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Pic taken from:
Mike Lisa,
SQM2016

Early concept of quark polarization in HIC

Early ideas:

Initial angular momentum = polarized quarks = polarized hadrons

Z.T. Liang and X. N. Wang, Phys. Rev. Lett. 94, 102301 (2005) => predicted tens of % polarizarion
Z.T. Liang and X. N. Wang, Phys. Lett. B 629, 20 (2005)

participants

before collision after collision
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Change of theory paradigm

Early ideas:
[nitial angular momentum = polarized quarks = polarized hadrons

Z. T. Liang and X. N. Wang, Phys. Rev. Lett. 94, 102301 (2005) => predicted tens of % polarizarion
Z.T. Liang and X. N. Wang, Phys. Lett. B 629, 20 (2005)

Later developments:

Initial angular momentum = vortical fluid = polarized hadrons

F. Becattini, V. Chandra, L. Del Zanna and E. Grossi, Annals Phys. 338, 32 (2013)
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Spin-vorticity coupling (2010s)

F. Becattini, V. Chandra, L. Del Zanna, E. Grossi, Ann. Phys. 338 (2013) 32
Also: Ren-hong Fang, Long-gang Pang, Qun Wang, Xin-nian Wang, Phys. Rev. C 94 (2016), 024904

Mechanism: spin-vorticity coupling 1

p = —= exp (—f]/T—I—uQ/T—ij/T)

at local thermodynamic equilibrium. Z

d>N 1
0 A
= [ dX
Bp A (B2) £1

1
» For the arbitrary spin (a latjp = 7 eXP (—H/T 4 puQ/T 4+ wJ/T) Pyarface:

($@.) = 52D (1 ) o0,

where " = u” /T is the inverse four-temperature field.

wo_ JdEap? f (@, p){(S(x, p))
S0 = T I )

» Cooper-Frye prescription: D
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Properties of the spin Cooper-Frye formula

_ Jd=p*f(z,p)(S(,p))

SH(p
S FNAYIEND
1 S(S+1) oo
() = 5 2D pap)erp,0,8,
1
» Polarization depends on the the thermal vorticity @, = — 3 (0.8, — 0uB,)

» polarization is close or equal for particles and antiparticles

» induced not only by “classical” vorticity, but also by temperature gradients or acceleration

» All non-zero spin hadrons are polarized P o< S(S + 1)

The formula allows to compute polarization at any given momentum.
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The scheme to compute hyperon polarization

* Hydrodynamics with spin degrees of freedom is in initial stages of development

* No spin degrees of freedom in hadronic cascades either, therefore:

All known calculations of hyperon polarization on the market are constructed as follows:

1. In a hydrodynamic model:

' Hydrodynamic evolution =~ » freeze-out/particlization }—>‘ formula from above |

2. In a transport model:

Parton/hadron cascade B coarse-graining }—>‘ formula from above |
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The first experimental measurement (in HIC)

STAR collaboration, Phys. Rev. C 76, 024915 (2007) <t o | ,IA IA '2(') '5(;0/" -
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5, A6 Pa QZT“ - :
- | Y¢ A PRC76 024915 (2007)
6~ O A PRC76 024915 (2007) |
/ [ -
quark-gluon /’ 4 B |
plasma L _
e fomrard/-going 2 - —
beam fragment )
- 1 -
PA - yiye’ (1) <Sin(¢1 a ¢;>> i L ! ! ! Lo | ]
* fgp 10 102

s\ (GeV)

Result: upper limit [P [<0.02, much less than the prediction from Liang&Wang i
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Updated measurement by STAR

Au+Au 20-50%

¢ A PRC76 024915 (2007)
O A PRC76 024915 (2007) |
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STAR Collaboration, Nature 548, 62 (2017)
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Global (p, integrated) polarization: agreement with hydro models

8
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Why does the polarization decrease with sgrt(s)?

Low collision energies: High collision energies:

* baryon stopping * baryon transparency

* angular momentum stays around midrapidity * angular momentum carried away to
* hydro phase is short forward/backward rapidities,

* hydro phase lasts longer

VEny =7.7 GeV, 20-50% central Au-Au, averaged IC Vsny =62.4 GeV, 20-50% central Au-Au, averaged IC
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STAR Collaboration, Nature 548, 62 (2017)

NB: the medium is not actually rotating,.
Vorticity is generated by flow gradients.

Such few % polarization indicates an extremely
large vorticity w~(9+1)x10*'s™!, far larger than

anything else we observe in Nature.

