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Probing fluctuating color

flelds of QCD matter from
spin alignment in relativistic
heavy ion collisions
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“Happy birthday, Edmond!”
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“ How to probe the color (glasma) fields in early times form spin transport?

+ How the color (glasma) fields may resolve the puzzle for spin alignment
phenomena observed in HIC?



m Spin polarization and spin alignment phenomena in HIC

m  Quantum kinetic theory for spin transport of quarks under background
color fields (with the weak-field approx.)

m Estimation on the spin alignment spectrum for ¢ mesons from the
glasma effect in HIC

m  Summary and outlook

main references :

A. Kumar, B. Miiller, DY, PRD 108, 016020 (2023), arXiv:2304.04181
A. Kumar, B. Miiller, DY, PRD 107, 076025 (2023), arXiv:2212.13354
DY, PRD 110, 056005 (2025), arXiv:2411.14822
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Spin alignment of vector mesons

m  Production of the decay daughter w.r.t the quantization axis : p. n=9
dN ypY 6"
L2y ([ - 7) P— ]
deos O X [1 — poo + cos~0 (3/)00 — 1)] = ( >
COS 3+ (7) PJ>J ¢ meson g
. Z.-T. Liang, X.-N. Wang, PRL. 94, 102301 (2005), PLB \ﬁ .
Poo > 1/3: 629, 20 (2005) :
Poo #* 1/3 : spin polarization
N k0 (y1<10&12<p_<54GeVic) -
0.4 o K°(lyl <1.0 & 1.0<p, <5.0 GeVic) _
: $ —cY = 1109 + 143 fm® .
B. Xi, QM23 : 0.35_— ]
S L ]
L] T I T T T T T O- | —
0.5f Event plane -+ Event plane (b)40.5 | i
0.4} GH ﬂ B .H Ho.4 0'3f l
..‘FQ':"&.?..* K T L ]
s0.3[ -1 Ht tos & i ]
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H “90021/3 ’ Ll Lol Lol [
0.1r Pb-Pb, Sy =276 TeV | 101 10 10° 10°
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M.S. Abdallah et al. (STAR), Nature 614 4

S. Acharya et al. (ALICE), PRL.125, 012301 (2020) (2023) 7947, 244-248,
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Spin polarization beyond subatomic swirls?

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

e.8. pPoo X & — (2)2, £ ~ 0.1% at LHC energy. (from A pol.~ s quark pol.)

T
m Flavor & collision energy dep. : ¢ K*0
ALICE | poo < 1/3 (pr <1 GeV) | poo < 1/3
STAR poo > 1/3 poo ~ 1/3
: : & 06
m  Spin alignment for J /1y : 05F ALICE. Pb-Pb {5, =502TeV :
FInclusive Jly — pu—, 25 <y <4 ]
S. Acharya et al. , PRL 131,042303 (2023) 0.4p E
1 03F .
1 — 3[)00 0.2F s
Ng=——= >0 poo <3 ; ]
o 1 + poo 3 “l _$_ ;
of ]
o1, 0-20% _;
—0.22— : 36_50?% Event plane
B B TR

P; (GeV/c)

m  Other sources for the spin correlation (alignment) beyond vorticity?



From spin correlations to spin alignment

O Electromagnetic fields can polarize the spin. How about gluonic fields in QCD matter?

P'(p) x e, B" + cze'ijkpj I/, (non-dynamical pol. at the present time)

m Large spin alignment (spin correlations) v.s. small A spin polarization (spin
polarization of a single strange quark)

=> the sources for spin alignment are fluctuating
m  Spin quantization axis needs not be parallel to the spin polarization (or correlation)

= Anisotropic spin correlation is needed : pop = 1/3 when (PIPJ) # 0 is isotropic.

D)

>

Why glasma fields :
(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?

quantum kinetic theory from Wigner functions
Review (w/o spin) : J. Blaizot, E. lancu, Phys.Rept. 359, 355-528 (2002) ~ Kadanoff-Baym eq. > kinetic eq.

