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

Equivalent photon approximation(EPA)
1924, Fermi;
Weizäscker and Williams, 1930’s;
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Woods-Saxon form factor,

F(⃗k2) =
∫

d3rei⃗k·⃗r ρ0

1 + exp [(r − RWS)/d]

But! strong interaction dominant in
center collisions

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

! > #$ + #&

clean background

see also Farid Salazar and Valery Pozdnyakov’s talk
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gluon/photon TMD

gluon/photon TMD factorization:
∫

2dy−d2y⊥
xP+(2π)3 eik·y⟨P|Fµ

+(0)Fν
+(y)|P⟩

∣∣∣
y+=0

= δ
µν
⊥ f1(x, k2

⊥) +
(

2kµ⊥kν⊥
k2
⊥
− δµν⊥

)
h⊥1 (x, k2

⊥),

Mulders, Rodrigues, PRD63(2001)

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

f1(x, k2
⊥) = h⊥1 (x, k2

⊥)

small-x photons/gluons are linearly polarized

A. Metz and J. Zhou, 2011, C. Li, J. Zhou and YZ, 2019

EM field in k⊥ space,
beam view

ϵ⊥ // k⊥
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Linearly polarized photon verified by STAR collaboration

Azimuthal asymmetries in γγ → e+e−
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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
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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)
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UPC: an ideal platform to “see” nucleus

linearly polarized photon

high luminosity

clean background

...

Wigner Distributions

Satvir Kaur and Harleen Dahiya (NITJ) Wigner distributions of kaon June 02-07, 2019 12 / 40

How? photo-nuclear diffractive production of vector mesons, di-jets...
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ρ0 production at RHIC STAR

H.X. Xing, C. Zhang, J. Zhou and YZ, JHEP10(2020)064

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

Daniel Brandenburg, QM 2019
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ρ0 production at RHIC STAR

STAR collaboration, Sci.Adv. 9, eabq3903 (2023)

Model II: H.X. Xing, C. Zhang, J. Zhou and YZ, JHEP10(2020)064
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Polarisation dependent diffractive J/ψ production in AA
and eA collisions

The mass is appropriate
▶ mc is heavy enough: perturbative calculation reliable
▶ mc is not too heavy: prevents access to the saturation regime

Large cross section, and easy to be identified experimentally

Experimental interest in UPC process at RHIC and LHC.

Interference effect in AA collisions but not in eA collisions, azimuthal
azymmetries different shape.

Sensitive to nuclear geometry, provide a complementary way to
extract transverse spatial gluon distribution.

Yajin Zhou (SDU) J/ψ production in UPCs SPIN 2023 8 / 20



Key ingredients

Color dipole model

Gluon distribution

Linearly polarized photon

Joint impact parameter and transverse momentum dependent cross
section

Interference effect

Soft photon radiation
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vector meson production in UPCs, color dipole model

γ

J/ψ

l+

l−

A

A
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l+

l−

A

A

ϵ
γ
⊥ → ϵV

⊥ , unique observables :

⟨cos(nϕ)⟩ =
∫

dσ
dP.S. cos(nϕ) dP.S.

∫
dσ

dP.S.dP.S.

where ϕ = q⊥ ∧ pl
⊥

A(�?) = i
Z

d2b?ei�?·b?
Z

d2r?
4⇡

Z 1

0
dz  �!qq̄(r?, z, ✏

�
?)N(r?, b?) V!qq̄⇤(r?, z, ✏V

?),

Till Tantau Example Presentation Created with the Beamer Package September 13, 2023 3 / 3

For polarization averaged calculation, see: M. G. Ryskin, 93; S. J. Brodsky, L. Frankfurt, J. F. Gunion, A. H. Mueller and M. Strikman, 94

dipole amplitude calculation:

N(b⊥, r⊥) = 1 − e−2πBpATA(b⊥)N(r⊥)

N(r⊥) = 1 − exp
[
−r2
⊥G(xg, r⊥)

]
: dipole-nucleon scattering amplitude

G(xg, r⊥) = 1
2πBp

π2

2Nc
αs

(
µ2

0 +
C
r2⊥

)
xfg

(
xg, µ

2
0 +

C
r2⊥

)
: gluon distribution (BGBK model)
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joint b̃⊥ and q⊥ dependent picture

!"#

A

B

A

"#

B

A

"#

B

=

side view beam view beam view

γ

J/ψ

l+

l−

A

A

A,B take turns to be
the source of color
dipole

b̃⊥: impact parameter
b⊥: the position of the
produced V (λJ/ψ ≪ RA)

b⊥ ↔ q⊥

Coherent cs: summing up amplitudes→ squaring it
(the nucleus who induced γ is not destroyed, E comes from the superposition of all the electric charge

of the nuclei in the nucleus.)

