TR EF 5 Btk LR

Shu Lin
Sun Yat-Sen University

[RFIZEMSEMICEE FIE, Ki%E, Augl-5, 2023




nucleus structures discussed
so far in the workshop
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this talk: nucleus (parton)
spin structures
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Outline

* Spin polarizations in heavy ion collisions

* Success and limitation of quantum kinetic theory

* Form factors description of spin couplings

* Electromagnetic form factors in vacuum and in medium
* Gravitational form factors in vacuum and in medium

* Summary and outlook



global spin polarization in heavy ion collisions
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local spin polarization in heavy ion collisions
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Quantum kinetic theory (QKT): pro and cons

Hidaka, Pu, Wang, Yang,

QKT=Boltzmann+spin PENP 2025

Pro: systemtic treatment of spin transport at partonic level

Cons: assumes point particle
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elementary particle not point-like due to quantum fluctuation



Spin polarization in heavy ion collisions

for s = % particle (consider high temperature limit, quark massless)

A
Si ~ B, B
) Dby particle in external EM
Si ~ €9%p; By A fields
S A
I g particle in off-equilibrium state:
R

hydro gradient (mimicked by

N ik~ -
Si ~ €5 pipiok -
A metric fields)



Spin polarization and correlation functions

Wigner function
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Electromagnetic form factors
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Gravitational form factors
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Form factors parameterize interaction based on symmetry
» accessible experimentally
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Spin polarization from QKT(CKT)

right-handed fermion ¢</ _ Z+Y , :/f.l, VAP @RI (0 o (LT (2N
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spin-magnetic spin Hall effect
coupling

Hidaka, Pu, Yang, PRD 2018
Gao, Liang, Wang, PRD 2019



Spin polarization from field theory

S = (St — Sk ) (P

“ra ar

J"ST'{}.- — r r r q ~ {)X

resummation to all order in A, and up to O(q) reproduces the CKT results

Two lessons:

»point particle, EM interaction Lorentz invariant
» Electric field can’t do work to fermion (implicit in CKT)

nt frame vector E* = FF'n,, Q-n=0 static

no-work conditon E-P =0 P-Q =0 orthogonal SL, Tian, 2306.14811



EM form factors for point particle

Pl PQ
r aqr a P2 =0
Py ~ 0(Q%)
r P-Q=0 |
0 Interpretation: scattering of fermions on EM fields

P, -5 =u(P)u(P;)T from massless propagators

w(Po)u' (Py)iotu(Pu' (P1) Ay

!

u' (Py)i (n‘”‘ + p" +

no-work condition
Q-n=0 Ward identity satisfied by each structure,

P-Q =0 three form factors (FF) degenerate SL. Tian, 2306.14811
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What to expect for FF in medium?

Effect of quantum fluctuation
»both vertex and fermion states corrected by interaction
> Lift degeneracy of FF y

Effect of medium

» enhanced fluctuation: large phase space for particles in loop

» breaking of Lorentz invariance, more structures possible Y
» dissipation effect introduces non-hermiticity, complex form factors

X Qo0



EM form factors in medium

n* — y# medium frame vector ;

ot — IT't = Fyu" + Fip" + F
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spin Hall effect spin-perpendicular spin-parallel
magnetic coupling magnetic coupling

medium interaction can lift the

degeneracy of form factors
SL, Tian, 2306.14811



Transformation under time-reversal

ietVPT P (gr:r
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' T-even " T-odd
All form factors T-even

QD-n=070 s
21 F; = F; (pz, rf) All form factors real
P-Q =0

SL, Tian, 2306.14811



Example of medium correction to EMFF: vertex
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simplificaitons

»medium contribution only (HTL)

»leading contributions as ¢ — 0 SL, Tian, 2306.14811



Example of medium correction to EMFF: self-energy
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Example of medium correction to EMFF: sum
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Gravitational FF in vacuum

FF for massless case @ — 0. ignore D-term

(Py[TH (Q)|P1) = u(Py) [A(@Z) S+ B@) ‘f’f ooy
compared to massive case

(PAT(@IPy) = (P [T A + L0 g2y + LY )]y

THY = %yﬂ: (”}-‘{“8”} — ﬁ,.-m“gv}) i point particle

A=1 B=-—3
metric perturbation ho;(t, x) = v;i(t, _ o _
- 3 spin-vorticity coupling
M ~ 'H_-(P)U&-’:‘I-(P)?:’I-E”kqj’ijf ~S-w

SL, Tian, 2302.12450



Gravitational FF in medium

) ] ) . . 2 oy —
Einstein equivalence principle B(Q" =0) = —3

spin-vorticity coupling dictated for any S = % particle

medium breaks Lorentz invariance, Donoghue et al 1984, 1985
violating equivalence principle! Buzzegoli, Kharzeev, PRD 2021
SL, Tian, 2302.12450
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five structures, each satisfies energy-momentum conservation



Gravitational FF in medium: example

vertex correction
Qp Zp
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Application: spin-vorticity coupling receives multiplicative renormalization

e.g. p=500MeV T =150MeV g =0.3

7% suppression of spin-vorticity coupling

SL, Tian, 2302.12450



Summary

* Wigner function from CKT reproduced using field theory, allow for
form factors description of spin coupling

* In-medium electromagnetic FF lift degeneracy of spin magnetic
coupling and spin Hall effect

* In-medium gravitational FF leads to suppression of spin-vorticity
coupling

Outlook

* Examples of composite particle: /A etc
* Dissipation effect: complex FF
* Applications to spin polarization in heavy ion collisions



Thank you!



IR limit and screening
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potentiall IR divergent as ¢ — U, divergence cutoff by screening
effect
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Spin Hall effect

x=p+ pXb;

p=E+xXB
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