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Takafumi Niida
%%ﬁ%k%

University of Tsukuba

© Fmx¥
PC FEELHELVY — E%eme! wqushop, Yonsei University/Online
@0 O @ Tomonaga Center for the History of the Universe Polarization phenomena and Lorentz symmetry violation in dense matter’




Heavy-ion collisions

Early Universe Coe . o final detected
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e Study the properties of quark-gluon plasm

* Explore the QCD phase structure, especially the location of a critical point/
signatures of 1st-order phase transition

— Need better understanding of the initial condition and collision dynamics
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Orbital angular momentum/magnetic field in HIC
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...leading to chiral magnetic effect/global polarization

Strong magnetic field
B~ 10" T
(eB ~m2 (T ~ 0.2 fm))

T

- wikipedia

D. Kharzeey, L. McLerran, and H. Warringa, Nucl. Phys. A803, 227 (2008) magnetar
L. McLerran and V. Skokov, Nucl. Phys. A929, 184 (2014) 11
B ~10" T

Orbital angular momentum
L=rxp
~ bA\/5. ~ 10°A

Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005)




Vorticity and “global” polarization

F. Becattini et al., PRC77, 024906 (2008)

Longitudinal shear flow Is produced, where flow velocity v. depends on x.

1 Owv,
2 Ox

1
wy:§(V><v)y%

impact parameter X 4

beam direction

Particles "globally” polarized along L

/.-T. Liang and X.-N. Wang, PRL94, 102301 (2005)
S. Voloshin, nucl-th/0410089 (2004)
F. Becattini, F. Piccinini, and J. Rizzo, PRC77, 024906 (2008)
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polarization measurement

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

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

IN 1 L
AN—=p+m—

]E)HZ hyPeron polarization (BR: 63.9%. ¢ 7~7.9 crm)
PB : unit vector of daughter baryon momentum
a7 - hyperon decay parameter * denotes In hyperon rest frame

O — —Op = 0.732 £ 0.014

O=— — —0.401 £ 0.010

an- = —0.0157 + 0.0021 P.A. Zyla et al., PDG2021

Any hyperons can be used but the sensitivity is different, depending on aH!
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Global polarization measurement

Projection onto the transverse plane

L

8 (sin(Wy — 7))
TOH RGS<\I/1)

W4 azimuthal angle of impact parameter

P =

beam direction (z)
STAR, PRC90, 014910 (2018)
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STAR, PRC76, 024915 (2007)

11 1.11 1.12 BT I 1.12

__ A —zero BG
A - -BG of oc+[3MinV

- Impact parameter direction determined by spectator deflection
S. Voloshin and TN, PRC94.021901(R)(2016)

(sin(V¥ -

- COM vs. rest frames, ~3%(10%) reduction at low(higher) pr
W. Florkowski and R. Ryblewski, PRC106, 024905 (2022)
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Observation of global po

STAR, Nature 548, 62 (2017)
STAR, PRC90, 014910 (2018)

P, (%)

N
()

a, = 0.732 £ 0.014
o =-0.758 = 0.012

STAR Au+Au 20%-50%
Nature548.62 (2017)
eA OA
PRC76.024915 (2007)
AA AA
PRC98.014910 (2018)
mEA OA

UrQMD-IC+vHLLE, A
AMPT, A

- = = = Chiral kinetic, A+A

— YangMills-IC+PICR, A
...... 3FD model, A
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larization

* |ncreasing trend toward lower energies,

described well by various theoretical models

|. Karpenko and F. Becattini, EPJC(2017)77:213, UrQMD+vHLLE
H. Li et al., PRC96, 054908 (2017), AMPT

Y. Sun and C.-M. Ko, PRC96, 024906 (2017), CKE

Y. Xie et al., PRC95, 031901(R) (2017), PICR

Y. B. lvanov et al., PRC100, 014908 (2019), 3FD model

* |ndication of thermal vorticity

PA(R)