Review (with spin) : Y. Hidaka, S. Pu, Q, Wang, DY, PPNP 127, 103989 (2022) semi-classical approx. &




Axial kinetic theory

m Vector/axial-vector components :

L 1 4
Vi(p, X) = Jtr (7" S=(p. X)) . 1‘ [dY - pAt(p, X) d
h Pt(p) = o [dE V(pX) Al (p,x) = / %AN(IL x)
Al (p, X) = Ztr (a/rﬁm/'55<(p,X)) - P S
o h expansion
! -
> Vector WF: V¥(p,z) = 2€pfv(p,x)\p():€p: s TO0/p)
1 h
. . n )= SH FFU/ Ow : . .
> Axial WF: A"(p,x) S [U B ( v fv — 2 Op v (fv /Ep))L)O_Ep_ [P

dynamical (w/ memory effect) non-dynamical (w/o memory effect)

(a*(p, x): effective spin four vector)
m Axial kinetic theory : scalar/axial-vector kinetic eqs. (SKE/AKE)
K. Hattori, Y. Hidaka, DY, PRD 100, 096011 (2019)

> SKE: p” (8p + eF,,pa;)fV =C, DY, K. Hattori, Y. Hidaka, JHEP 20, 070 (2020)
standard Vlasov eq. (dynamical source term)
= v € LWpo [a a3 r
» AKE: pP (aP + eF’/Pa}T;)aH tel Maz/—§h€l [ p[)(daFﬁf/)djij = CI.

o, ; ; ; . DY, JHEP 06, 140 (2022)
< Generalization to include color dof. 1 7" 0 e ot1001 (2022)

. . h *AthC;P : ;I:)'li" Ea ti
» (color-octet) axial WF : A (p, z) ~ _4_96 R BY(t) — €7%p; £ (L)
Ep Ep

aspf\sf(ep:ti)

(no contribution to A pol. ) spin relaxation in QGP  spin polarization from glasma fields
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Spin alignment from glasma

m  Out-of-plane spin alignment from longitudinal glasma fields (¢t; = 0) :

P00~ — Cy(CixE + Crix¥) L o
T Cy [(3031 + CBQ)X::BZ + (3CE1 + CEQ)XZE_Z] i (M?* = (m; —m2)),

. 1 ,
[(m —m: ) + Mt —2M? (m - mzﬂ /2

[} = (B (0.2 + k" p ) BYO.@ — kit /)y o) f= L

Correlation of initial glasma fields :

|
_ QU (1 e @R QU )
XB AR T AGBW = TR, ( Q2k2(1th ), )2 /4 ) k-0 2¢°N,
T. Lappi, S. Schlichting, PRD 97, 034034 (2018)
K. J. Golec-Biernat, M. Wusthoff, PRD 59, 014017
m Initial quark distribution function :  f5 (e, t;) = (e®/@s 1)1 (199)

2
1 QS €—2AtQGP/Tﬁ

» Spin alignment (mesons at rest) : §p5, = poy — -~
qu”fng

*

D)

L)

>

Considering ¢ mesons with Q;~ 2 GeV & m,,7~0.5 GeV

L)

L)

2 2 —1
» Heavy-quark approx. & pQCD : m; ~ (g C%(?LZlDT In g) ~ 5fm/c
T

M. Hongo et al., JHEP 08, 263 (2022)
(model dependent)
8

Phenomenological estimation : S. Banerjee et al., arXiv:2405.05089

>

L)



Transverse spin alignment spectra

m Boost the color fields to the lab frame to retrieve momentum dependence
B = v(B" + 7 El) — (v = 1)B® - 00, v’ =q'/\/[qP + M? and & = v /|v].
=>  (BBY) = P ((BUB) + eue Vo (L))
29y = )(BB)E + (= 1%F 3 (BUBY)

j:I}y3z

m  Out-of-plane spin alignment :
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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)

Late-time effects :

fluctuating
¢ fields

or turbulent
color fields
from
anisotropy

m  Non-dynamical polarization : from isotropic color fields

hy

Alpr) ~ — 12 B,

B de,,

+

€ p; L5} (o)

2¢p,

» Out-of-plane spin alignment (qualitative):
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D. Wagner, N. Weickgenannt, E. Speranza,PRR 5, 013187 (2023)
F. Li, S. Liu, arXiv:2206.11890

A. Kumar, Philipp Gubler, DY, PRD
109, 054038 (2024)

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

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

v Combining the QKT and glasma fields (or color fields in QGP), we can study the
transverse & longitudinal spin alignment of vector mesons.

