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Relativistic heavy-ion collisions

Interacting system evolves through different stages:

early pre-equilibrium phase = formation of hot and dense partonic matter

—> phase transition to the excited hadronic gas as the system expands and cools down
—> chemical freeze-out = kinetic freeze-out = detectors

oo fus A - final detected
Relativistic Heavy-Ion Collisions particle_gfstributions
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Properties of the medium - I

Properties of the sQGP in heavy-ion collisions:
v’ extends ~ over a size of colliding nuclei
v" highest temperatures and energy densities
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¢ ~ 240 MeV in AuAu@200 GeV
T ~ 300 MeV in PbPb@2760 GeV

- the hottest medium ever

2> T>> T,

g2'4
22

d’N** | dp,dn
N pinary YA*N™ | dpd

RM(pT) = <

PHENIX Au+Au, '.I.'s_NN =200 GeV, 0-10% most central
i direct y (PRL109, 152302) § J/iy 0-20% cent. (PRL98, 232301)
i =° (PRL101, 232301) o 0-20% cent. (PRC84, 044902)

i h (PRC82, 011902) § ez (PRC84, 044905)
+¢ (PRC83, 024904) 1 K* (PRC88, 024906)
i p (PRC88, 024906)

' !

16 18 20

pT(GeV/c)
R4, ~ 0.2 up to 20 I'3B/c in central A_A
Absence of suppression for v, and hadrons in p-A
Same suppression for light hadrons = partonic level
Heavy c-quarks are also suppressed

Theory: &> 15 I'3B/pm?; dN/dy > 1100

B. Pabos, OPB3 CemunHap 3
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Properties of the medium - 11

Properties of the SQGP in heavy-ion collisions:
v’ extends ~ over a size of colliding nuclei
v" highest temperatures and energy densities
v’ fast thermalization, nearly perfect fluid, 1n/s close to quantum bound (h/47)
v’ partonic degrees of freedom
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Non-central collisions

PROJECTILE 2

?PEmAT?ns L A _ A/snN

P, = - 5
b/2 4B - (+Ze)
> ‘ .
ald A
(+Ze) »—b/2 2
T;RGET - S A\/ SNN
SPECTATORS - 2

* Huge angular momentum for the system in non-central collisions at high energy:

Ly =[F x p| ~ L8N~ 104105 A

* Angular momentum of the system can polarize the system constituents (quarks)

—> global polarization = polarization of particles in the final state

B. Pabos, OPB3 CemunHap 5



Global polarization
Phys.Rev.Lett.94:102301,2005; Erratum-ibid.Lett.96:039901,2006

Globally Polarized Quark-gluon Plasma in Non-central A + A Collisions

Zuo-Tang Liang! and Xin-Nian Wang?>!

! Department of Physics, Shandong University, Jinan, Shandong 250100, China
“Nuclear Science Division, MS 70R0319, Lawrence Berkeley National Laboratory, Berkeley, California 94720
(Dated: October 18, 2004)

Produced partons have large local relative orbital angular momentum along the direction opposite
to the reaction plane in the early stage of non-central heavy-ion collisions. Parton scattering is
shown to polarize quarks along the same direction due to spin-orbital coupling. Such global quark
polarization will lead to many observable consequences, such as left-right asymmetry of hadron
spectra, global transverse polarization of thermal photons, dileptons and hadrons. Hadrons from
the decay of polarized resonances will have azimuthal asymmetry similar to the elliptic flow. Global
hyperon polarization is studied within different hadronization scenarios and can be easily tested.

B. Pabos, OPB3 CemunHap



Barnet effect (1915)

Second Series. October, 1015 Vol VI., No. 4
e
THE " «NJ\‘L \1:1,:];],
SN HET
PHYSICAL REVIEW, . gt
0 ik
s 1

MAGNETIZATION BY ROTATION.

