May 25-30,2025
DCC, Daejeon, Korea

Probing fluctuating color
flelds of QCD matter from
spin alignment in relativistic
heavy ion collisions

Di-Lun Yang

Institute of Physics, Academia Sinica
(INPC2025, May 29th, 2025)

primary references :

NSI"G hﬂﬂﬂﬁ*&ﬁ WZ8& A. Kumar, B. Muller, DY, PRD 108, 016020 (2023), arXiv:2304.04181
o A. Kumar, B. Mller, DY, PRD 107, 076025 (2023), arXiv:2212.13354

DY, PRD 110, 056005 (2025), arXiv:2411.14822



il i
= <

N
o &

e )
Ay (s
¥sics M

Global A polarization in HIC

m  The measurement of Global polarization of A hyperons revealed the spin-orbit

interaction & strong vorticity in heavy ion collisions. Z.-T. Liang and X.-N. Wang, PRL. 94, 102301 (2005)
(relativistic Barnett effect) % Self-analyzing via the weak decay :
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Spin alignment of vector mesons

m  Production of the decay daughter w.r.t the quantization axis :
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Spin polarization beyond subatomic swirls?

m  Spin alignment puzzle : the deviation of py, from 1/3 is unexpectedly large

2
e.g. poo ~ = — (%), % ~0.1% at LHC energy. (from A pol.~ s quark pol.)
- -0
m Flavor & collision energy dep. : ¢ K
ALICE Poo < 1/3 (p]* <1 GGV) Poo < 1/3
STAR Poo > 1/3 Poo ~ 1/3
. : 208
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S. Acharya et al., PRL 131,042303 (2023) 0'3 7 7
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m Other sources for the spin correlation (alignment) beyond vorticity?

U Electromagnetic fields can polarize the spin. How about gluonic fields in
QCD matter? P(p) ¢, B' + coe*p; ),



m  Small-x gluons may form a glasma state characterized by mostly Iongltudlnal chromo-
electromagnetic fields in early times of HIC from CGC. - -

(at top RHIC & LHC energies)

Reviews : F. Gelis et al., Ann.Rev.Nucl.Part.Sci.60:463-489,2010 gt

J. Berges et al., Rev. Mod. Phys. 93 (2021) 3, 035003

s Why glasma fields ? in glg
(1) intrinsic saturation scale Q; > w
(2) fluctuating
(3) intrinsic anisotropy

spin relaxation or
polarization from
collisions

m  An order of magnitude estimate for the glasma effect ?

m  How to track the spin evolution of massive quarks in phase space?

guantum kinetic theory from Wigner functions Review: . Hidaka s. Pu, Q, Wang, DY, PPNP 127, 103989 (2022)

DY, JHEP 06, 140 (2022) 5
B. Muller, DY, PRD 105, L011901 (2022)



Transverse spin alignment spectra

m  Spin alignment from color-field correlations : . kumar, 5. miier, by, PRD 107, 076025 (2023)

1 1z 1>
e.g. 9dpoo = poo — 3 x <B“"(.1;’)B“"(;(:’))e_QAt/TR

glasma effect relaxation in QGP
s Two sources of anisotropy : o, pPro 110, 056005 (2025)

0.5}F Ev;ant pllane I I (a)l-- Ev:ant pllane I I (b)l- 0.5
longitudinal fields v.s. momentum anisotropy oal 1’ oa
o _ 803:.ﬁﬁ.@...%ﬂ@ﬂ@ﬂ...@m..._ ;--iﬂgi-ﬂ-f-" ......... B,
m  Out-of-plane spin alignment : 0 HH i 3
0.2} - —0.2
H --p00=1/3
e el vV =0 @ 01F Pb-Pb, (S =276 TeV | 101
] R e B A i
© i p. (GeVic) p_ (GeVic)
g 0.30¢
g ‘ ‘ 5pgy (glasma) ‘
o 0.25} N\ g 7
= : 4/ PN | - 0.025
Y] [ \\\ 4
< 0.20f N | o
SN 2l ~ ) |~ -0.025
0.15¢ M
........................... s - -0.050
0 1 2 3 4 5 e o0 - -0.075
Vg =0 qr (GeV) = , ; -0.100
- =) \ O
Vg =1 y \ D\ -0.125
| N | g-0150
(not yet weighted by pT (=gT) spectra) 4 = A -0.175
-4 -2 0 2 4



Poo (QGP)

fluctuating
¢ fields

m Late-time effects :

X.-L. Sheng et al., PRD 109, 036004, (2024)
PRL 131, 042304 (2023)

B. Miiller, DY, PRD 105, L011901 (2022)
DY, JHEP 06, 140 (2022)

or turt?ulent A. Kumar, Philipp Gubler, DY, PRD
color fields 109, 054038 (2024)

from D. Wagner, N. Weickgenannt, E. Speranza,PRR 5, 013187 (2023)
anisotropy F. Li, S. Liu, arXiv:2206.11890

m From isotropic color fields (soft thermal gluons in QGP)
» Out-of-plane spin alignment (qualitative) : ov,pro 110, 056005 (2025)

X.-L. Sheng et al., PRL 131, 042304 (2023)
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m  Spin alignment along the beam direction :
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Summary & outlook

0 Summary :

v In general, spin alignment may be a useful probe for strong interaction forces led
by gluons in QCD matter.

v The glasma and QGP effects may be responsible for the spin alignment in low
and mid transverse momenta, respectively.

v However, the order-of-magnitude estimate is sensitive to the initial distribution

function of quarks, spin relaxation time, and subject to the weak color fields in
QKT.

