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Spin as a probe of quark gluon plasma

* Electronics vs. spintronics in condensed matter physics (and industry)
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* “Electronics” vs. “spintronics” in heavy-ion collisions?

* Charged hadrons multiplicity Ny * Global spin polarization Py,  ,
* Harmonic flows of charges v, v,, ... * Harmonic flows of spin f5.5.y 7, ...
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Spin as a probe of quark gluon plasma

 What manipulate spin?

Magnetic moment Angular momentum Spin orbit coupling Spin orbit coupling
HZeeman - _75 - B HSpin-rotation =-5-Q Hsoc-E = —AS - (p X E) HSOC—U = —775 ) (p X VU)
Magnetic field Rotation field Electric field Other forces
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magnetic c.omponent the QGP medium electric component or other forces
\of strong field, ... ... ) \of strong field, ... ... )
Many features of the partonic medium can be extracted
» from hadron spin polarization measurements




Spin polarization and spin density matrix

e Spin state of particle ensemble can be described by the spin density matrix

* Spin-1/2 particle (3 parameters: vector polarization)

1 1
P1/2=§+§P1/2'U

e Spin-1 particle (8 parameters: 3 for vector and 5 for tensor polarizations)
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Spin polarization and spin density matrix

e Spin state of particle ensemble can be described by the spin density matrix

* Spin-1/2 particle (3 parameters: vector polarization)

11 1 dN 1
= — 4+ —P,/ - il — .. . DF
P12 = 5 + 5r1/2° 0 » a0 47T( +aPy ;- p¥)
A>p+a~
* Spin-1 particle (8 parameters: 3 for vector and 5 for tensor polarizations)
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Global spin polarization: Experiments

ALICE, Phys. Rev. C 101 (2020) 044611
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(o Along global angular momentum direction
* Decreasing at higher energies e IE )
* Consistent with zero at LHC energies ) ::Q,i;,

> Aand A consistent within error bar y 1 Q v

(Theoretically proposed by Liang and Wang in 2004) See talk by Hu on Wed. for BES Il data



Global spin polarization: Theory

* Global polarization is (mainly) due to global angular momentum (AM)
* Vorticity: a bridge connecting initial AM and final global polarization

<S> 1 _BH . s+ 1w
: : . P = _ T ( BH+ps W> ~ i
An estimate for static spin: L =g (se 27

Covariant extension for spin-1/2: (Becattini etal 2013, Fang-Pang-Wang-Wang 2016, Liu-Mameda-Huang 2020)

1 oo J A%t f (2, p)@pe (%)
PO = g T T )

0 2
= +0(w”)

Valid at global equilibrium in lab frame. f(x, p) is Fermi-Dirac distribution

Thermal vorticity @w,, = G) (a(,ﬁp — GP,BG),,BH =u, /T

Spin polarization is enslaved to thermal vorticity, not dynamical
When magnetic field is present: w = w+s 'uyB and @,, = @,, — 2Buuk,,



Global spin polarization: Theory

Experiment
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“The most vortical fluid”

Theory based on thermal vorticity
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(Li-Pang-Wang-Xia 2017; Sun-Ko 2017; Wei-Deng-
Huang 2019; Xie-Wang-Csernai 2017; Karpenko-
Becattini 2016)

(See also: Sun-Ko etal 2019; Xie-Wang-Csernai etal
2018-2021; lvanov etal 2017-2019; Liao etal 2018-
2021; Deng-Huang-Ma 2021; Fu etal 2021; Pu etal
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Local spin polarization

e Spin harmonic flows: 4Py, _ 1 [P, + 2f2y,5iN(2¢) + 2 (2¢) + -
‘ d¢ - 2 L VE 2y,z 92y,,€0S ¢ ]

1) longitudinal polarization vs ¢ 2) Transverse polarization vs ¢
(Becattini-Karpenko 2018) (Wei-Deng-Huang 2019)
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» Failure of global equilibrium ansatz in describing local spin polarization



Spin at local equilibrium

* A local Gibbs state for spin-1/2 fermions™ (Zubarev etal 1979, Van Weert 1982, Becattini etal 2013)

o Canonical stress tensor Canonical spin tensor

:lf’ ) 1 ~ ATV 1. ]
& prLG = —exp{ — [ d=u(y) |0 (y)Bu(y) — X7 (y)tpo (y)

. rl - 3 Z — 2

ST LG = i i

T
Thermal flow vector Spin potential

* A spin Cooper-Frye formula (Liu-Huang 2021; Buzzegoli 2021)

