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Strongly Interacting Matter under Rotation

y(—L) B ~ 1018 Gauss
L~10%3—-10"h
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N\ Global Polarization

Parity-violating weak decay of hyperons (“self-analyzing”)

Daughter baryon is preferentially emitted in the direction of hyperon’s
spin (opposite for anti-particle)

p —
AN->p+m
N L+ Py cos 6"
a0~ ag Lt anPucosd)

Py : A\ polarization
0* : polar angle of daughter w.r.t. polarization direction

A rest frame ay : A decay parameter (0.732 =0.014)

==

q
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Py (%)

N\ Global Polarization

. 1 dX - pnp(1 — np)w,,
() = - - ewp, I -
ol 8m |s dZ - png
| 1
o Wy, = _5(8,uﬂu az/ﬁ,u)
i _ 1P _ lw
i s=oP~g7
i lw u\B lw usB
x4 AT piy o — AT
) g Pamort— BA¥RT T
L1 11 I 1 |

w = (Py + P)kgT/h ~ 1022571

STAR, Nature 548 62 (2017)

Most vortical fluid
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P#p— Wrp)

The Sign Puzzle

+ * A+A, STAR

0 n/4

- Wee

T. Niida, Nucl. Phys. A 982 511 (2019)

x 1073

* A, STAR
A A, STAR

0 n/2
¢— Wep
STAR, PRL 123 132301 (2019)

Aihong Tang. QuarkMatter 2023, Houston,
Sept 3-9



The Sign Puzzle
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The Sign Puzzle
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The Sign Puzzle
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The Sign Puzzle
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1.51 (a) AMPT IC + CLVisc: 200GeV Au+Au T=165MeV nis =1/(477)

Is the Puzzle Solved ?
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Is the Puzzle Solved ?

STAR Preliminary

® Ru+Ru
+ Zr+Zr

O Au+Au

© Sy = 200 GeV

AMPT+MUSIC

- A hyperon

[

-+ S-quark

Expectation :

The larger the system, the

smaller the global polarization
20-50%

I Observation :

AuAu ~ RuRu(ZrZr)

0

10 20 30 40 50 60 70 80

Centrality [%]

X. Gou for STAR, QM 2023
#864, Tues 8:30
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Probing the QGP by Spin Polarization

v
3 00 Ru+RUBZr+Zr |s,, = 200 GeV 3 O Ru+RUBZr+Zr |ls,, = 200 GeV
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Probing the QGP by Spin Polarization

Spin Hall Effect (in condensed-matter)

Transverse spin-current induced by spin-orbital
coupling under external electric field.

Baryonic Spin Hall Effect (in hot QCD matter)

Replacing the electric field E with the gradient of baryon
chemical potential VMB -> Polarization separation between A and A

1.5 D = —
C STAR preliminary Model predictions P_|_ X i p X VMB
1}:— 4 Au+Au P,-P- Ps-P S.Y.F. Liuand Y. Yin PRD 104 054043 (2021)
C — with SHE =~ with SHE S. Ryu, V. Jupic and C.Shen PRC 104 054908 (2021)
0.5 o WIoSHE - wlo SHE X-Y Wu, C. Yi, G-Y Qin and S. Pu PRC 105 064909 (2022)
C B.Fu, L-G Pang, H. Song and Y. Yin arXiv 2201.12970 (2022)
o~ Q. Hu for STAR, Chirality 2023, Beijing.
-0.5
C ly|<1.0 i i i
P Gontraliy:20~50% Possible detection at BES energies
E Baochi Fu et al., arXiv:2201.12970v1
-1.6———! : e
10 10?
\'syn (GeV)
Aihong Tang. QuarkMatter 2023, Houston, 14
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Global Spin Alignment

The spin state of a vector meson can be
described by a 3x3 spin density matrix.

The diagonal element py, corresponds to
the probability of finding a vector meson

in spin state 0 out of 3 possible spin states
of -1, 0 and 1.

P i
(7]
K*™meson

. A deviation of pgo from 1/3 would indicate
— oy )+ (3Pgy —1)cos’ 0 :I a non-zero spin alignment.

From quark combination :

1-(PgPg) 1 4
) V - vaq > __ %
N Poo ~ N (PqPC‘I)
. 1 1 3+(PgPg) 3 9
Po == P00>§ p00<§
Aihong Tang. QuarkMatter 2023, Houston, 15
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Global Spin Alignment : STAR Results

x¢ (lyl<1.0& 1.2<pT<5.4 GeV/c)
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g ‘
% ..... %@% .......... B % .....