W

Y

lw  uabB
2T~ T
(Pp + P3)kgT/h ~10%4 s~

Ua: A magnetic moment
T: temperature at thermal equilibrium

F. Becattini et al., PRC95, 054902 (2017)

e Possible difference between A and anti-/\



Recent update on A global p

STAR, PRC104, L061901 (2021)
HADES, arXiv:2207.05160 (2022)

2 3 - _ PRC103 (2021) 3, L031903, HADES p_€0.2,1.5] GeV/c ye-0.5,0.3]
I_I< : AU+AU, b=6fm, |y|<05 AU+AU Ag'l'Ag
2l — = hadronic EoS m 10-40% e 10-40%
(4= = CrOSsover E0S O 20-40% O 20-40%
= 1PT EoS STAR 20-50% p_€]0.5,6.0] GeV/c i<
6 O PRC104 L041902 (2021), ° PrHEo.0. <
= Au+Au, b=5fm, lyl<t, p €[0.4,2.0] 4 PRC76024915(2007)
5 — s AMPT model % Nature548 62 (2017)
= Y PRC98 014910 (2018)
41— U ALICE 15-50% p_€0.5,5.0] GeV/c lyl<0.5
— ¢ PRC101 044611 (2020)
3 - STAR 20-50% p_€[0.7,2.0] GeV/c ye[-0.2,1]
5 - + PRC104 6, L061901 (2021)
1= L{r.j‘ 1
— + v
) r VA ¢ y--
_1__IIIIIII| ] ] IIIIII| ] ] IIIIII| ] ] IIIIII| ] ] 1 1 11
1 10 10°
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e New data from STA

olarization

RHA

D

=S at \/snn = 3/2.4-2.55 GeV

» Also some new preliminaries from STAR BES-I|

(not shown here, see STAR talk in QM2022)

e Continuous increase down to y/san~2.5 GeV
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 New data from STAR/HADES at /snn = 3/2.4-2.55 GeV

» Also some new preliminaries from STAR BES-I|

(not shown here, see STAR talk in QM2022)

e Continuous increase down to y/san~2.5 GeV

4

Predicted to have the maximum around v/san = 3 GeV
- Initial L & “stopping” to “transparency” at midrapidity
X -G. Deng et al., PRC101.064908 (2020) A. Ayala et al., PRC105.034907 (2022)
012 141 i‘i c|= 0.0025, < b > =8.73 | .
Au+Au - b=5.0 fm F R, = 6.554fm, a = 0.523 fin’
0.1 e b=8.0 fm —¥— P, - BES data -
< 0.08
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e New data from STAR/HAD

olarization

=S at \/snn = 3/2.4-2.55 GeV

» Also some new preliminaries from STAR BES-I|

(not shown here, see STAR talk in QM2022)

e Continuous increase down to y/san~2.5 GeV

4

4

Predicted to have the maximum around sy = 3 GeV

Slope seems to change around +/snn = 7-10 GeV, relying
on model calculations (need data)

Should we expect such a change when going from
hadronic matter to partonic matter?

10
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e New data from STA

olarization

R/HA

D

=S at \/snn = 3/2.4-2.55 GeV

» Also some new preliminaries from STAR BES-I|

(not shown here, see STAR talk in QM2022)

e Continuous increase down to y/san~2.5 GeV

» Predicted to have the maximum around +/snn = 3 GeV

» Slope seems to change around +/snn = 7-10 GeV, relying
on model calculations (need data)

» Should we expect such a change when going from

hadronic matter to

e New data will come from STA

partonic matter?
R BES-II (3-27 GeV)

Caveat: be careful for different centrality/rapidity acceptance for a fair comparison
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Multistrange hyperons: = and ()

» Extend measurement to = and () hyperons o — 1 (1+agPl -ph)
v different spin, decay parameter d{)* 47
v less feed-down magnetic

hyperon decay mode  QH moment vy SPIN

v different freeze-out N - 0 7 e o
v # of s-quarks (UdS)  gragw O -0.