— — 1 — np(l—np) Env O—ppna
S — 9 _ d= . v, af uvp VA v v
/L(p) 5M(p) 8de D np / p Ep {Eﬁwaﬁp Bt 2 DN {pA(f + A:u ) +0 Oé}
1 . :
b = 5 (OuBy + 0yBu) : Thermal shear tensor o = —fBu :Baryon chemical potential

1
Alps = fpo — Wpe  With Wpo = 3 (058, — 0p85) thermal vorticity tensor

St is the polarization induced by finite chirality

* Obtained by maximizing Von Neumann entropy under local constraints of stress and angular momentum tensors:
s=—Tr(pln p) with  n,Tr(p OH) = n,©"  and n, Tr(p SHPTY = n,, XHP7 10



Thermal shear contribution

e Recall
1 |1

1
SH(z,p) = -7 Zeuyaﬁpuﬂaﬁ + 2_€uva6 (&ox + Apur) ngpap™ | np(l —np) + O(u2,, 0%)
P p-n

* Relax the global equilibrium condition (1) (Becattini-Buzzegoli-Palermo 2021, Liu-Yin 2021)

1
0uBy + 0uBu # 0 Hoo = @po = 5 (0oBp — 0,0)
(Fu-Liu-Song-Yin 2021) (Becattini-Buzzegoli-Palermo-Inghirami-Karpenko 2021)
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(See also Hidaka-Pu-Yang 2018; Yi-Pu-Yang 2021; Florkowski-Kumar-Mazeliauskas-Ryblewski 2021; Sun-
Zhang-Ko-Zhao 2021; Alzhrani-Ryu-Shen 2022; Lin-Wang 2022; Jiang-Wu-Cao-Zhang 2023; ... ... )



Temperature vorticity as spin potential

e Recall
1 |1

|
S*(@,p) = =3 | 7€ Puttap + 5" (€n + Apa) ngpap” | np(1L —np) + Oy, 0%)
P DN

* Relax the global equilibrium condition (2) (wu-pang-Huang-wang 2019)

WOy 4+ 0,8, = 27?2
0.25
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-+ kinematic vorticity STARA thermal vorticity
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(See also Florkowski-Kumar-Ryblewski-Mazeliauskas 2019)



Discussion 1: Pseudo-gauge ambiguity

* The pseudo-gauge ambiguity
Conservation laws 8M(:)W =0, 3ujupff — QP _ Qo° 4+ aﬂiupa

Conserved charges P’ = /dEu(:)‘“’, I = /dEuj’“‘p"

A/ 2 1 29 2 U VA
Unchanged by pseudo-gauge O =M + iak(‘I’ H— R — ¥ )

transformation $VHpT _ Syupo _ Gupo

 The local equilibrium density operator is, however, changed

1 5 1 4
o = 7o~ [ a5, |68, — 2op,,
21,6 2
” 1 — ay % 1 o 1 v v
— p,LG = A €Xp {_/d:u !@M /BI/ - Ez,up Mpo — §(w)\u - NAV)(I)'MA - §)\V(I)>\M ] }
LG

(Becattini-Florkowski-Speranza 2019)
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Discussion 1: Pseudo-gauge ambiguity

 The spin Cooper-Frye formula is thus pseudo-gauge dependent

* Itis possible to eliminate thermal vorticity and shear terms completely
(Liu-Huang 2021; Buzzegoli 2021)

1 _ np(l—np)
= — d: v O{B
u(P) 8 [d=-p nF/ ‘E,uvozﬁp f

 Thus the connection between measured spin polarization and its “sources” is

ambiguous (more observables are needed)
S*(p) T'(z), u(z), p(z), pas(x)
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Discussion 2: Dissipative effects

e Dissipative contributions to spin polarization (Full results not known yet)

p= lexp —/ dx, (’f""ﬂu — (G - %Q,\ug“'\”) +/ dQ T8 €y + TH (U — @) — %gw\uvﬂﬂz\v
> 0

Z
i ﬁLE(:)rat by DissipativevCorrections |
I )_L AX\p* f _iQup(Eu +p(p) + p_ P M) — ByeqP’. + vz
p _2N AD Jop 2m pUp T P(p) 9 Ep XpP Xnq p X33 Pla)
+ qu<y>aﬁp<apﬁ>)] (Shi-Gale-Jeon 2020; Weickgenannt etal 2022; Wang-Lin 2022)