1 Outlook :

» Spin alignment of quarkonia like J/i : more applicable for the kinetic theory in a
medium.

» Scale separation : EFT + open quantum system approach

E.g., DL & X. Yao, “Quarkonium Polarization in Medium from Open Quantum Systems and Chromomagnetic
Correlators”, PRD 110, 074037 (2024).

» “High-multiplicity” events in proton-nucleus collisions?

NRQCD+CGC : Y.-Q. Ma, T. Stebel, R. Venugopalan, JHEP 12 (2018) 057

T T. Stebel, K. Watanabe, PRD 104, 034004 (2021)
(low multiplicity) 9
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More experimental data

% Centrality dependence :
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From spin correlations to spin alignment

= Spin alignment is led by spin correlations : (P, P’) # (P.)(P.)
=> poo 7# 1/3 with (P; ) = 0 is possible
spin polarization of A could be unaffected
(the sources for spin alignment may be fluctuating)

m  Spin quantization axis needs not be parallel to the spin polarization (or correlation)
m  Anisotropic spin correlation is needed : X.-L. Sheng et al., PRD 109, 036004, (2024)

A. Kumar, B. Muller, DY, PRD 108, 016020 (2023)
1 — Tre(Py (q/2)Pf(q/2))q=

poo(q) = (quark model & kinetic equation of vector mesons
3= icuy.. ITe (P@(q/2) ;,( /2)>q:0 in the non-relativistic limit)
1 1 AN A APV ~ ~
- > poo ~ = + =Tr.((PIPL) + (P2PZ) — 2(PYPY))
(PP <1 39 el 10

poo = 1/3 when (Pg?-’g} £ ( is isotropic.

O Electromagnetic fields can polarize the spin. How about gluonic fields in QCD matter?
P'(p) x c1 B" + coe¥p, ),

12
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Axial kinetic theory with color fields

m Incorporation of background color fields into Wigner functions and kinetic equations.

- lor m ition - _ s asa U. W. Heinz, Phys. Rev. Lett. 51, 351 (1983)
Colo dECO pOS tio O O I+O t H. T. Elze, M. Gyulassy, D. Vasak, Nucl. Phys. B276, 706 (1986).

e.9., A¥(p,x)=A¥(p.x)l + A% (p.x)t*, fy(p.x)= fv(p.o)] + [v(p, x)t?
at(p,x) =a¥(p,x)] + t.f,.a“(p.;l.) A

m  Kinetic equations : DY, JHEP 06, 140 (2022) .
d ca

‘ s a 12 S b —
SKEs: 17 (0,745 FL, 00 01) = . P (Opfi+ B, 00 fir + S5 FL, 00 fir) = Ca
diffusion dynamical spin polanzatlon
~ v~ u, L av, ~a h Wwpo ‘ a \ 95 pa L
AKES . ppa SPJ 2; ( Eilp()p ! F ! I/) —l\? 6! ! p/’(() (] )’u)dpj f‘l, - Cé )
bca
, - ~C f vpo a .‘"' °S apt
ppa{)da.u_l_q( p}:‘;tp(); a4 F(WH&T/) i ( pEf,oO; Ci Fb'/“&,;) ZI HVE p,)(c) (JFW) pjf{r :CO;_
Axial Wi Sy _ 1 ~sp h ﬁa;w 9 a.
xial Wigner = A (p,r) = 5|7 AN Opw N — m;,»( lep) )|
functions : p Ne po=¢p
a 1 ~all h afLr
A (p,a) = s—[a = ZF (0,5 = L0, (F /)]
€p . Po=€p
dynamical (w/ memory effect) non-dynamical (w/o memory effect)
Spin
Jd2-pTr A* (p, x) B [dX - p A (p, x)

polarization: P*(p) =

2m [dX - p(2ep)~ 1 fy(p.x)  2m [dE - p(2ep)" 1 f3(p. x) 13



Axial kinetic theory

m Axial kinetic theory : scalar/axial-vector kinetic eqs. (SKE/AKE)
K. Hattori, Y. Hidaka, DY, PRD 100, 096011 (2019)

> SKE: p-Afy = C[fv]-_ A, =0, + era;- DY, K. Hattori, Y. Hidaka, JHEP 20, 070 (2020)

Standard V|aSOV eq. El\l/l_f';ds Z. Wang, X. Guo, P. Zhuang, Eur. Phys. J. C 81, 799 (2021)
N . e - 8 N
> AKE: p- A& + P a,—she"p,(0,F5,)0,) fv = LM a, + hH™0, fy.