Incoherent cs: squaring the amplitude→ summing up
(the nucleus who induced γ is destroyed)

coherent dominant at low k⊥ (≤∼ 1
RA
,∼ 30 MeV for Au and Pb)
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interference effect

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∆⊥δ2(q⊥ − ∆⊥ − k⊥)
{
FB(Y , k⊥)NA(Y ,∆⊥) e−ib̃⊥·k⊥ + FA(−Y , k⊥)NB(−Y ,∆⊥) e−ib̃⊥·∆⊥

}
,

Double slit like interference effect

classical:
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Fermi-scale double-slit interference

 Y.-G. Ma 

1 3

   16  Page 2 of 3

precise measurement of the !0 → "+ + "− photoproduction 
process, providing observations of an azimuthal cos 2! 
modulation effect caused by the !0 spin alignment. It is 
worth mentioning that spin alignment is a hot and impor-
tant topic in heavy-ion community because it might shed 
light on the strength of local fluctuations in strong forces 
[11–13]. A recent measurement of STAR on a vector 
meson called ! , which was composed of a strange quark 
and its antimatter partner, revealed a surprising preference 
on its spin alignment [14].

In the measurements, because the polarization direction 
is constrained, the density of gluons can be studied two-
dimensionally instead of being measured as an average. 
In previous studies, the nuclear radii extracted through 
vector meson photoproductions were always larger than 
the expected, which remained unsolved for over 20 years. 
Using the 2D imaging technique, the issue was solved by 
removing the effects of the photon transverse momentum 

and two-source interference. Furthermore, by comparing 
the extracted nuclear radii and previous results of nuclear 
charge radii  [15] , the neutron skin depths of Au and U 
were calculated using this new 2D imaging method. This 
method has the potential to bridge the research in the cur-
rent ultrarelativistic heavy-ion collisions, which mainly 
focuses on the properties of extremely hot and dense media 
(hot QCD), and the future electron-ion collisions focusing 
on nuclear structure (cold QCD). The measurements dem-
onstrate that spin-induced OAM effects open a new way to 
quantitatively map nuclear geometry and gluon distribu-
tion in heavy ion, extending the physical applications of 
ultrarelativistic heavy-ion collisions.

Interestingly, measurements of nonzero !0 spin alignment 
in Au + Au and U + U collisions demonstrate an entirely 
new quantum interference behavior between dissimilar parti-
cles. By simply selecting the momentum direction along and 
perpendicular to the photon motion, as shown in Fig. 1, an 
interference image can be observed in the momentum phase, 
in addition to the azimuthal cos 2! modulation. These spin 
alignment effects are only observed in Au + Au and U + U 
collisions, not in p + Au collisions, where the photon emit-
ter and target nuclei (Pomeron emitter) are distinguishable. 
Considering the lifetime of !0 (approximately 1 fm) and the 
average impact parameter of the collisions (approximately 
20 fm), this quantum interference could be a good example 
of entanglement-enabled intensity interferometry ( E2I2 ) 
between nonidentical particles [16]. A recent research in the 
quantum optics field was based on the entanglement between 
lasers with different wavelengths [17], whereas what was 
measured by STAR was the entanglement between !+ and 
!− . In particle physics, the spin entanglement phenomenon 
between the double-strange baryons Ξ− and Ξ+ via e+e− 
collider was also determined, with the aim of probing the 
charge–parity symmetry and weak phases [18]. The signifi-
cance and applications of these discoveries may go beyond 
our current understandings.
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Fig. 1  (Color online) Illustration of the interference pattern in the !0 
photoproduction process !0 → "+ + "− measured in UPCs at RHIC-
STAR. The principle of the interference is similar to a double-slit 
experiment. The two collided ultrarelativistic heavy ions passed each 
other with an impact parameter larger than their diameters with-
out “breaking.” In the photoproduction process, one nucleus could 
be either the photon or the Pomeron emitters, whereas the other one 
acted vice versa. The photoproduced !0 in UPCs decays to !+ and !− 
pair before its wave functions can interact with the other one. Interfer-
ences occur between !+ and !− instead of between two !0 or between 
!+ and !− from the same mother particle. The interference effect plot-
ted in the figure is from Ref. [1]

