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Linearly polarized photon in UPCs verified by STAR collaboration

Azimuthal asymmetries in γγ → e+e−
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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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Equivalent photon approximation(EPA), Ultraperipheral collisions
(UPCs)
relativistically moving ions will introduce electromagnetic field.

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

xfγ1(x, k2
⊥) =

Z2αe

π2 k2
⊥

F(k2
⊥ + x2M2

p)

(k2
⊥ + x2M2

p)

2

Woods-Saxon form factor,

F(k⃗2) =
∫

d3reik⃗·⃗r ρ0

1 + exp [(r −RWS)/d]

γ − γ: dσ ∝ Z4, e.g., 794 ≈ 4 千万
γ −A: dσ ∝ Z2

But! strong interaction dominant in center
collisions

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

! > #$ + #&

clean background
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Linearly polarized photon
relativistically moving charged particles will introduce electromagnetic field
the photons are linearly polarized due to their transverse momentum

TMD
Z e

photon

� �

��

TMD
hadron

parton

� �

��

gluon/photon TMD (transverse-momentum-dependent) 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)

f1(x, k2
⊥) = h⊥1 (x, k2

⊥) , small-x gluons/photons are highly linearly polarized.

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

—————————–
Collinear factorization: σ ∼ PDFs(x) ⊗ hard part
TMD factorization: σ ∼ TMDs(x,kT) ⊗ hard part
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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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Direct vector meson pair photoproduction in UPCs, e+e− colliders
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similar to γγ → l+l−, we can also study γγ → MM̄ process either in UPCs or at e+e−
colliders, more complicated.
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I will talk about

Topic I: diffractive vector meson (ρ0) production in UPCs

Topic II: pion pair production in e+e− collisions and UPCs
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vector meson production in UPCs

ϕ = pπ⊥ ∧ q⊥ (ρ0 and π’s transverse momentum)
observable induced by polarized photon:

⟨cos(nϕ)⟩ =
∫ dσ

dP.S. cos(nϕ) dP.S.∫ dσ
dP.S.dP.S.

A(∆⊥) = i
∫

d2b⊥ei∆⊥·b⊥
∫ d2r⊥

4π

∫ 1

0
dz Ψγ→qq̄(r⊥, z, ϵγ⊥)N(r⊥,b⊥)ΨV→qq̄∗(r⊥, z, ϵV⊥ ),

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) = 1
4 Q2

s (xg): gluon distribution (GBW model),
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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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cos(2ϕ) azimuthal asymmetry in ρ0 → ππ photoproduction,

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

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

Fermi-scale interference effect, linearly polarized photon
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The prediction for the impact parameter dependence is verified by ALICE
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ALICE data

ALICE Collaboration, talk by A. G. Riffero on UPC 2023 (Mexico)
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cos(4ϕ) azimuthal asymmetry in ρ0 → ππ photoproduction

STAR

Daniel Brandenburg, QM 2019

elliptic gluon Wigner distribution is important to describe the STAR data

Y. Hagiwara, C. Zhang, J. Zhou and YZ, PRD104, 094021 (2021)
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Pion pair production in e+e− collisions and UPCs

Motivations:

γγ → MM̄ is important

at pMM̄ ≪ pM, transverse momenta non-negligible, TMD factorization

the first attempt to study the azimuthal asymmetry in heavy composite particles

γγ → ππ is the cleanest and most important one

may shed light on Light-by-Light (LbL) scattering process mediated by the pion loop

interdisciplinary study among TMD physics & Chpt & dispersion relation
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direct pion pair production, e+e− collider vs. UPC

UPC : only low invariant mass is possible e+e− collider, not effected by ρ resonance

STAR, Phys.Rev.C96(2017)5,054904

Conclusion: to study the polarization effect of poin pair production from γγ fusion,

e+e− collider is better
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Theoretical setup:
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Some ChPT calculations for γγ → ππ

e.g.,
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Some ChPT calculations for γγ → ππ

e.g.,
600  

(nb) 

qO0 

200 

J. Bijnens, F. Cornet / Two-pion production 

i i i i 

9'7 ~ rr +'n'- 
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Fig. 6. The total cross section o(yT ~ ~r+~r -) for center of mass energies W~ from threshold to 0.7 
GeV for L~ + L~o = 1.4 × 10 -3. The dashed line is the Born cross section. 

dent. I t  is determined from the measurement of ¢r ~ e~'T (see sect. 2). The size of the 
correction is rather insensitive to the precise value of this coefficient within errors. 

In  fig. 7 we compare our result with the available data. We have not compared 
our results to the DM1, 2 results [3] because they do not show an absolutely 
normalized cross section. In fig. 7a we have plotted the differential cross section at a 
CMS scattering angle of 90 °. The near threshold enhancement we obtained is not 
sufficient to explain the PLUTO data [2]. Fig. 7b shows the cross section integrated 
over I cos 0cm s I < 0.6 and the TPC/3'3'  data [3]. They are obviously consistent with 
our result. In  this region the loop corrections are very small. 

5. Conclusion 

We have calculated the next to leading order in chiral perturbation theory 
prediction for 0(3'`/---, or% °) and 0(3"/---' ¢r+~r-). A measurement of the former 
process at low center of mass energies (below 700 MeV) provides a stringent test for 
the loop expansion within chiral lagrangians since it does not depend on any of the 
parameters  present in .o~' 4. A typical cross section of - 10 nb was obtained at about 
450 MeV slowly rising with Wry. 

A small enhancement for ' / ' / ~  ¢r+~r - was obtained near threshold, 13% at the 
peak  of the cross section for the central value of earlier determinations of the 

J.BIJNENS and F. CORNET, NPB296(1988)557-568 J. Gasser et al., NPB745(2006)84–108

Aγγ→π+π− = 2ie2
{
Cε1 · ε2 −

p1 · ε1p2 · ε2
p1 · k1

− p1 · ε2p2 · ε1
p1 · k2

}
C = 1 + 4Q2

f2π
(Lr

9 + Lr
10) − 1

16π2f2π

(
3
2 Q2 +

1
2 m2

π ln2 gπ(Q2) +m2
K ln2 gK(Q2)

)
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Dipoin production in e+e− collider, ChPT
Numerical results:
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Dipoin production in e+e− collider, data-driven method

partial wave expansions of the amplitudes:

isospin decomposition of the amplitudes:
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Dipoin production in e+e− collider, data-driven method

cross section in helicity amplitude form with linealy polarized photon:

Reduce to collinear factorization after 
integrating over !!,#$, à !

#(|#!!|# + |#%&|#)ff
Contribut, -. cos 22 azim. Assym.,
induced by linearly polarized photon,
Involve the relative phase between
#!! and #%&

Contribut, -. cos 42 azim. Assym.
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Dipoin production in e+e− collider, data-driven method
Numerical results: 可以用来直接抽取相因子
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about the light-by-light scattering in UPCs

arXiv:2410.13781
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Summary

UPC 光子是线性极化的，使之成为探索核子三维结构的优秀平台

e+e− 光子融合直接产生 dipion，由于光子的线性极化，会有非常大的 cos2phi 效应，
可以用来直接抽取相因子, 对理解 f2(1270) 这种 C even 共振态可能有用
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