) o B ' ' l '
(a*(p, x): effective spin four vector) (entangled f, & @*)  spin relaxation ~dynamical spin pol.
( A : gradient correction in phase space) from spin-orbit int.

> Axial Wigner 1 h €
. At (p, ) = —— [ - SE (O , )] .
functions : P.0) 2€p vV = " O (fv/ep po=ep=1/|p[2+m?
dynamical (w/ memory effect) non-dynamical (w/o memory effect)
S Ph(p) = [dE-p A*(p, )

2m [dX - p(2ep) "1 fy(p.x)
m Relaxation-time approx. & weak coupling :

podat

(j&# — a_# "“:Uf

€ A
p - Odat— o) he P p, (05 Fay ) c)Sﬁz = — eq

R
h,fﬂ

=) Ja*(p.x)

/ dxge ,—(zo—z0 XTRF‘MVPJ]J (o[L oFpg, (2 )c) fi(p. 2’ 14
J 1
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Spin alignment from glasma

m  Generalized AKT with color fields : a"(p.x) = a™*(p.x)] Ha""(p, =
E_Yij'ﬁeEf’gﬁj ,1;‘;0[,(21%25?{011901 (2022) (more dominant in the perturbative approach)

Dynamical spin polarization from glasma fields : A Kumar, B. Miller, DY, PRD 108, 016020 (2023)

suppressed

h, ) o i
~a,u(p ﬂf) 7ge(?!‘.f?fl)/’rR (B(,i./i( )() ](_\ (Fp ) BaH

4/ N2
m Correlation of initial color magnetic fields : 9~ (B“* (2)B“*(2))1o=; N
Ve
K. J. Golec-Biernat and M. Wusthoff, Phys. Rev. D 59, 014017 (1998)
P. Guerrero-Rodr’iguez and T. Lappi, Phys. Rev. D 104, 014011 (2021)

= Initial quark distribution function : f3 (ép.ti) = 1/(e?/“* + 1)

/

2
¢+ spin correlation : (P;’P;’) ~ Qs o2t —t) /TR
?’T?,qTTlg

1 1
% Order-of-magnitude estimation (for ¢p) : pgo ~ : —— < =
Qs~1~2 GeV 34+ 10e20e—ti)/m 3

glasma effect  relaxation effect

20y (F)m2,T !
< Heavy-quark approx. : 5 ~ (g 26;77);19 1ng> ~5fm/c = poo ~ 0.24

M. Hongo et al., JHEP 08, 263 (2022) (model dependent) 15
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Spin correlations from color fields

m  Spin density matrix can be directly related to Wigner functions of the
coalesced quark and antiquark through the quark-meson interaction.

+» Kinetic theory of vector mesons :
q-0fy = e\ @es(\ @) [Chy (@ 2) (1L + 1Y) = Chila, ) £] & en (N @)en (A, @)Chii (g, )

guark-meson int. :

|:> poo(q) = p f 2 QJ;(;")((], 2) 2 Lint = .(]@;)fzﬁﬂ,x“ V/,L’lﬁf‘
JdEx - a(fs (0. X) + J{1(4: %) + f21(¢. X))
1 =Tr(PYa/2)PL(/2)) g0
3=, (P 0i(a/2)Pi(d/2))q=0
¢ Spin correlations in the non-relativistic limit :
4 [dEx - p((AS (p. X)AY (p, X)) + (A2 (p, X)AZ (p, X))/ (2N,))
[d¥x - pfi,(p. X) fiy(p. X)

» Weak coupling : % % T (p. X)
> a

q

4-field correlations 2 field correlations ?
2 a

2 _
X g » 4
color singlet j color octet C_“B‘ (p.Y)

A. Kumar, B. Miller, DY, PRD 107, 076025 (2023) A. Kumar, B. Miiller, DY, PRD 108, 016020 (2023)|6

Tre(Pl(p)Pi(p)) =

X)

v;‘qﬁ
B

. (D,
q
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Color fields from the glasma

m Solving linearized Yang-Mills egs. : [D,,, F"] = J”

P. Guerrero-Rodrguez, T. Lappi, PRD 104, 014011 (2021)

m Color-field correlators in the glasma : evolution in time
AH , '
i aj r m m e
eg. (E¥(X")EY(X")) = ¥ f / (wr o)t < (g X)L (X))
LiguJ Lilw q
' _ X" qnlm
(BE(X)BY(X")) = —N.emem f f O (g, o) T % T (XD T XY,
| Ligu J Lilv q[
N. = =59 g°N.(N* — 1),
Q;('lu-, v) = |Gi(uy, ULIGQ(UL-, M] F hi(uy. u)?lz(uL M)]]-,
5 T~ e
/ /di /dzujhe'iQL(X,U)L. unpolarized & linearly polarized
Liga 27)?2 Gluon distribution functions

m Golec-Biernat Wusthoff (GBW) distribution : K.J. Golec-Biernat and M. Wustho, PRD 59, 014017 (1998)

9) 0 O [1— e Qlur—vi]?/a
+(ur,vy) = Quy,vy) = gINZ \ Q%uy — vy [?/4
17