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.
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Summary & outlook

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 Stebel, K. Watanabe, PRD 104, 034004 (2021) 12



Tl AW I N I T l A L | o IR Higin=IE he ey,

International Nuclear Collisions
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The VIII-th International Conference on the Initial Stages of High-Energy
Nuclear Collisions : Initial Stages 2025
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Thank you!
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Global A polarization in HIC

m The large AM generated in HIC could induce spin polarization of the QGP via spin-
orbit interaction. (relativistic Barnett effect) z-t.Liangand x.-N. wang, PRL. 94, 102301 (2005)

m  Global polarization of A hyperons : ¢ Self-analyzing via the weak decay :
= of
o5 B Nature548.62 (2017)
D.I o oA OA
I PRC76.024915 (2007)
oL Ej A DA ; :
- R SUBTONTE st
i *A YA
_ * T. Niida, QM18
1 . Gy . F. Becattini, et al., Ann. Phys. 338, 32 (2013)
s 3 “* In gIObaI equ'“b”um " R. Fang, et al., PRC 94, 024904 (2016)
i L (0) (0)
- \\'.__ 7)#-( ) — LEH-!JPU ) f dx 'pwPf’f ( - fp )
| STAR AutAu 20%-50% || T PI=3sm P [ dx - f) |
T T e - ] Jesb
| = primaly" &== pamaryeet-dawn [wu-v = §(aﬂ-f‘3v - av.ﬁu)-} thermal vorticity (5" = u* /7))
- AMPTTA .
-G A RmaR (ecdn % Indication of strong (kinetic) vorticity :
_1 1| II | | | L1 11 II | | 1 |
10 102 - lw B 0o
Sy [GEV] Pyay =~ ST I = w~107s

L. Adamczyk et al. (STAR), Nature 548, 62 (2017) F. Becattini et al., PRC95, 054902 (2017) 15



Wigner functions & kinetic theory

m Spin polarization related to the axial current :
1
Noether’s theorem =) M3 = —gb{fy X ) = — )‘W'owq/p%w

m Dynamical polarization of quarks in a medium : phase space info is needed
m  Wigner functions and kinetic theory : review : 3. Blaizot, E. lancu, Phys Rept. 359 (2002) 355-528

ip-y — £X —|—QI
S<(pa$):/d4Y€T<w($2)U($2:$1)w($1)>7 v="= 5 2 y=a1 -1

» Kadanoff-Baym (KB) equation with the /i expansion : (9/q « 1)
V,. =24, + O(h?),

h vh
B < 't < _ "is< > oy <
(Tt —m)S< +~ ZQVILS =5 (Z * S X7 x S ) A, = 9, + F,,0/0q,
(master Eq. for WFs & KES) 1" = g + O(h?)

_ h 2
> Spin-independent case (LO) : AxB = AD + 3{*4- Blpp. + O(h7)

S<(q,z) = 2m0(q* — m?) (¢ — m) fv(q.x). 4
g = i) = 2 / !

4 tr(v2S<(q. x
0" (0, + e, 04) fu (g, @) = Clfv (g, )], > (155 (q. )

(2m)"

16
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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 :

a-0f) = (e, (N @) [Cliy(a.0) (L + 1) = Chili(a.2) ] A\ @en (A @)l (0. 7)

coal

guark-meson int

Ay - qf(q. X
I:> POO(Q) = f al Qf() (q" ) Emt = (]o LV 1

ST a5 (420 + 121 (0. X) + £24(0.X)
1= Tr(PY(a/2)PY(a/2))a=0 =< _
C3-Yi., T (P 0i(a/2)Py(a/2))g=0 >

¢ Spin correlations in the non-relativistic limit :
L 4 [dEx - p({A%(p, X) A% (p, X)) + (.AC”’( .JX)AE”( p.X))/(2N,))
T.C P P ~ 9 49
re(Py(p)Ps(p)) [dEx - pf3,(p. X)f5(p. X)

» Weak coupling : % % T, X) 7T (. X)
. . a a g q @ " q
4-field correlations " " 2-field correlations ?
o F*4 > o« F? = > q
color singlet §‘ §‘ T (p,Y) color octet H(p.Y)