— ==\ _ _ y
» Challenge: small an (low sensitivity), low production rate |~ (dss) 0.407 -0.6507 /2

(BR: 99.9%)

_ Q= AK-
(O (sss) G20 00157 202 32

» Polarization of daughter A in = and () decays
T.D. Lee and C.N. Yang, Phys. Rev.108.1645 (1957)

P} = C=-A\P5 = 5 (1 +27=2) PL.

C’:—A — —|—0944
P} = Co- 2Py = ¢ (1 +470) P§,.
Daughter A polarization can be used to know Yais unknown o, Bo<1 = yo~+1
parent particle polarization! Polarization transfer factor Con  Caa =~ +1 or — 0.6

1 Niida, Reimei workshop 2022 12



= and Q global polarizations at Vsnn = 200 GeV

STAR, PRL126, 162301 (2021)

T

P, [%]

—o

N
IIII|IIII|IIII|II

Q

P_(7.7)=7.3423.02 [%]

AMPT PRC99 014905 (2019)
A+A

H

STAR Au+Au 20%-50%
Nature548.62 (2017)
eA OA
PRC76.024915 (2007)
AA AA
PRC98.014910 (2018)
BEA [OA

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

STAR Au+Au 20%-80%
) (via daughter A P)

* .=+_
¢ E+n_
+ Q + Q (viadaughter A P)

a, = 0.732 = 0.014 *
OLX =-0.758 £ 0.012

Ol = -0+ = =-0.401= 0.010

Y, =17

_1 IIII|
10

10°

10 \/7 [GeV]

* published results are rescaled by Qoid/Anew~0.87
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» Likely hierarchy in Py, though not signiticant yet

<PA> — 0.24 £+ 0.03 (Stat)
(P=) = 0.47 £0.10 (stat)
<PQ> = 1.11 £ 0.87 (Stat)

0.03 (syst) %

0.23 (syst) %

1.97 (syst) %

(20-80% centrality)

> combined = Py from the two methods

» Thermal model: PA=P==3/5"Pq

(s) (s+1)w

P:<S>%
S 3 T

F. Becattini et al., PRC95.054902 (2017)

» Earlier freeze-out leads to larger PH
O.Vitiuk, L.V.Bravina, and E.E.Zabrodin, PLB803(2020)135298

» D

£

erent feed-down co

» AMPT and hydro calcu

D.-X. Wei, W.-T. Deng, and X.-G. Huang, PRC99.014905 (2019)
B. Fu et al., PRC103.024903 (2021)

Nt

q

ribution

lons capture the trend
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= and Q global polarizations at Vsnn = 200 GeV

STAR, PRL126, 162301 (2021)

T

P, [%]

—o

P_(7.7)=7.3423.02 [%]

= at 27 GeV
(STAR preliminary)

/

N
IIII|IIII|IIII|II

B A+A
: Q

AMPT PRC99, 014905 (2019)

H

*
¢
+

STAR Au+Au 20%-50%
Nature548.62 (2017)
eA OA
PRC76.024915 (2007)
AA AA
PRC98.014910 (2018)
BEA [OA

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

STAR Au+Au 20%-80%
= (V|a daughter A P,)

=+ = E
=+ n_
Q + Q (viadaughter A P,)

a, = 0.732 = 0.014 *
OLX =-0.758 £ 0.012

Ol = -0+ = =-0.401= 0.010

Y, =17

_1 IIII| I
10

10°

10 \/7 [GeV]

* published results are rescaled by Qoid/Anew~0.87
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STAR preliminary at 27 GeV: P=~1.2%+0.7 (stat+sys)
E. Alpatov (STAR), ICPPA2020

Large uncertainty of P=iqto be improved in future,
especially in 2023+2025 RHIC runs

Unmeasured va (yao=+1 or -1) can be constrained
based on the vorticity picture

P} = Co-aP§ = & (14 470) Py,

Larger splitting of Pa and Panii-qo due to B-tield?
U — —2.02, HUA = —0.613

14



Pu In 1sobar collisions

picture from P. Tribedy (QM2022)