0.4

| — —
—ot—
[

o
. w h
9)
T T T | T T T T | T T T T | T

- filled: STAR (Au+Au & 20% - 60% Centrality)
__ open: ALICE (Pb+Pb & 10% - 50% Centrality)

PN 10 107 10°
\ ;} | - V SNN (G eV)

STAR, Nature 614 244 (2023)

FOo—M

_1 Poo = ! Poo < !
Poo =73 03 © 3
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Global Spin Alignment : STAR Results

- | X0 (IyI<1.0&1.2<pT<5.4GeV/C)—
o K%(lyl<1.0&1.0< p, <5.0 GeVrc) |
[1]. Liang et., al., Phys. Lett. B 629, (2005); - i
Yang et., al., Phys. Rev. C 97, 034917 (2018); - -
Xia et., al., Phys. Lett. B 817, 136325 (2021); - ¥ .
Beccattini et., al., Phys. Rev. C 88, 034905 (2013) 0.35[~ * W
[2]. Sheng et., al., Phys. Rev. D 101, 096005 (2020); 1 N % o B ol i
Yang et., al., Phys. Rev. C 97, 034917 (2018) i i
[3]. Liang et., al., Phys. Lett. B 629, (2005) - @ i
[4]. Xia et., al., Phys. Lett. B 817, 136325 (2021); 0.3 .
Gao, Phys. Rev. D 104, 076016 (2021) - -
[5]. Muller et., al., Phys. Rev. D 105, LO11901 (2022) - T
[6]. Sheng et., al., Phys. Rev. D 101, 096005 (2020); i ’
Phys. Rev. D 102, 056013 (2020); Phys Rev. Lett. 131 25‘_ filled: STAR (Au+Au & 20% - 60% Centrality)
042304 (2023); arXiv:2206.05868 (2022) =% open: ALICE (Pb+Pb & 10% - 50% Centrality) |

[7] A. Kumar, B. Muller and D.-L Yang, PRD 108 016020 1l Lol Lol L
(2023) 10 10? 10°

sny (GeV)

STAR, Nature 614 244 (2023)

p00

¢ exhibits surprisingly large global spin alignment while K* displays little.
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The large py, puzzle

pOOz%+CA+C£+CE+CF+CL+ +C(p+Cg

- xd (IyI<1.O&1.2<pT<5.4GeV/c)—

Physics Mechanisms (Poo)

0.4 o K®(lyl<1.0&1.0<p_<5.0 GeV/c) |

(y) 4
ca: Quark coalescence <1/3 i — Gy =4.64+073m, s
vorticity & magnetic field*! | (Negative ~ 107) I % |
0.35F % -

ce: E-comp. of Vorticity <1/3 B ]
tensor!!] (Negative ~ 10

.o >1/3
. [2]
ce: Electric field (Positive ~ 10°)
cg: Fragmentation[®! (>~01r'0.<5)1/3 I |
. - filled: STAR (Au+Au & 20% - 60% Centrality) 7
c: Lﬁca' sein <1/3 0-251 5pen: ALICE (Pb+Pb & 10% - 50% Centrality) |
algnments II| 1 1 IIIIII| 1 1 IIIIII| 1 1
2 3
ca: Turbulent color fieldls! <1/3 10 10 10

sy (GeV)

STAR, Nature 614 244 (2023)
strong force

>1/3
(Can accommodate
large positive signal)

c,: Vector meson strong
force field!®!

¢g: Glasma fields + effective
potential

could be significant
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The large py, puzzle

What do we learn ?

1

Q

Poo ~ > P{ qu
(Pqu)

(PyPg) # (Py) (Pq)

V _
Poo

W[ = Wi

4

leus A
‘W .
: e

Nucleus B

Glasma

A. Ipp and D WUl EPA 56 243 (2020)

0.4

0.35

p00

0.3

0.25

: —GY=464+073m"

- s ) (IyI<1.O&1.2<pT<5.4GeV/c)—

;

- filled: STAR (Au+Au & 20% - 60% Centrality)
__ open: ALICE (Pb+Pb & 10% - 50% Centrality)

o K%(lyl<1.0&1.0< p, <5.0 GeVic) |

10 107 10°

\'sny (GeV)

STAR, Nature 614 244 (2023)
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What about J/yp ?