The closest example is superfluid nanodroplets

with w~107s71,

= Firstobserv
of fluid vort

formed by heavy-
ion callisions

CLIMATE CHARGE HKE STEMCELLS

PARIS SUMMER YOUTHFUL
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A - A splitting

Explanations: S
(A
- magnetic field?
Becattini, IK, Lisa, Upsal, Voloshin,
Phys. Rev. C 95, 054902 (2017)
- different production points /
Vitiuk, L. Bravina, E. Zabrodin, Physics
Letters B 803, 10 April 2020, 135298

: o STAR data for Au+Au 20.50% :
= A A STAR A RSTAR
3 UrQMD-3.4, Au+Au, b = 6 fm E
;_ AUQMD e A UrQMD ;
- UrQMD-3.4, Au+Au, b = 9 fm =
S A UrQMD —-AUQMD
T E
= N E
- A N A ]
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More experimental

measurements (circa 2023)

-0.2<y<1

— UrQMD-IC+vHLLE
AMPT (Li et al.)

— AMPT (Guo et al.)

= = = Chiral kinetic

= = 3FD (1PT E0S)

----- 3FD (hadronic EoS)
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BES-I
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+A DX
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Polarization remains
high at HADES energies,
Js~2.4 GeV,

whereas some models
predict decrease when
going to very low
energies.

13/21



More baryon s

necies

L P_(7.7)=7.34%3.02 [%]

i
B>

AMPT PRC99, 014905 (2019)

+

STAR Au+Au 20%-50%
Nature548.62 (2017)
eA OA
PRC76.024915 (2007)
AA  AA

PRC98.014910 (2018)
mA OA

ALICE Pb+Pb 15-50%
PRC101.044611 (2020)
+A @A

STAR Au+Au 20%-80%

+ &

a, = 0.732+0.014 ¢

Q baryon is predicted to have
stronger polarization due to the

S(S+1) factor.

Only measured at top RHIC, but
looks consistent with model
predictions.
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P, [%]

~

From BES-II data, no splitting between A and anti-A is observed. No magnetic field or no pg effect?

10

2024 update: no Lambda — anti-Lambda splitting
Quiang Hu (STAR), SQM2024
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Local (pr-differential) polarization
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p, [GeV]

p, [GeV]

Local (p, differential) hyperon polarization

Calculation: 3D tilted Monte Carlo Glauber initial state + 3D viscous hydro (VHLLE)

le—4
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« When integrated over p_, only P¥ component survives

« However, at a given P, and ¢, all 3 components are non-zero

17/21



A closer look at the quadrupole structure

An oversimplified explanation™ of the quadrupole structure (Sergei Voloshin @ QM2017):
Y

©z vorticity 5 P* v/Snw =200 GeV RHIC

0.016
0.012
0.008
0.004
0.000
—0.004
—0.008
—0.012
—-0.016

yn
x 1D o

A 4
p, [GeV]

0
p, [GeV]

* It does not work quantitatively, since there are time derivatives and temperature gradients involved.
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P? < anisotropic flow

F. Becattini, IK, Phys. Rev. Lett. 120, 012302 (2018)

0.030 , , T I T 00
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z _ . .
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& --- 200 GeV RHIC k=1
% 0.020H 2760 GeV LHC _
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= . . q p
X 00101 PR * In a blast-wave model:
H e - Lt °
< 0.005| - dT 1
fa(pr) = 2— —=v2(pr)
0.00 I | I dT mT
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P” emerges because of anisotropic transverse expansion, same way as v,
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Puzzle #1: P? sign in a model and in experiment

Hydro model calculation:
Glauber IS + 3D viscous hydro (vHLLE)

py [GeV]

PZ, vV SNN =200 GeV RHlC

p. [GeV]

STAR measurement: Phys. Rev. Lett. 123, 132301 (2019)

0.001
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@ 0.0005/-
0 I
Q _
) [
Oﬁ
~0.0005

—0.001

T [ T T T T ] T

p, =0.015+0.003 [%]

| | | |

o 1 2z 3
¢-‘P2[rad]

'The signs are opposite!
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Puzzle #2: ¢ dependence of P’ is wrong

B. Fu, K. Xu, X. Huang, H. Song, Phys. Rev. C 103, 024903 (2021) [2011.03740]

i I 16 T T T
Au+Au, 200 GeV, [20-60%] = A, STAR preliminay 200 GeV
0.001 A, AMPT + MUSIC 200 GeV
. L.2F —.— A, AMPT + MUSIC 19.6 GeV
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*A .o\o
< = 0.8 e Tr— e B
/)]
o
3 (a)
~ 0.4
* A, STAR §
0.001F» X sTAR I [
P,(A), AMPT + MUSIC (scaled) 00F---—- —% ————— T ——
0 /2 T 0 /2 T
I ¢ [rad] I o [rad]
Puzzle #1 Puzzle #2
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Early attempts to explain the sign puzzle
W. Florkowski, A. Kumar, R. Ryblewski, A. Mazeliauskas, Phys. Rev. C 100, 054907 (2019)