A. Kumar, B. Miller, DY, PRD 107, 076025 (2023) A. Kumar, B. Miller, DY, PRD 108, 016020 (2023) 17



More experimental data

% Centrality dependence :

8 1 1 . 1 1 1 1 . 1 1 8 T T T T T T T T T T T T T T T T T T T T
Q Production plane Production plane Q a) ¢ mT-order EP + b)d #2"-order EP L o) d d) & ]
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=Py E ] [ ]
Ty Y A W L ) RO TL TR ‘ 2t ol
ikl T e e e s L ﬁ%-y ---------- g g AR AT,
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=3 T T T o T T T T T T T T T T T T T T T T ! T T T
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0.5} + Jos ]
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¢ lyl<1.0 |
04fF , #30< p < 5 0 (GeVic)g 4 ﬂ“ 404 1.2<p <54 GeVic ] 8 ]
osk K * """""""""" I Jdos K’O|y|<1.0 | . 5 -b--ﬁ -------- Q’"""'Q"ﬁ'“ﬂ"“g““.
1.0<p <5.0 GeVc | 5 B 1
02} + Jo2 0.3 T B T T ]
e05< P < 0.7 (Ge\//c) ]
0.1F 3.0 < p. < 50 (GeV/c) =40.1 Au+Au 39 GeV Au+Au 54.4 GeV Au+Au 200 GeV ]
1 1 1 L L L L L 1 1 1 1 Laa o Lo o o 1o a1 o a1 4 | PR TR W U U N Y | I T W TN T N R R N Y
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o : .
% pT dependence in RHIC :
0.5 - Aushu (IEO—EO“.-'o&IyMW‘.O) -T- <4 05 - - 05 L 0 ]
[ mé(1"-order EP) T r T ] L € 4
F ¢ (2™ order EP) + m F + 1 C T ]
04 4 T I "{ 1 04p T 4 04 T ]
I @@ T N T R T ]
------ gj -“-“““““"““"“““r““-@"-i"';"-i“"““"“““’ :...............ﬁ.. ..............:......ﬂ.#..*.... ...............: :---------Eﬁ'- .= ---------------7:-----*] i'ﬁ"ﬁ“"'@ =1
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B T ] r T 1 i I 7
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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) 19



Spin “polarization” from glasma fields

m Generalized AKT with color fields : a*(p.x) = a**(p.z)I + e,

DY, JHEP 06, 140 (2022) : . .
B. Miller, DY, PRD 105, L011901 (2022) (more dominant in the perturbative approach)

= Assuming the (s) quark is produced from the glasma : given f;; = induced a;
m Glasmaphase (t; <t <ty) :

» Color-octet AKE with the weak-field approx. :

~a h vpo a S
pPo,a™ — 56'“ P pp(aagFﬁu)ang =0

hg

. E%jk fa ti
— ", Dlemn ~ L[ (B - LR

)00 fi- (po. )

2 Po
v (p,x) = f3(po,t) ' ciik g tth) suppressed
_(Bm(tt 5 )apof\s/ (pOatth)}
0
m QGP phase (t, <t):
L o d poa _ G=ty)
> Relaxation-time approx. : p"d,a" = ———— = g% (p,z) = a""(tm)e &
R
. i h iom i ‘ ) E(.r ]
% Axial WF: A" (p.x) ~ —=c [B () - AL ]afpfx (6p: 1)
4Ep (t.p
(no contribution to A pol. ) spin relaxation spin polarization

20
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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

. )i” n _TR
e.g. (B (X)EF(X")) = —Neeme™ f f (uy,0) L < (g X)L (X))
LiguJ Lilw qz
' _ X" qnlm
(B%%(X!)B%J (X”)) = — \Tpé‘lné“?m/\ / Q+ ILJ_ ?,_J_) X Ji (qXU)]l (ZX )
| 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)]]-,
9 T~ e
/ /di /dzujhe'iQL(X,U)L. unpolarized & linearly polarized
Liq.u 2m)? Gluon distribution functions

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

/ 2 2 2
Qf [ 1 — e~ @slua—vil7/A
Q_ / U = Q y LU = =
t(up,vy) =Qur,vy) AN2\ 02, — v 2/

21
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m More sophisticated analysis : Trc(ﬁé(q/g) ’“qé(q/g)) —
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