* |nitial B-field (|B|?) difference is 10-15% between Ru+Ru and Zr+Zr

e System size dependence predicted: longer lifetime dilutes the vorticity
S. She et al., PLB788(2019)409

A vs. anti-A\ In Ru+Ru Isobar vs. Au+Au for A

2 | | | | | | | | | | [ | I | | 2 | | | | I | | | | | | | [ | |
 STAR Preliminary ] :  STAR Preliminary A ]
Ru+Ru \s,, = 200 GeV | B Ru+Ru
[ m A il | |+ Zr+Zr I ]
1 __ mA H 1 __ i O Au+Au I il
i " | Centrality - 7] - Centrality _
? | i | 2050% | 'o\? I % 2y E | 20-50% |
R e '.'
T : § < :
X 500
TR SRR R Sl
O‘ﬁ ______________________________________________________ N I _| 0\% ............................................ $ __________ i _
- T - " {Syy = 200 GeV T
1L I AT IRH T NN R BN H | 1L T NI T TR NI BT H I
0O 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80
Centrality [%] Centrality [%]
P < PRY x PZr < PPt < PP 7 X. Gou (STAR), QM2022

No significant difference between A-anti/\, isobar vs. Au+Au -
1 Niida, Reimei workshop 2022



Rapidity dependence

STAR, PRC104, L061901 (2021)
HADES, arXiv:2207.05160 (2022)

BUR2020, STAR Note SNO755 = | -
. STAR Au+Au SNP=200 GeV Projection (run2023) |Df 4‘ —e— ‘ a” 4 +
| 20-60% (40-80% for 2.5<n<4) .; 15\-:%+ : ] :
1= ‘ * Q+0 ST j >
- TR geometiomodel | ol I
- | I [EXO,%\:/II%PydrO *?\a*x 2 ; - 1 ® 10-40%
x| ciee @, AMPT - == AMPT | oo
T | eemmmmmmmmmman- 1k . 1 retlecte ® HADES Ag+Ag \Syy = 2.55 GeV
- O'Sj ‘ STAR Au+Au, \/snn =3 GeV b =5.5fm UrQMD+therm.v\{or;:ity, PLB803 135298 (2020)
- 0-50% centrality, pr > 0.7 GeV/c : | , | , , | |
I @ % % % - o .0.50. - t.&,Az,g?g;,o .7. b ] ° o6 “0.4 0.2 0 0.2 0.4 08
= —0.2 0 0.2 0.4 0.6 0.8 1 oM
Ofb—--®---@--0---0fpk®---0--0---@--------—-----—- +++ ———————— Yy
R [iec >. | . C 1
0 4
n
W.T.Feng and X.G.Huang, PRC93.064907 (2016) ; Pk :
DX Wei, W.TDeng and X.G.Huang, PRC99.014005 2019y © Models predict the rapidity dependence differently
H.Z.Wu et al, PRResearch1.033058 (2019)
Y-Xie, D.Wang, and L.P.Csernai, RPJ (2020) 80:39 * S0 far no strong dependence within acceptance. In lower
/. T.Liang et al., Chin.Phys.C45, 014102 (2021) . C
energies, the measurement close to the beam rapidity was
done (Ypeam ~1 at y/snn = 3 GeV)
10
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Local vorticity

Vortex induced by |et

: flow velocity e (GeV/fm?)

Y. Tachibana and T. Hirano, NPA904-905 (2013) 1023
B. Betz, M. Gyulassy, and G. Torrieri, PRC76.044901 (2007)

1 Niida, Reimei workshop 2022

Local vorticity induced by collective flow

Sy

-
N\

/
f
A
4
%

L.-G. Pang, H. Peterson, Q. Wang, and X.-N. Wang, PRL117, 192301 (2016)

F. Becattini and |. Karpenko, PRL120.012302 (2018)
S. Voloshin, EPJ Web Conf.171, 07002 (2018)
X.-L. Xia et al., PRC98.024905 (2018)

17



Polarization along the beam direction

F. Becattini and I. Karpenko, PRL120.012302 (2018)
S. Voloshin, SQM2017

dN 1
10~ ap LT enPE Py
y dN
@ £ 4 <COS(9;> :/dvcosﬁ*dﬂ*
,\ f\ = ag P, ((cos 6’;)2>
f\‘ Jf : . P _ <COS (9;>
= R P Galleos 67
- = . X 3(cos 07 )
> — (if perfect detector)
('H

aH. hyperon decay parameter
6. 6 of daughter proton in A rest frame

Stronger flow in in-plane than in out-of-plane, known as elliptic flow,
makes local vorticity (thus polarization) along beam axis.