Polarization ~ standard thermal vorticity

(opposite sign to experiment)

0.004
0.003
0.002
0.001

py [GeV]

-0.001
-0.002
-0.003
-0.004

Px [GeV]

py [GeV]

Polarization ~ projected thermal vorticity

0.003
0.002
0.001

-0.001
-0.002
-0.003
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Trying out different definitions of vorticity

Hong-Zhong Wu, Long-Gang Pang, Xu-Guang Huang, Qun Wang,

Phys. Rev. Research 1, 033058 (2019) + QM2019 proceeding

AMPT IS (includes angular momentum) + 3D viscous hydro (CLVisc)

0.0010

0.0005

<cos(6,")>

-0.0005

-0.0010

0.0000 8-

o thermal vorticity
-+ kinematic vorticity
= T-vorticity

« hon-relativistic

+ STARA
STARA

1
win) = =5 (uBy = By)

1
w/(fu{) = —5(3,/(@ Oy up)
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Back to theory (2021)

In early 2021, it was realized that the local (i.e. at a given pT) polariza
by anti-symmetric (thermal vorticity) but also by symmetric (thermal
velocity/temperature gradients:

F. Becattini, M. Buzzegoli, A. Palermo, arXiv:2103.10917

St(p) = SL(p) + S¢ (p)

tion is induced not only
shear) combinations of

™\
\

: _ 1
Sé(p) — _LeupanT fg by p nF(l nF)’Wpo Wy = _5 (auﬁy o avﬁlu)
~ sm fz di-pnp
, N . B - |
5 (p) = L per e Sy S e (L= )t Suv =5 (OuBy +0uB,)  new!

\
o

)
4

A similar shear-induced polarization effect derived in: Shuai Y. F. Liu, Yi Yin, arXiv:2103.09200
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Numerical results with the new term

1e-3 P _ 1e-2  F. Becattini, M. Buzzegoli, G. Inghirami,

5 IK, A. Palermo, arXiv:2103.14621

1 [«X - pnp(l —np)wy,
0 = _pupoT _ >
= sm- L o2 -pnp

-2 (old spin-vorticity coupling term)

Opposite sign of P* and

le=2 / correct (-dependence of P/ !!
2

1 ,upanTpA fZ 2-p nF(l - nF)iL\pfa)\

o o

-2

4m € fEE-pnF

(new spin-shear coupling term)
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https://arxiv.org/abs/2103.14621

When the old and the new terms are added together ...

PL + P 1e-3 P "‘Pf' 1e-3
2
25 2]
S
]
00 ® 0
Q
25,
-2 0 2
px [GeV] px [GeV]

The new term is not quite strong enough to overturn the vorticity term and change the sign of P

As such, it doesn’t explain the sign puzzle.
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One more thing: improving the original expansion

In all cases, we start from the density operator in local equilibrium: B, = %

. 1 - .

PLE — Z_ exp [_/ E,u (T'u 61/ — JMC)] Bu(y) = BV(aj) + a)\/Bl/(x)(y T CU)A
LE N

p= e [P+ - 8, [ Saw)y -0 ()|
LE >
Now, since the hypersurface Zp is an iso-thermal one, T=const,

R 1 1 / .
= —exp|—= [ X T“”uV]
IO ZLE [ T N H

p= g exp B, @ P~ povulo) [ A5 - 0 )|
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Improving the original expansion (2)

The derivation from the previous slide leads to an updated formula for polarization of spin % hadrons:

~ =
fE > P nF(]- — TLF) [wpa + 2tp?:>\a}

qH — — My
Le(P) € p 8T e fz > -pngp

1

which depends on kinematic vorticity w,, = 5 (Ooup — Optis), which leads to the following result:

1e-2

1

0 - Good agreement with
the experiment!
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P7 (¢ — Ugp)

The updated formalism vs. the experimental data

F. Becattini, M. Buzzegoli, G. Inghirami, IK, A. Palermo, arXiv:2103.14621

x 1073

6

= W
..... Thee—=133 MOV 7
o] = Tae=150 MoV + e
— = Ty=165 MeV
— Th.=173 MeV
9 .
0 71—/4 7T/2

