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Outl ine

●Introduction

Equivalent photon approximation, linearly polarized gluon/photon, 

TMD factorization…

●Azimuthal modulations in 𝛾𝛾 → 𝜋𝜋 at e⁺e⁻ colliders

1. In chiral perturbative theory

2. Data-driven method 

●  summary
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Equiva lent  photon approx imat ion (EPA)
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1. 1924, Fermi; Z.Phys. 29 (1924) 315-327
“...consider that when a charged particle passes near a point, … it is 
equivalent to the electric field at the same point if it were struck 
by light with an appropriate  continuous distribution of frequencies.”

2.  1930’s, Weizäscker and Williams (individually);
 developed to relativistic charged particles, 

 method of virtual quanta.

 EM field almost transvers, quasi-real photon

Over 100 years

Nuovo Cim. 2 (1925) 143-158，arXiv:hep-th/0205086

photon flux:

“one of Fermi’s favorite ideas and that he often used it in later life.”



L inearly  polar ized photon
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Low electron energy, Sommerfeld, 1931 relativistic energies, May, Wick, 1951



L inearly  polar ized photon

● In EPA (Equivalent photon approximation), photons induced by relativistically 

moving charged particles are linearly polarized due to their transverse momentum
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L inear ly  po lar i zed  photon/g luon,  formal ism in  the framework 
of  TMD ( transverse -moment um-dependent)  factor i zat ion

● gluon/photon TMD factorization:

● Small x (dipole) gluons/photons are highly linearly polarized  
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P. Mulders, J. Rodrigues, PRD63(2001)

A. Metz, J. Zhou, PRD84(2011)

C. Li, J. Zhou, YZ, PLB795(2019)

EPA photons induced by relativistic charged particles are linearly polarized due to transverse momentum
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P. Mulders, J. Rodrigues, PRD63(2001)

A. Metz, J. Zhou, PRD84(2011)

C. Li, J. Zhou, YZ, PLB795(2019)

Collinear factorization: 𝜎 ~ PDFs(x) ⊗ hard part
TMD factorization: 𝜎 ~ TMDs(x,kt) ⊗ hard part



Dilepton production in  Ultraper ipheral  col l is ion (UPC)  
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STAR collaboration, 

PRL127, 052302 

(2021)

C. Li, J. Zhou and YZ, PLB795, 576(2019)

C. Li, J. Zhou and YZ, PRD101, 034015(2020)

We predicted the azimuthal asymmetries in 

dilepton@UPC, later verified by STAR  



Why az imutha l  physics  is  “new ” in  e⁺e⁻ two -ph oton
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Y. Jia, J. Zhou and YZ, 

PRL.134(2025)141901

similar to 𝛾𝛾 → 𝑙+𝑙−, we can 

also study 𝛾𝛾 → 𝑀 ഥ𝑀 process, 

either in UPCs or 

at 𝑒+𝑒− colliders,  more 

complicated.

● Standard two-photon analyses:  EPA + QED collinear factorizat ion for 𝛾𝛾 → 𝑀 ഥ𝑀

● Classic observables:  invariant  mass / rapidity distributions of the meson pair

● Realistic e⁺e⁻ kinematics: mesons are nearly but  not exact ly back -to-back in the 

transverse plane → photon 𝑘⊥  should not  be neglected in the correlat ion limit 

(𝑝𝑀 ഥ𝑀 ≪ 𝑝𝑀 ),  TMD factorizat ion 

● Then linear polarization of  the photon becomes a first-class effect → azimuthal 

modulations in the lab.



measurements
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Correlation limit:



pion pair  product ion, 𝑒 + 𝑒 −  col l ider  vs.  UPC
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Theoret i ca l  setup
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Di-pion



𝛾𝛾 → 𝜋 + 𝜋 −  in  Ch ira l  perturbat ive  theor y ( χPT)  at  one  loop

● maturely studied

16

J.BIJNENS and F. CORNET, NPB296(1988)557-568



𝛾𝛾 → 𝜋 0 𝜋 0  in  χPT at  one loop

● maturely studied
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J.BIJNENS and F. CORNET, NPB296(1988)557-568



Two-loop resul t  for 𝛾𝛾 → 𝜋 + 𝜋 −  in  χPT
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J. Gasser, M.A. Ivanov, M.E. Sainio, Nucl. Phys. B745 (2006)One-loop is good enough for our calculation



𝛾𝛾 → 𝜋 + 𝜋 − at  𝑒 + 𝑒 −  col l ider,1 - loop, χPT
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Y. Jia, J. Zhou and YZ, 

PRL.134(2025)141901

● cross section with l inearly polarized photon:



χPT limitation: only valid at low-energy

To investigate a broader energy range, we use a 

data-driven approach
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partial wave expansions of the amplitudes:

isospin decomposition of the amplitudes:

Dipoin product ion at  𝑒 + 𝑒 −  col l ider,  data -driven method



Dipoin product ion at  𝑒 + 𝑒 −  col l ider,  data -driven method

● cross section in helicity amplitude form with linearly polarized photon:
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Reduce to collinear factorization after 

integrating over 𝑘1,2⊥, →
1

2
(|𝑀++

 |2 + |𝑀+−
 |2)ff

Contribute to cos 2𝜙  azim. Assym.,

induced by linearly polarized photon,

Involve the relative phase between

𝑀++
 and 𝑀+−

 

Contribute to cos 4𝜙  azim. Assym.，
 induced by linearly polarized photon

Y. Jia, J. Zhou and YZ, 

PRL.134(2025)141901



Numerica l  setup

● Center-of-mass energy: √s = 10.58 GeV (Belle 2) and 3.77 GeV (BESIII )

● Rapidity / polar-angle coverage: |y ₁|,|y₂| ≤ 0.38 (consistent with |cos θ| < 

0.6).

● Correlation cuts:  |𝑃⊥ | > 100 MeV; integrate |𝑞⊥ | from 0 to 50 MeV.
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Numerica l  results,  𝛾𝛾 → 𝜋 + 𝜋 −
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Unpolarized cross section 2<cos2ɸ> 2<cos4ɸ>

Great amount of data at Belle and BESIII.

Belle and Belle 2, 1500 fb-1, 4.5*107 𝜋+𝜋− events



Phenomenology  impact

● Directly extract the relative phase between 𝑀++
 and  𝑀+−

 

● Azimuthal asymmetries magnify signals, so we can

1. investigate the scope of χPT

2. study resonance structures
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Summary 

●  Linearly polarized quasi -real photons at e⁺e⁻ colliders open a new window 

on azimuthal modulations in exclusive meson pair production.

●  We predicts pronounced ⟨cos 2φ⟩ (up to ~40%) and ⟨cos 4φ⟩ (~6%) 

asymmetries at Belle 2 and BESIII kinematics, complementary to traditional 

collinear two-photon analyses.

● Experimental analyses are already underway at Belle I I; we eagerly 

antic ipate confrontation with data and continued collaboration to explore 

these novel observables.
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Thank you for your attention!
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Numerica l  results,  𝛾𝛾 → 𝜋 + 𝜋 −
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Numerica l  results,  𝛾𝛾 → 𝜋 0 𝜋 0
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