, YZ, PRD104, 094021 (2021)

EIC
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Summary

Summary

The coherent photons in UPCs are highly linearly polarized can be
used as a probe to study QCD phenomenology.

Diffractive ρ production in UPCs induce cos 2φ asymmetry, shape like
Young’s double slit experiment, consistent with STAR experiment.

QED effect alone severely underestimates the observed cos 4φ
asymmetry, might signal the very existence of the nontrivial quantum
correlation encoded in elliptic gluon distribution.

Thanks!
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