By = |. BapwooT. J

1. Im 19909 it occurred to me, while thinking about the origin of m.‘
terrestrial magnetizm, that a substance which is magnetic (and there-
fore, according to the ideas of Langevin and others, constituted of atomic
or molecular orbital syatems with individoal ssagnetic moments fxed
in magnitude and differing in this from zero) must become magnetized

by a sort of molecular gyveoscopic action on receiving an angular velocity.

* Magnetization by rotation: macroscopic rotation (global angular momentum) =
microscopic spin alignment

e M~w

B. Pabos, OPB3 CemunHap



Spin hydrodynamic generation
Nature Physics 12, pages52—-56 (2016)

Liquid flow > @
5 ®=rotv e
\‘ ~ '1:4 ; —

\é\‘v Qm_’état

®
__ . | V2 S 1 . 4¢ :
? Pwire e Equation for spin voltage: = — ———&Mm
AP Quartz pipe \ q ) p g !’l' /12 O'Oh )

W=, — 11y, where
w4 and g respectively denote the electrochemical potential
for spin-up and spin-down electrons

a gradient of spin voltage drives a spin current
A is the spin-diffusion length £ s fluid viscosity

* Vorticity acts as a spin current source

 Viscous fluid flow = vorticity = spin polarization

B. Pabos, O®BD CemunHap 8



Non-central collisions

B L

Large angular momentum due to

K eaction piane Participants
medium rotations (PRC 77 (2008)
024906, Beccattini et al.)

—, 90000

spectators

80000 F

Strong magnetic field (~ 1013 T)

formed for a short period of time
(NPA 803 (2008), Kharzeev et al.)
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Polarization in a relativistic fluid

picture from UrQMD

* In arelativistic fluid at local thermodynamic equilibrium, spin polarization is driven by:

F. Becattini et al.; arXiv:2103.14621 [nucl-th]; B. Fu et al.; arXiv:2103.10403 [hep-ph]

1 ) ) In non-relativistic limit _
E (61,;3,1 — a'uniljy) > o ~ UJ/T
gr — 1 uh £— four—terhperature vector

u — four velocity, T — proper temperature

Thermal vorticity: @ =

* Hydrodynamic, transport, or any other models don’t have the physics ingredients to
generate particle spin polarization

* Models generate hydrodynamic gradients (flow gradients, temperature gradients) =
sources of vorticity

» To estimate particle polarization from vorticity = need a theoretical framework
B. Pabos, OPB3 CemunHap 10



Polarization in a relativistic fluid

No theoretical knowledge about:

v" evolution of quark spin polarization in QGP

v' formation of a polarized hyperon from the polarized quarks
v effect of hadronic scatterings on spin d.o.f
v

estimation of the relaxation times

Solution: Local equilibrium formula relates the mean spin vector $¥4p) of a spin V2
fermion to the vorticity sources at the hadronizationg hypersurface 2'(extension of
Cooper-Frye formalism).

J5dE -pnp(l — nF)wpe

1 .
SH(p) = ——€""""p, —
P 8m . JsdEX-pnp

1

ng : —
: explB-p—qu/T|+1

- Fermi-Dirac phase-space distribution function

Vorticity results in equal polarization for particles and antiparticles

There are no relativistic calculations for particles with s > 1/2



Hyperon polarization

A—>p+m (BR ~64%, ct ~ 8 cm), parity violating weak decay

Daughter baryon is preferentially emitted in the direction of
hyperon spin (opposite for antiparticle):

diN —1 (l +aH|%{\cosﬁ*)
dcos@* 2
(- denotes hyperon rest frame) BESIII, Nature Phys. 15 (2019):
Py = hyperon polarization vector a = 0.750 £ 0.009
@y = hyperon decay parameter ax =—0.758 £0.01

f'p = unit vector along daughter baryon
momentum

* Polarization estimation procedure:

v' identify the reference axis

v' take a projection of the daughter proton’s momentum direction on the reference axis

v’ average that projection over all hyperons in all events

B. Pabos, OPB3 CemunHap 12



Global hyperon polarization (STAR)