Naive expectation from fluctuating strong force field : pyo > 1/3 at midrapidity

/19=1_3p00 Ay >0 po <1/3
1+ poo
£ 05 BEREREREESEEES BARESEEEESCESEE RS Ranss 3 1r T | T 1
o4k AUCE Pb-Pb VSN 02 TeV b - STAR Preliminary ® Ru+Ru 200 GeV 1
03F 2<p <6GeVic|25<y<4 = - JIPsi->e’e’, 0.3<p <4.5 GeVle, lyl<t |
0.2f _*_ E 06 - -
- H _H_ : i i
0.1 ]
s ] 0.4 - .
A R R .-
_0_1__ ¢ Stat. uncert. - 0.2 |
I:ISyst uncert. Event plane | . 1
_0.2 IIIIIIII IIIII|IIIIII|IIIIIIIIIIIIIIIIIlIIIIIIIII B T
0 10 20 30 40 50 60 70 80 90 100 0% 10.40 20-80
Centrality (%) Centrality %
ALICE, PRL 131 042303 (2023) B. Xi for STAR, QM 2023
#353 TUES 9:30
Forward J/y pgy < 1/3 at LHC Midrapidity J/y pgo ~ 1/3 at RHIC
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Sept 3-9



p00

0.4

0.35

0.3

0.25

Is the Puzzle Solved ?

- filled: STAR (Au+Au & 20% - 6
| open: ALICE (Pb+Pb & 10% - 5 entrality)

x¢o (yl<1.0& 1.2<pT<5.4 GeV/c) -
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:

o
&

~—
=

S

10

10? 10°

sy (GeV)

>
8

T LI | T T T T T 17T | T
- Au+Au 20-50%
— Y A this study

@ A this study

\J

s% A PRC76 024915 (2007)
O A PRC76 024915 (2007) |

At 39 GeV both Apyy and Py are ~ 0 within 10

Xin-Li Sheng, Qingdao QCD meeting 2023.
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pOO

D** poo

IllllllllllllllllllIIIIIIIIIIIII

" ALICE Preliminary NEW! D™ (cd) » D+
0.6~ Pb—Pb, /Sy, = 5.02 TeV - Lk + 7
. Reaction plane ]
I | Expectation :
from Recombination: < 1/3
I | from Fragmentation: > 1/3
0.4 - —
- 41 Observation :
i - | Lowp;<1/3
High p; > 1/3
‘$> e Prompt D**, 0.3 < |y| < 0.8, 30-50%
0.2/~ ¢ Inclusive J/y, 4.0 <y <25, 2o—|40%‘ --- Qualitatively agree with expectation
fE TS that recombination is relevant at low
2-———————————>—————- while fragmentation is relevant at high pt.
OF———"—————————————
o
_4:_1l_?_lIIllIIlIlllllIIIIllIIlIllllll—:
o 5 10 15 20 2 30 However, quantitative agreement

GeV/
p; (GeVic) could be very challenging.

L. Micheletti for ALICE, QM2023
#479 TUES 14:50
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p00

Is the Puzzle Solved ?
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The Strongest EM Field, But Do We “See” It ?

Earth
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STAR, PRL 127, 052302 (2021)

Vacuum birefringence
vacuum + strong B
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Heavy ion collisions
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Gursoy, Kharzeev & Rajagopal, Phys. Rev. C 89, 054905 (2014) ...

Despite wide expectation of its existence, its imprint in QGP has been elusive.
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EM field : Hall, Faraday and Coulomb Effect

\ Hall effect (Lorentz force) and Faraday +
E ~—— = ‘.‘ Coulomb effect compete each other.

Hall effect is more relevant for heavy quarks
at early stage.

Faraday induction and

Coulomb effect é\

Hall effect

Calculations indicate Faraday + Coulomb
v >0 effect dominate over Hall effect for light

v <0

Y

X hadrons.