1 Niida, Reimei workshop 2022 18



“Zz-component” of polari

(o) 2

sgn(a,) (cos(8 )™

- Polarization along the beam direction expected

from the “elliptic flow”

- STAR data indeed show such a longitudinal polarization
depending on azimuthal angle (sine function)

1 Niida, Reimei workshop 2022

ation: P-

P, o< (cos )

0.001

0.0005

-0.0005

-0.001

Flow-driven polarization!

STAR, PRL123.13201 (2019)

STAR

i b

Al
i1

N\

Lol

Au+Au \/s =200 GeV
20%-60%

fit: p_+2p sin(2¢-2¥ )
*A p =0.016x0.003 [%,
%A P, =0.015:0.003 [%

1 2 3

q)-‘PZ [rad]




“Sign puzzle” in Pz(¢)

Hydrodynamic model Chiral kinetic approach
. . o P?, /Sny =200 GeV RHIC Au+Au @ 200 GeV, 30-40%
Theoretical models predict Pz(¢}) differently T | oo s <t
- . 0.012 - ° |y|<2
- UrQMD-IC + hydrodynamic model | oo 4l o0 o
F. Becattini and |. Karpenko, PRL.120.012302 (2018) j g O'OOO s | o s, L -:‘
' : Ol" " 1
- AMPT X Xia, H. Li, Z. Tang, Q. Wang, PRC98.024905 (2018) \ _ -222‘8‘ | PR Sy ut
- (o 1 LT LS
- Chiral kinetic approach Y. Sun and C.-M. Ko, PRC99, 011903(R) (2019) — | Mooz 4y o ‘o0 ]
—-0.016
- AMPT-IC + MUSIC B. Fu et al., PRC103, 024903 (2021) > °1 0 1 : -86 5 <|> A :
- High resolution (3+1)D PICR hydrodynamic model GeVic] P
Y. Xie, D. Wang, and L. P. Csernai, EPJC80.39 (2020) x 1073
- Blast-wave model g~
S. Voloshin, EPJ Web Conf.171, 07002 (2018), STAR, PRL123.13201 | ‘,..;/-\’3
- Thermal model W. Florkowski et al., Phys. Rev. C 100, 054907 (2019) VOriiCIty: “Wee = 5 (Osup — Opug) £ FATIARRLLENN
- (« IETREET 1 S (U | ...
- (3+1)D hydro CLVisc, “T-vorticity Shear: 2,, = = (dou, +dpu,) £ | e N 7
H.-Z. Wu et al., Phys. Rev. Research 1, 033058 (2019) 2 21N W 4
w " kA STARNY =2/
( ) —4 - T _ '—-‘
- New term: “shear tensor A, STAR ™ .
S. Liu, V. Yin, JHEP07(2021)188 0 /2 T
B. Fu et al., PRL127, 142301 (2021) ¢ — Yrp

F. Becattini et al., PLB820(2021)136519

F. Becattini et al., PRL127, 272302 (2021) Disagreement among models and data

Incomplete thermal equilibrium of spin degree of freedom as the flow
develops later in time” "shear tensor” explains everything?