STAR, Nature 548, 62 (2017) S. Voloshin, T. Niida; Phys. Rev. C 94, 021901(R) (2016)
BBC
2
4 5ys ) 6 TA
\ 4 [P o *
IR X BBC — - . g O q]s” v 1
/ / THECPI-I'JSFS'.)_

- moy Res(W)

quark-gluon ’
plasma / /

A
forward-going
beam fragment

¢, - azimuthal angle of daughter proton in A(A) rest frame

y, —observed angular momentum angle

Res(y,) - resolution of y; measurements

B. Pabos, OPB3 CemunHap 13



Reconstruction of A(A)

= A(A) = p(p)+r using identified tracks and VO topology cuts

" Variables or selections:
v’ opposite charge p(p) and =« tracks pairs identified by dE/dx, ToF
v’ % of Kalman fit of track pair (how good the pair complies with
hypothesis to originate from the same secondary vertex)
distance between tracks, < 0.5-1 cm
production radius (how far from the primary vertex), > 5 mm
o = angle between 7 & p , a < 0.07
DCA of daughter tracks (track-to-PV distance), > mm
decay asymmetry
veto on competing KO - ¥~ decay

angle between T&p

VO topology:

proton track

pion track

AN NN N NN

= Quite a lot of variables, but most of them are correlated !!!

= Selection cuts depend on the detector capabilities and physical signals/background

= Optimized for high purity of signal and yet high efficiency of reconstruction

«10° x10° x10°
[}
= o L 04_2N0, r _—
g 1tk ALICE Preliminary Pb-Pb s =5.02 TeV 1 | A STAR 10%-80% a0k A
Q ® Reconstructed & a 30 < Centrality(%) < 50 | L
..... Bkg fit (pol2) : .. 1.0< P (GeVie)<1.5 a0- 30;
° e ¥yl <05 | —real C
¢ o | —BG (fit) i
[ ] [ ] . r
05k i 2 ] L —-BG (mix) 20+
3 '] 201 [real-BG (fit) F
2 r
L ] L ] [
: . (a) 101 (b)
097305 117 1115 1.2 1.125 11 111 112 11 111 112 14

MDR- (GeVic) IIVIir'l\.r [GerCZ] IVlirl\.r [GeV/Gz]



Event plane measurements

Event plane is estimated from the azimuthal distribution of tracks (TPC) or energy in
forward detectors (VO, ZDC):

_ XEjcos(mey) _ XE;sin(m;)
B Y E; Y L E;

1
WEP = EA:f‘a:nz((;v;j'*-, m)

Qx'

For m=1 weights had different signs for backward and forward rapidity

Event plane is a proxy for reaction plane smeared by event plane resolution

Resp{Wy ", Wy, "} = {cos[n(wy, " — ¥, "))

WEPis used for hyperon global polarization measurements

P5Pis used for local polarization measurements

B. Pabos, OPB3 CemunHap
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Global polarization measurement

<c05 (qa;{;, — U, )>

oLy Res(W;)

(o a]

§I—I = CE)H 'j!-;}’!-;} =

= Event plane method:

1) number of A (A) counted in each bin of the hyperon emission azimuthal angle relative to EP
2) yield of A (A) as a function of W, — ¢* is fitted with a sine function to obtain (sin(¥; — %))

" Invariant mass method: P polarization signal

(sin(@y — gp))° = (1= FBE(Miny)) (sin(¥y — 65))%% + fP8(Miny ) (sin(¥; — 7)) P8

Ii

) Qolom'_ [ —zero BG

;T,_ i A ! A (sin(¥; — q‘)S)}Bg = a + BMiny
z i

A

0001 STAR 10%-80% @ r ()

L I S PR T T SR N SO TR T
1.1 1.11 1.12 1.1 1.11 1.12

2 2

M, [GeV/c] M. [GeV/c]

= Results from the invariant mass and event plane methods are consistent (systematics unc.)