* Could appear at 0(09), equally important for phenomenological application

e Suffer from pseudo-gauge
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Iks b h | (Becattini-Daher-Sheng 2024; Palermo etal 2024;
See talks by Daher on Wed. and Palermo on Wed. Banerjee etal 2024) 15



Discussion 3: Second-order contribution

In practice, the gradient of thermodynamic quantities may not be tiny in the “most

vortical fluid”, and thus second-order contribution is practically important

(2)p _— (2)p (2)p (2)p 1 0 0
S = Slin TSquad Sin- ) = e / dS - py np(z,p) [1 - np(z,p)] (y2(0) — °)
. . . . . 7 Lo V< ]' « _jpuv LY v o
(Non-dissipative contribution) XtaPp [6’ Pp*p”Oslur + (51)' P — i )p FsTTux
—e7Ppr 0,05 + €0 (D — @) (PHpo — mP g )]

1

[1 — 2np(z,p)ltr [y*y*W(z,p)| tr (WD (z,p)]

5(2)_/1» ,, - /dE-' :
awdP) = e WO (@, p)] ad [1 = np(e,p)ltr [WO(z,p)]

1 {fdz _p+“. [A;/zﬁlk.‘”;”'(1)(',._1'))} } {de -P+111- iHr(lJ(.I-,]):)J }

2 [dE - pytr [WO)(z,p)] [d% - pitr [WO(z, p)]

See talk by Sheng on Wed.
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Discussion 4: Dynamics of spin polarization

Give spin potential or spin polarization dynamics

~ » Spin hydrodynamics: Fluid velocity, temperature, and spin density evolve together

_ » Spin kinetic theory: Particle and spin phase-space distribution functions evolve together

* A lot of theoretical progress since 2019

Reviews:

Hidaka-Pu-Wang-Yang 2022;
Hattori-Hongo-Huang 2022;
Pu-Huang 2023;
Becattini-Buzzegoli-Niida etal 2024

Numerical simulation are strongly needed.
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Discussion 5: Very low energies

* Vorticity and global spin polarization expected to be vanishing near collision threshold
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Not seen in data by STAR@RHIC 2021, HADES@GSI 2021 down to 2.4 GeV

P, [%]

Experiments not see
peak till 2.X GeV

2.4~2.55 GeV Phys. Lett. B 835 (2022) 137506
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AM is transferred to A spin
more efficiently at lower
energies?

Further studies @ FAIR,
NICA, HIAF?
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Discussion 6: small system
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Similar magnitude and trend with AA
Hydrodynamic collectivity?

Gluonic initial condition?

Polarizing Fragmentation Functions?

See talk by Li on Wed.



Global spin alignment

* Recall that the spin density matrix of a spin-1 particle (e.g. ¢ meson):
P11 P10 P1-1
,OV =1 P01 PO  PO-1
-11  P-10 P-1-1
* In recombination process ¢ + g — ¢ (Liang-Wang 2004)

1 — P,P;
P00 —
3+ P,P;

4
§Pch7

1
~3

* The results of A global polarization suggest P, = Pz~ 0(107%)

» Expectation: spin alignment parameter pgg — % ~0(107%)
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Global spin alignment

2024 Update
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See talk by Wilks on Wed.

NG
sy (GeV)

Spin quantization is along global angular momentum direction \
¢ decreasing at higher energies, similar with A global polarization

Non-monotonic at tens of GeV. Critical phenomenon?
Puzzle: ¢o-meson pgg > 1/3 and big

Puzzle: K*0 spin alignment consistent with zero

J
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Global spin alighment

06 8 _\Illllllllll\lillllllll III
) Q ALICE Preliminary
| —e— STAR, ZiZr+RuRu@200GeV.-1<y<1, 0.3<p <6 GeV/c 0.6[~ 30-50% Pb—Pb, |s = 5.02 TeV —
0.5 | Reaction plane
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0.4 L m .
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‘. J/W and D** seem to follow same pt trend at 5.02 TeV

* No explicit energy and rapidity dependence for J /s
* High-pt pgo > 1/3 and big

* Puzzle: Low-pt J/U poo < 1/3 and significant for both RHIC and LHC/

.
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Global spin alignment

(I)—mesonpOO z%{— CA+ CB + Cs+ CF +CL + CH +C(p + Cg

Physics Mechanisms

Poo

: Quark coalescence + vorticity(!]

<1/3, magnitude ~ 10*

: Quark coalescence + EM-field(!