Gursoy, Kharzeev and Rajagopal, PRC 89 054905 (2014)
S.K. Das et al., PLB 768 260 (2017)

‘ g — Umut Gursoy, et al., PRC 98 055201 (2018)

K. Nakamura et. al., PRC 107 034912 (2023)
K. Nakamura et. Al., PRC 107 014901 (2023)

&
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Interplay between Effects

d(v4*-vy)/dy : Hall {t

transported quark  Faraday I Coulomb I

(Heavy quarks) (Light quarks)
<) } (a) transported-quark effect <l } (b) electromagnetic field <) * (c) observed
% &£~ | Faraday + Coulomb > Hall £~
Q;— Q;— e.;_
-1 -1 -1
ﬁ /\
central peripheral central peripheral o central peripheral
For proton and kaon
' Transported quark| effect :
p :luud! P o P at S0 v, slope difference between protons and antiprotons:
praud v~ Y ath sign change as a function of centrality.
K*:s _ o
K- 1is K" > K at np > 0 Similar pattern expected for kaons.
_ N _ _ .
mt:ud v < v atn >0 No sign change expected for pions.
w7 ud (#d > #u, Au neutron rich)
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Sign Change in A(dv,/dy)
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STAR, arXiv:2304.03430 (2023)
Aditya P. Dash for STAR, QM 2023
#347 WED 17:10
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Chiral Magnetic Effect

b d —_— j
§:‘ B‘SA) up 5:\ “ﬁ B .
Qr L ‘U)H. A np
= T P 5 4D T IR
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= 71 QL ()R
AP (3 ’ D
) o=
4584 ps # 0 ps # 0
Chiral Magnetic Effect Charge current
. Ne
Jy =57 M,B
) Sl

y = (cosp, + bp — 2ygp)
Yss < Yos
Ay =Yos = Vss

ss : a and B have same sign
os : a and B have opposite signs

X
g Chiral Separation Along B
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Chiral Magnetic Effect : Where Are We ?

®

1.04 T T T T T T T T T T T T T T . T
STAR /sobar, Vsyn =200 GeV, Ru+Ru/Zr+Zr, 20-50% HIM gRa | 1 0002
1.02 | [M. Abdallah et al. (STAR), Phys. Rev. C 105 (2022) 014901] ! .
LI T I s ----dn @1 8
o — baseline estimate, e 1"
OC o098 | STARarXi: 2308.16&: Ao N | 09998 %_
o - ' B I S B o D S
096 .. W= ____ W ___F i - - * ------------------------ < - 1 0.9996
0_94 I qu |q' 1 \ I (@1 I ! I
N )
«%@“ «v“ «v" & «%@*‘” «%@”" «x,e‘ &Y REFIIE IR R
& & \‘b SN ENC G <z° S8
é\w & Q¥ QP xm yq, ‘6‘5 %\w
A WX ORI T G o Y. Feng for STAR, QM 2023
> A AN\ > > AN > !
RAECANIVAN A A A ~ #358 WED 15:40
Aihong Tang. QuarkMatter 2023, Houston, 29

Sept 3-9



Chiral Magnetic Effect : Where Are We ?
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Chiral Vortical Effect
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CME : We Must Consider Global Spin Alignment

- %1072 : :
7020 Lv=o g
011 ]
oL |
01| .
C | L 1 1 | 1 1 1 | ]

0.2 0.4 0.6

A. Tang, Chin Phys. C 44 054101 (2020)
D. Shen et al., PLB 839 137777 (2023)
D. Shen QM2023, #292 WED 15:20

Poo being larger(smaller) than 1/3 means positive(negative) contribution to CME
observables

Aihong Tang. QuarkMatter 2023, Houston, 32
Sept 3-9



CME backgrounds : Are We Over Subtracting It ?
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D. Shen QM2023, #292 WED 15:20
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CME : Taking a Step Back

CME

Backgrounds CME influences

mimic CME backgrounds
Backgrounds

(resonance Vv,, Poo )
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Summary

Rotation is a fundamental element of heavy-
ion collisions, yet it is still a somewhat
elusive phenomenon.

Despite its elegance, our comprehension of
rotational dynamics remains limited.

Nevertheless, our exploration of the strongly
interacting QGP under rotation and in the
presence of a strong magnetic field has
unveiled a new and promising realm for
research. Its potential is still waiting to be
fully explored.
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Back Up Slides
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Probing the QGP by Spin Polarization

Ring and Toroidal vorticity : Unique fluid structures

K

>

53 2

Vortical
structure

Partially
quenched jet

B. Bets, M. Gyulassy and G. Torrieri, PRC 76 044901 (2007)
Y. Tachibana and T. Hirano, NPA 904 1023c (2013)
W.M. Serenone et al, PLB 820 136500 (2021)
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Sign Change in A(dv1/dy) : Any Alternative Explanation ?
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