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NO free quark in nature!
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Confinement ⟹ Deconfinement

Pressure Heat Quark Gluon 

Plasma

๏ Deconfinement

๏ Thermalization

OR
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๏ Equivalent Photon Approximation

• Proposed in 1924 by Fermi

• Photon Flux ∝ Z2

๏ Photon kinematics
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Photon-photon 
interactions

๏ QED

๏ Axion search

Photon-nuclear 
interactions

๏ Little “EIC”

Photon-nuclear 
interactions

๏ Little “EIC”STAR, PRC 70 (2004) 031902; PRL 121 (2018) 132301;  
PRL 127 (2021) 052302 
ATLAS, Nat. Phys. 13 (2017) 852; PRL 121 (2018) 212301; 
PRL 123 (2019) 052001; PRC 104 (2021) 024906  
CMS, PRL 127 (2021) 122001 
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Breit & Wheeler, Phys. Rev. 46 (1934) 1087

๏ Breit-Wheeler process: converting real photon into 

• Proposed in 1934

e+e−

Nature Photon 8 (2014) 496

 in UPC ⟹ almost realQ2 < (ℏ/RA)2
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๏ Exclusive production of  pairl+l−

๏ Smooth mass spectrum
๏ Concentrated at low pT


• Back to back in transverse plane

๏ Individual  preferentially 
aligned along beam axis

• Highly virtual photon interactions 

should have an isotropic distribution

• 𝜃’: angle between  and beam axis 

in pair rest frame

l+/l−

l+

STAR, PRL 127 (2021) 052302 
Zha et al., PLB 800 (2020) 135089   
Klein et al., CPC 212 (2017) 258
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Concentrated at low pT
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Unexpectedly observed  in hadronic collisions  γγ → l+l−

STAR, PRL 121 (2018) 132301
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๏ Back-to-back correlation becomes weaker towards 
central collisions

STAR, PRL 121 (2018) 132301 ATLAS, PRL 121 (2018) 212301
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Puzzle of the physics origin
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Final-state effect?
STAR, PRL 121 (2018) 132301 
ATLAS, PRL 121 (2018) 212301

Initial-state effect?
Zha et al., PLB 800 (2020) 135089

๏ Described by lowest-order QED 
without medium effect 
• b dependence of initial photon pT
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Experimentally explore the puzzle
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Control b in UPC

15

Nuclei may exchange soft photon(s) ⟹ nuclear dissociation

Two nuclei breakup

๏ Zero Degree Calorimeter

• |𝜂| > 8.3

• ~140 m from IP

Klein and Steinberg, Ann. Rev. Nucl. Part. Sci. 70 (2020) 323  

bXnXn < b0nXn < b0n0n
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Decouple 𝜶 spectrum with 
empirical function

CMS, PRL 127 (2021) 122001 
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𝜶 spectrum vs. neutron multiplicity
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๏ 0n0n (fewer neutrons) ⟹ XnXn (more neutrons) 
• Tail contribution becomes larger

CMS, PRL 127 (2021) 122001 
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⟨𝜶core⟩ vs. neutron multiplicity
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๏ Strong neutron multiplicity dependence of ⟨𝛼core⟩ 

• b dependence of initial photon pT

CMS, PRL 127 (2021) 122001 

Klein et al., Comput. Phys. Commun. 
212 (2017) 258 
Klein et al., PRL 122 (2019) 132301 
Brandenburg et al., arXiv:2006.07365



Shuai Yang

0n0n 0n1n 0nXn 1n1n 1nXn XnXn
1

1.1

1.2

1.3

1.4

1.5

1.6
3−10×

〉
co

re
α〈

STARlight

)-1PbPb 5.02 TeV (1.5 nb

CMS

| < 2.4
µµ

|y
| < 2.4µη > 3.5 GeV, |µ

T
p

 < 60 GeVµµ8 < m

⟨𝜶core⟩ vs. neutron multiplicity

18

๏ Strong neutron multiplicity dependence of ⟨𝛼core⟩ 

• b dependence of initial photon pT
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๏ Qualitatively described by a leading order QED model

• Systematically lower than data could be caused by lacking 

HO corrections
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๏ The b dependence of photon 
pT should be considered to 
explore QGP EM properties

• RHIC run 2023-2025

• LHC run3 & 4

๏ ⟨pT⟩ or ⟨𝜶⟩ w.r.t. event plane

• In plane > out of plane ⟹ Magnetic 

field

• In plane < out of plane ⟹ Multiple 

scattering
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๏ First observation of b dependence 
of photon pT 

• Controllable reference for probing 

QGP EM effects

๏ Quantitatively study QGP EM properties at RHIC and LHC 
in next few years
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Vacuum birefringence
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Requires extremely strong  ⃗B

Discovered on Nov. 2, 2016

Mon. Notices Royal Astron. Soc., 465 (2017) 492

https://arxiv.org/abs/1610.08323
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๏ Photon polarization direction ( ) 
is parallel to 


๏ Recently realized,  
lead a  modulation in 
polarized 

•

⃗ξ
⃗E

Δσ = σ∥ − σ⊥ ≠ 0
cos(4Δϕ)

γγ → l+l−

cos(2Δϕ) ∝ m2
l /p2

T,l

  is ~1015T at RHIC⃗B
C. Li et al., Phys. Lett. B 795, 576 (2019) 
Brandenburg et al., EPJA 57 (2021) 299



Shuai Yang

Vacuum birefringence in lab

24

๏ First earth-based observation (6.7𝜎 level) of vacuum 
birefringence  
• Experimental evidence of linearly polarized photons

STAR, PRL 127 (2021) 052302
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๏ Straight cuts to disentangle neutrons 
• 0n0n, 0n1n, 0nXn, 1n1n, 1nXn, XnXn (X≥2) 

Fewer neutrons
More neutrons

CMS, PRL 127 (2021) 122001 
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๏ 0n0n (fewer neutrons) ⟹ XnXn (more neutrons) 
• 𝜶 spectrum becomes broader
• Seems has depletion in the very small 𝜶

CMS, PRL 127 (2021) 122001 