B. Pabos, OPB3 CemunHap 16



Global polarization

EPJ Web Conf., 171 (2018) 07002; Nature 548, 62 (2017)

Py [%]

3 - — 3 LELELIL] I LI} I T T T LILBLELEL I
o — .
i Nalures48.62 (2017) o~ u STAR, Nature, 548, 62 (2017)
oA ©OR - | * A oA 7
L > PRC76.024915 (2007) o 2 B STAR, PRC76.024915 (2007) |
2 Ij] +A FA L I.. A oA _
L = STAR prelim. (20-60%) -
| ﬂ s this analysis = N { ‘A N .
- E, | | o ’ o ALICE prelim. (15-50%) ]
r ! \ = ¢ A & A i
- o [0 | i
I Ll B ) -
B S a ]
[ Al o) I L . —— -
L STAR Au+Au 20%-50% \ﬁﬂj = Karpenko, Becattini, EPJ G77(2017)214 ] -
| - - —— primary A -0.7%dv,/dn -
UrQMD+VHLLE, A - - - A including feed-down -
| ——primary --- primary+feed-down R 1 Lol I L1 a1l 1]
r AMPT, A
primary - - - primary+feed-down 10 1 02 1 03
C | | | N N Y I | | 1]“;; | L1 ||
\'suy [GeV]

Global polarization of hyperons experimentally observed!!!; decreases with y/Syn
Feed down from X(1385) — An, £° ->Ay; E—>An reduces polarization by ~ 10-20%

B estimates to explain a A-A difference within the range of theoretical predictions
lw puaB

Pa=55+ 77 B = (Pp-P7)-T/(2 py) ~ 2-10" T or eB ~ 102 m2
1w inB
PR~ 55— “‘; (Pp-P3) =0.5%, T = 160 MeV at hadronization

L, - magnetic moment



P, [%]

Full energy dependence

STAR Au+Au 20%-50%
Nature548.62 (2017)
LI oA ALICE Pb+Pb 15-50%
PRC76.024915 (2007) A CHEN
+* A oA
PRC98.014910 (2018)
* A A
STAR prelim_ 54 4 GeV
[ oA
STAR prelim. 27 GeV (y2018)
B ¢ 247

HADES prelim. Au+Au 10-40%
A

UrQMD+vHLLE, A
— primary - — primary+feed-down

AMPT, A

primary primary+ieed-down

8

6

1 10 10 100
sy [GeV]

arXiv:2108.00044v2 [nucl-ex]

T T T

E 3FD

=— = UrQMD+vHLLE

- scaled using ay = 0.732
Ej AA [ :

Y  STAR 20-50% Au+Au, 2021
Y % STAR 20-50% Au+Au, '07-'18
B O ALICE 15-50% Pb+Pb

.
.
.~
.....
.

Energy dependence of global polarization is reproduced by models:

AMPT, 3FD, UrQMD+vHLLE

* AMPT with partonic transport strongly underestimates measurements at 1/syy = 3 GeV

—> hadron gas?

B. Pabos, OPB3 CemunHap
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Py [%]

More differential, centrality

STAR, PRC98, 014901 (2018)

—

—  STAR AusAuls,, =200 GeV

nl=1, D.5-::pT-:G GeV/ic

05— ) || - li

20 40 60 80
Centrality [%o]

Py [%]

o
o

iy |

o

0

J. Adams, K, Okubo (STAR), QM19

Au+Au at /syy = 27 GeV
0.4< p.<3GeV/c, | <1
STAR preliminary —

A+ ‘ ‘

0 10 20 30 40 50 60 70 80
Centrality [%)

Reduced polarization in most central collision — no initial angular momentum

Similar trends at lower collision energies

B. Pabos, OPB3 CemunHap 19



More differential, rapidity

STAR, PRC98, 014901 (2018)