>1/3, magnitude ~ 10*

¢s: Medium induced vector meson

spectrum spliting(?

>or<1/3, magnitude
unclear

¢;: Quark fragmentationl®! >1/3, magnitude ~ 10
c,: Local spin alignment(®! < 1/3, magnitude ~ 102
. > or <1/3, magnitude

cy: Second order hydro fields [ / antu

unclear
. >1/3, . i
c.: Vector meson field!®! 4% [EEiive @ e e
b to data
c.: Fluctuating glasma fields!”! <1/3, magnitude unclear

o
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Global spin alignment

* Quark polarization fluctuation and ¢ spin alignment

(PP £ (B)F) W o= e ~ 5 - SR

* |fa ¢ field exists, s and S feel a “strangeness” vector field, just like EM field

ol k)~ 2% o Ty pr (e By - Y o, (e B (e B
/()() Ly N3 1]1%]]? 1 3 1) o) 0 b ’”*(_?)]]‘;) /. 3 O 1) 0 o)

e Suitably choosing these strangeness field fluctuation can well explain data

* 2 Ordor EP | 05| 19.6GeV  STAR Prolminary _ (Sheng et. al., 2020, 2022, 2023)

i % STAR Preliminary | P PRC 108, 054902

035 | g AR oo 8
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- T - g | mectodeer) A * Does such mesonic field exist?
Q.o frasnen s s ke Q 041 ¥ (2"d-order EP) %." -~ .

| O ees _ - i * Need other independent
k :;)_Bi':w?s ! (Fit to BES-1 only) | s Mo » observables to check
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Local spin alighment

* Centrality dependence

T T T
b) 0 *2™-order EP
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* Local spin alignment

Central collisions

&
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18]

Central:

Noncentral:

pPoo < o

1
3

L£o0 >

1

3

More significant at higher energies

P = (PY%, P, PEY)

Quark spin density matrix:

o

4

More significant at higher energies

1

2

(

1+ P;”q
P4 4+ iptA

q’q : q’c_]
_ p9d
1 - P
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Local spin alighment

e Vector meson spin density matrix element

PZ’q(Aw) = F, sin(Ay) 1 — PqPq n PqPq + P‘]Pq 1 F2 E2

PIAS) = —F cos(A — Y T T Tt x - L L cos(2AY)
v (AY) L Cos(Ay) » P00 3+ Pa . Pi 3 ¢ 3

P(Ay) =0

(Xia-Li-Huang-Huang 2020)
* More experimental verification of this scenario is needed

1) Measure azimuthal angle dependence 2) Measure pyo W.r.t other plane, e.g., yz plane

F 1 T T T T T T T T T T T T T T T T - T T T T T T T T T T T T
0.339 T I I T I

0.336}

0.333

0.330

0.327

= Poo 7] 0.339F—— 500

I

ol

AllJ = wvec -Ygrp

0.336|

0.333

0.330

I

0.327

1 Local spin alignment
1 unchanged, but

{ global one may

1 change significantly
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Summary

Spin physics in heavy ion collisions

Hyperon spin Vector meson
polarization spin alignment

Global hyperon polarization ©

Local hyperon polarization ®

Vector meson spin alignment ®

Thank you



Discussions: Hydrodynamic benchmark

e Relativistic vorticities

S5, @5 -k frs(z, k)
prs(k) = > Jono A5 K frr(, k)

* Spin dependent distribution function

fqgg) (xa k) — 5(k2 o mz)e(ko)érsnB(ﬁ(x) ) k)

v * 0 1.01 A - TV
7&) = 55(162 — m2)9(k0)n3(1 + nB)Gr,73 (k)GZ (k) {29’70’73 + k° QPl[’Yon’73]} ’n[’YO [8’73]ﬁ1/1](x)k '

12 =(Bofrs) = fDlrr + fDrs + fP1st + £ P1ss + fP)r + £ P,
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Discussions: Hydrodynamic benchmark

* One term (the simplest one, other terms’ expressions are very long):
2|s(z, k)

:5(k2 —-m )H(k,'o)’n,B(l +’TZB)€Z3*( )Gyo(k)—[aj_ Pldl]( )

1 ];alApl o1 2 a1p1 k1 kP gi. A 2]:;,01 o1 2
%9 e N R W T2 )T ety TR (40 Thy)

* Time-reversal and parity symmetry implies that only second order terms contribute
to spin alignment

(Zhang-Huang-Becattini-Sheng to appear)
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