1 Niida, Reimei workshop 2022 20



Higher harmonic flow

dN/dg [r/25]

N
o

N
(=)
I T T T Uy

40000

JdA® [1/25]

dN

picture from CERN COURIER (MUSIC)
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Single particle distribution
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Two particle correlations
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* |nitial density fluctuations lead to higher harmonic flow

e Can higher harmonic flow also create vorticity, thus polarization”
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P- Iin isobar collisions

TN (STAR), QM2022
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o Clear W, dependence as seen in Au+Au at 200 GeV
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P- Iin isobar collisions

TN (STAR), QM2022 *Not accounted for EP resolution and decay parameter
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o Clear W, dependence as seen in Au+Au at 200 GeV

* First measurement relative to the 3rd-order event plane Ws!
» Similar pattern to the 2nd-order, indicating va-driven polarization

» Can models describe the data with correct sign”
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Centrality dependence of P:,,

TN (STAR), QM2022
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e Comparable 2nd and 3rd order sine coefficients of Pz, especially in most central events

e Hydrodynamic models with shear term reasonably describes the data for central but not for
peripheral collisions. Still need more investigation on how to implement the shear
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Collision system size dependence of P,

TN (STAR), QM2022

— 1
o\o —
. - Isobar \s,, =200 GeV T S. Alzharani, S. Ryu, and C. Shen, PRC106, 014905 (2022)
T T mi ——
E.'I _ STAR preliminary : es Pl — oot _
= *  Ru+Ru&Zr+Zr, A+A 0.4~ nT/(e+ P) = 0.08 I :
A, i — I’ M| nT/(e + P)=10.16 -
[RN Au+Au 200 GeV, A+/i bs #  STAR -
P | + Pb+Pb5.02TeV, A+A S [ e =05 GeV/fmd :
Q (ALICE) % i = oL w=04fm + k
= - o= - Wl + SIP(BBP)

- x RRE: ==

. 5 :
- ¥ % I
- a5 9 0.0 =g ...,
0 _ ______ e E + Au+Au@©200 GeV (a)
B 0.1 ! ! ! I ! ! ! I ! ! ! I ! ! !
0 20 40 60 80
- 0.5<p_<6 GeV/c, ly I<1 a,=-0,=0.732+0.014 Centrality(%)
T
I I I I I I I I I I I I
0 20 40 60 80

Centrality [%]

e P,o>from Isobar data comparable to Au+Au and Pb+Pb
» There may be a small system size dependence, rather than energy dependence

e Additional constraint on the specitic shear viscosity
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Summary

* Observation of global polarization open new directions in the study of QCD

matter and its dynamics in heavy-ion collisions
“the hottest, least viscous, and now most vortical, fluid”

* A lot of progress in measurements since the first observation by STAR

» Global polarization measurements in a wide range of energy: 2.4 GeV to 5.02 TeV

» Differential measurements with some open questions: rapidity/azimuthal angle

» Extended measurements to = and Q) hyperons, to be improved in future
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L. McLerran and V. Skokov, NPA929. 184 (2014)
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Outlook

* Global polarization
» Any A-Abar P splitting? If so, is it due to B-field?
» Need more precise measurements of = and Q)

»  What's rapidity dependence” At more forward/backward rapidity UR2020. STAR Note SNO755

» Local polarizations SR e
bt o
» Higher-order P;and one remaining component Py, If any - | — A PCRn O
. . S. Voloshin, EPJ Web Conf.171, 07002 (2018) T sl e
»  d-polarization (toroidal vortex) x.L. xiaetal, PRCI8, 024905 (2018) : \
W. M. Serenone et al., PLB820 (2021) 136500 i @ ¥ % g €y
»  Spin Hall Effect? M. Lisa et al., PRC104, LO11901 (2021) | AN RS %»» ________
S.Y.F. Liuand Y. Yin, PRD104, 054043 (2021) IR 1 B S |
] . n
* Connection to the phase diagram 4
Y. Jiang and J. Liao, PRL117.192302(2016) . .
Y. Fujimoto, K. Fukushima, Y. Hidaka, PLB816(2021)136184 = C “LC:?});
Unquenched jet - Hr:\}\.' /‘immture
More interesting results will come! s o
— STAR BES-II/Run2023+, LHC Run-3, HADES, NAB1/SHINE, and future experiments ~ #1-;
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