¢ — Upp

P*(¢ — WUgp)

x1073

0 7TI/2 T
¢ — VYgrp

A very good agreement for both P! and P* with T, =150 MeV freezeout.
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https://arxiv.org/abs/2103.14621

A parallel idea: s-quark memory

20 T T T T T 4 T T T T
P, (1/1000) shear| | P, (1/1000) shear -P, (1/1000) shear{ {-P, (1/1000) shear
10 A hyperon s quark A hyperon s quark
7 TN 2 i .
- ’ N1 R [ ONC e
0 el eeanrninn L srerasencerenseninns N T _ P
T : N ’ 7 0 T~ - Ss _— | A
P \_/\ -
- - - - \
10+ 1L | , / .
7 N
ol vorticity — = T-gradient| |- vorticity — — T-gradient 4 S vorticity — — T-gradient| [ vorticity — = T-gradient;
0 1 2 30 1 2 3 0 1 2 30 1 2 3
@, [rad] @, [rad] @, [rad] @, [rad]

Baochi Fu, Shuai Y. F. Liu, Longgang Pang,
Huichao Song, Yi Yin, arXiv:2103.10403

Because the (new) shear term for polarization has a
stronger mass dependence, there is a significant
difference between the polarizations of original s-

quark and the produced Lambda hyperon.

In the first scenario, namely the “Lambda equilib-
rium”, we shall assume the spin relaxation rate is large
enough so that A hyperons immediately response to the
presence of hydrodynamic gradients once A are formed
through hadronization. In the second scenario, we con-
sider the opposite limit that A “inherits” the spin polar-
ization from its constituent strange quark [53, 54], and
the resulting spin polarization is frozen ever since the
hadronization. This scenario will be referred to as the
“strange memory”. In reality, A spin polarization should
evolve from the “strange memory” scenario towards that
in the "Lambda equilibrium” scenario. Therefore com-
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The expression for the shear induced contribution isn’t settled

Sahr Alzhrani, Sangwook Ryu, Chun Shen, arXiv:2203.15718 00 e
C Wiy, 77T/(6+P) =0. 08
0.003 | ===~ W + SIP(BBP) = 0.8 fm ]
A W + SIP(LY) esw = 0.5 GeV/fm? -
0.002 F W™ 4 SIP(LY) + pplP .
Becattini, Buzzegoli, Palermo (BBP) arXiv:2103.10917 S ook ¥ STAR :

1 1 . - 0.000 k =

‘Al]éBP — —ghPoT <§Wpap7' pgoAp pT) . . ]
—0.001 F Inl <1 ]
i 0.5 < pr <3 GeV -
—0.002F, |2(.)_§0%.A|U.JFAH.©|2(.)O.G.;eY| n

00 05 10 15 20 25 30

Shuai Liu, Yi Yin (LY), arXiv:2103.09200 ¢ — W
Au _ UpoT 1 1 A b J_aJ_
Ly — — ¢ §wp<7p7' + EupgaApJ_pT ﬁEupp (BHB)

/1

p“u instead?
31/21


https://arxiv.org/abs/2203.15718

N

)

Palermo, Grossi, IK, Becattini, arXiv:2404.14295

Pz at RHIC + LHC: bulk viscosity is important

RHIC AuAu 200 GeV

0.001 -

0.000

—0.001 -

Top RHIC: sign is correct regardless of /s

7rl/2
¢

LHC PbPb 5020 GeV

0.001 A

0.000 +

—0.001 A

—0.002 A

— ([s=0 e (/s par II
— = (/s par IlI

0 /2 7

5.02 TeV LHC: bulk viscosity is needed
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More effects inducing local polarization

Liu, Huang, Sci.China Phys.Mech.Astron. 65 (2022) 272011

spin potential

(requires spin hydro) “spiri Hall”
1 S(S+1) p Ca 1 4y
m _ 1 — uvpo 5 QMY PO P - A y y 0, —
(8%(@,p)) = 5 ———5—( f(x,p)){e pafz Bp + 2¢ p_nn[/p(§ A+ Oun) + 200
thermal vorticity thermal shear
(well established) (~established)
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Conclusions

The mean, p_-averaged polarization component P’ is in consistent agreement with

hydrodynamic and transport models for heavy-ion collisions at RHIC BES energies.

pr-differential P! and P* polarization components: a less settled picture.
There are competing explanations for the P* sign puzzle:

- vorticity + thermal shear and iso-thermal freeze-out

- vorticity + thermal shear and s-quark memory

Overall, the pr-differential polarization observables seem to be sensitive probes of the space-
time dynamics.

There seem to be more effects generating spin polarization in the fluid dynamic picture

Fluid dynamics with spin DOF is at initial stages of development
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