W. Zha, L. Ruan, Z. Tang, Z. Xu, S. Yang, PRC 99, 061901 (2019)

STAR collaboration, Sci.Adv. 9, 
eabq3903 (2023)

Y.G. Ma, Nucl. Sci. Tech. 34, 16 (2023)

H.X. Xing, C. Zhang, J. Zhou and YZ, 
JHEP10(2020)064 

W. Zha, J. D. Brandenburg, L.J. Ruan
and Z.B. Tang PRD103, 033007(2021)

New type of double-slit interference 
experiment at Fermi scale

Yajin Zhou (SDU) J/ψ production in UPCs SPIN 2023 13 / 20



J/ψ production cross section

dσ
d2p1⊥d2p2⊥dy1dy2d2b̃⊥

=
C

2(2π)7

24e4e2
q

(Q2 −M2)2 +M2Γ2
|ϕ(0)|2

M

×
∫

d2∆⊥d2k⊥d2k′⊥δ
2(k⊥ + ∆⊥ − q⊥)

k̂′⊥ · k̂⊥ −
4(P⊥ · k̂⊥)(P⊥ · k̂′⊥)

M2



×
{∫

d2b⊥eib̃⊥ ·(k′⊥−k⊥)
[
TA(b⊥)Ain(x2,∆⊥)A∗in(x2,∆

′
⊥)F (x1, k⊥)F (x1, k′⊥)+(A↔B)

]

+
[
eib̃⊥ ·(k′⊥−k⊥)Aco(x2,∆⊥)A∗co(x2,∆

′
⊥)F (x1, k⊥)F (x1, k′⊥)

]

+
[
eib̃⊥ ·(∆′⊥−∆⊥)Aco(x1,∆⊥)A∗co(x1,∆

′
⊥)F (x2, k⊥)F (x2, k′⊥)

]

+

[
eib̃⊥ ·(∆′⊥−k⊥) Aco(x2,∆⊥)A∗co(x1,∆

′
⊥)F (x1, k⊥)F (x2, k′⊥)

]

+

[
eib̃⊥ ·(k′⊥−∆⊥) Aco(x1,∆⊥)A∗co(x2,∆

′
⊥)F (x2, k⊥)F (x1, k′⊥)

]}

the interference terms ensure the perfect peak and valley structure

the spin correlation between γ and J/ψ result in the azimuthal asymmetry
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ρ0 production at RHIC STAR

H.X. Xing, C. Zhang, J. Zhou and YZ, JHEP10(2020)064

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

Daniel Brandenburg, QM 2019
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soft photon radiation

At relatively high q⊥ , final state soft photon radiation dominant.
(∼> 100 MeV)

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 + ...

} Y. Hatta, B.W. Xiao, F. Yuan and J. Zhou,

PRL(2021) and PRD(2021)

Sud1−loop(r⊥) =
αe

π
ln

Q2

m2 ln
P2
⊥
µ2

r
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cartoon illustrations of the azimuthal asymmetries in
vector boson production in UPCs
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for azimuthal asymmetries in ρ0

production see:
H.X. Xing, C. Zhang, J. Zhou and YZ, JHEP10(2020)064,

Y. Hagiwara, C. Zhang, J. Zhou and YZ, PRD103, 074013

(2021) and PRD104, 094021 (2021)
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Numberical results: J/ψ cross section

coherent J/ψ with soft photon
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Numberical results: J/ψ cos 2ϕ asymmetry

coherent J/ψ with soft photon
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The < cos(2ϕ) > shape come from:

linearly polarized photon

interference effect

soft photon effect

At pA/EIC, no interference term, the
first peak absent.
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Summary

Linearly polarized coherent photons in UPCs can be used to study
nuclear structure, while double-slit like interference effect and final
state photon radiation also play important roles in UPC physics.

For J/ψ exclusive production:
▶ cross section estimations consistent with LHC measurements;
▶ large cos 2ϕ asymmetries are predicted in UPCs at RHIC and LHC, and

at EIC.

May provide a method to extract spatial gluon distribution.

Due to the interference effect, the shape of the azimuthal asymmetry
curves are different at AA and eA/pA collisions, which is interesting to
be tested in the future.

Thanks!
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