
Calculation results of polarization in Pb-Pb at 𝑠NN = 2.76 TeV

Strong magnetic field in high energy nuclear collision
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𝑩 =

𝑩𝒔：Generated by spectator
𝑩𝒎𝒆𝒅𝒊𝒖𝒎：Generated by medium

Generated strong magnetic field has 2 component Electromagnetic probe

Purpose

𝑁⊥ ： #(γ∗ → 𝑙+𝑙−) perpendicular to B

𝑁∥ ：#(𝛾∗ → 𝑙+𝑙−) parallel to B

P =
𝑁⊥ − 𝑁∥
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Photon propagator

Expected Polarization at ALICE

Yet to be experimentally observed

• Virtual photons decay anisotropically into lepton pairs due to the strong magnetic field
- Contribute up to ( Τ𝑒𝐵 𝑚2)𝑛 (𝑛 → ∞) to virtual fermion pairs in one-loop 

• Prompt real/virtual photon is sensitive to strong magnetic field

- Generated in the initial stage

- Compton scattering and annihilation

- Not to interact with strong interaction

We numerically calculate virtual photon polarization as input the time evolution of 
the magnetic field with RRMHD to evaluate polarization measurability in Pb-Pb at 

𝑠NN = 5.36 TeV  

B > Bc

Calculate time evolution of  the magnetic field in Pb-Pb at 
𝒔𝐍𝐍 = 𝟐. 𝟕𝟔 TeV with Relativistic resistive Magneto-

HydroDynamics (RRMHD)
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,where

Double summation of landau level of virtual fermion pair in one-loop

➢ Set upper limit of landau level (𝑛𝑚𝑎𝑥, 𝑙𝑚𝑎𝑥) = (1000, 10000)

◆Muon detector

- Acceptance：2.45 < 𝜂 < 4.0

- 𝑝𝑇 ≈ 0.1𝑝𝛾∗

◆Yield of prompt virtual photon 

- Estimate #(prompt real photon) in Pb-Pb 

at 𝑠𝑁𝑁 = 2.76 𝑇𝑒V by pQCD

- Estimate #(promt virtual photon) by 

Kroll-Wada formula

◆For 0.5 < 𝑝𝑇 < 2 ΤGeV 𝑐 , 𝐏 ≈ 𝟎. 𝟎𝟓
① ② ③

①

②

• Maximum intensity  𝐵𝑠~1015 T @ LHC

• Possibly be longer by QGP rotation
- Observation of QGP rotation at STAR

• Predicted physics
- Nonlinear QED 

(ex. vacuum birefringence, photon splitting)

- Chiral magnetic effect
- Quark’s synchrotron radiation

• lifetime of B generated by spectator ∼ 0.1 fm/c
- HIJING + Lienard-Wiechert potential

11

in the central collisions. This is simply because the pole of Ψ1 with more matter will concurrently

have more positive charges from protons which induce the E -field pointing opposite to Ψ1.

(2) There is also a weak correlation between ψE and Ψ3.

(3) Similar to the B -field case, (eE )2-weighted correlations ⟨(eE )2 cos[n(ψE − Ψn)]⟩/ ⟨(eE )2⟩

have no visible difference from the unweighted correlations ⟨cos[n(ψE − Ψn)]⟩ indicating no cor-

relation between E -field magnitude and orientation.

F. Early-stage time evolution
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FIG. 7. The early-stage time evolution of the electromagnetic fields at r = 0 with impact parameter b = 10

for Au + Au collision at
√
s = 200 GeV and Pb + Pb collision at

√
s = 2.76 TeV. For t 10tB, Eq. (13) fit

the curve for ⟨eBy⟩ very well. After that, the remnants essentially slow down the decays of the transverse

fields and Eq. (13) does not work well any more. Figures are modified from Ref. [7].

In a high-energy heavy-ion collision, right after the collision, the produced partonic matter is

mainly consist of gluons and is in a far-from-equilibrium state. This partonic matter subsequently

evolves toward thermal equilibrium and a large number of quarks and anti-quarks are excited

during this thermalization process. Although so far we still lack a theory to quantitatively un-

derstand the thermalization problem, the phenomenological studies revealed that the time scale

of the completion of the thermalization is very short comparing to the total lifetime of the ther-

malized quark-gluon plasma (QGP). The relevant information can be found in the review articles,

Refs. [80–83]. Once the thermalization is locally achieved, the bulk evolution of the system can

be well described by hydrodynamics. One of the transport coefficients of the hydrodynamics,

namely, the electric conductivity σ has been numerically simulated by using lattice QCD recently

and it was found that σ for QGP is very large (see next subsection). A large σ makes the QGP

sensitive to the variation of the EM fields and which in turn strongly influence the time evolution

of the EM fields themselves. Thus the time evolution of the EM fields in the QGP stage need spe-

cial treatments and we leave this issue to next subsection. In this subsection we will focus on the

stage before the thermalization is achieved (we call this stage the “early stage”). The quark-gluon
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Investigating virtual photon polarization via 𝛾∗ → 𝜇𝜇 in Pb-Pb
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Virtual photon polarization
𝛾

𝛾∗

𝑙+

𝑙−

Hydrodynamics Maxwell’s formula

Ohm’s law

RRMHD is more realistic than RMHD
- electric conductivity: Infinity → Finite

relativistic column potential

Nakamura, K., Miyoshi, T., Nonaka, C. et al.
Eur. Phys. J. C83, 229 (2023).

Average of 𝐵𝑦  in the energy 

density𝜖𝑓 > 0.15 GeV ∙ 𝑓𝑚−3RRMHD

Initial value

③

Polarization increases monotonically with 𝒑𝜸∗

- At 𝑝𝛾∗ = 20 GeV/𝑐, P is around 0.07

- Polarization is expected to be larger in higher 𝑝𝛾∗ 0.2 fm/c1.0 fm/c

QGP

Calculation condition
- Virtual photon decay into dimuon parallel (perpendicular) 

to the magnetic field

- 𝑀𝛾∗ = 300 MeV

- 𝒑𝛾∗ = (0,0, 𝑝𝛾∗), 0 < 𝑝𝛾∗ < 20 ΤGeV 𝑐

- Lower limit in the momentum region 

dominated by prompt photon

It is promising that different 𝒑𝜸∗  regions 

being measured could be sensitive to 

different times.

Prospect
• Need technical improvement on the numerical calculation in

the higher photon moment
• Calculate time evolution in Pb-Pb at 𝑠NN = 5.36 TeV with RRMHD

- In  𝜏 > 1.0 fm/c, virtual thermal photons are 
expected to polarize
- 𝒑𝜸∗

T
< 4 GeV/c, thermal photon is dominant

◆When 𝑃cal = 0.05 and 𝑝𝑇 > 4 ΤGeV 𝑐, 

𝑷𝒎𝒆𝒂𝒔 ≠ 𝟎 𝒂𝒕 𝝈 = 𝟏. 𝟖 at ALICE Run3

- Combinatorial background generated by 

PYTHIA8 PbPb

• Measure virtual photon polarization with ALICE
• Need cut optimization to improve S/N

Strong-Field Physics in QED and QCD: From Fundamentals to Applications 
Koichi Hattori Kazunori Itakura and Sho Ozaki

Contribution 
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order terms 
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