- STAR Au+Au |[s,,, = 200 GeV

P, [%]

20%-60%, 0.5<p T{B GeV/c

0.5

1.4
1.2
1
0.8
0.6
(0.4
0.2
0
-0.2

Py [7]

—0.4

—1 0.5 0 05

n

STAR, QM1

9

AutAuat Fyy = 27 GeV
15-75% centrality, 0.4 < p. < 3 GeV/c
STAR preliminary

 No rapidity dependence observed at [n| < 1 within uncertainties

* Model predictions differ, wider n - coverage is needed

B. Pabos, OPB3 CemunHap
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More differential, azimuthal angle

out-of-plane

I,j ‘> ¢-Ws
Fo /
14—‘ . — ’
‘ E L in-plane

7w
° i ISTzIﬂ\F{I II' o IA IAI 2CIJOG; VI PRC 99 014905 (2019)
= 06 preiminary e AMPT arXiv:2003.03640 |
i 20-50% T AUTAU 20-50 % 25107
- 0 STAR 200 GeV 2 0-1 0'3
04r A and A combined 3= ;g'g 83 Y[ <17 15107
<Ph> [— — o — — — . £ ot 2006eV Ty 1.010°
021 o™ 5.0-10™
i | ~o 0.0-10°
- b T ~<_ W -4
o i “u -5.0-10
A A
: BRI 0 ! ! _EI ! ! '1 ,0'1 0-3
0 0.5 1 1.5 ) Py [GeVic]

¢ — Uy [rad]

* Larger polarization is observed in-plane
* Models predict the opposite dependence and larger polarization out-of-plane

* Not fully understood

B. Pabos, OPB3 CemunHap 21



Polarization of = and Q

Mass decay decay magnetic
(GeV/c?) mode parameter moment

A (uds) 1.115683 7.89 A->mp 0.732+0.014 -0.613 1/2
(63.9%)
=~ (dss) 1.32171 491 =z=->Am -0.401+0.010 -0.6507 1/2
(99.887%)
Q-(sss) 1.67245 2.46 Q->N\K- 0.0157=+0.002 -2.02 3/2
(67.8%)
Phys. Rev. Lett. 126, 162301 (2021)
o T . STAR Au+Au 20%-50%
S - Pa(77)=7.34:3.02 (%] B Nalure548.62 (2017)
T 3— A OR
o .
B PRC76.024915 (2007)
B AA AR
i | PRCY8.014910 (2018)
ol } A OA
B ] ALICE Pb+Pb 15-50%
~ PRC101.044611 (2020)
- A + A oA
1= ﬁ$ | T STARAusAu 20%80%
= X % Z +E (viadaughter A P,)
~ + ¢ =+ 5
B o + Q +Q (via daughter A P,)
n . &
o e S
- a, = 0732 = 0.014
| %\;‘IEIEFICQQ %4?05 (2019) o = 0.758 = 0.012
L = = =-0401+0.010
L [ L T'{n = 1'11:
_1||||| ! Ll Ll L1
10 10° 10°
\'syn [GEV]

A, =2 and Q have different spins and magnetic
moments, different number of
s-quarks, less feedback for heavier hyperons

Direct measurements are difficult due to small
values of o

Measured based on polarization of daughter A

AMPT is consistent with measurements

Polarization of = is larger compared with A:
(Py.oa)(%) =0.24+£0.03£0.03

(P=) = 0.47+0.10 (stat.) £0.23 (syst.) %

A results are not feed-back corrected (~ 15%)
The AMPT is consistent with measurements
Polarization of = 1s larger compared with A

Earlier freeze-out of multi-strange baryons is
consistent with larger value of Py for 2

Large uncertainties for QQ, can expect larger
PRC95.054902 (2017)

B. Pabos, O®BS CemunHap 22



Polarization along the beam direction, P

S. Voloshin, EPJ Web Conf.171, 07002 (2018)

This polarization can be characterized by the
second harmonic sine component in the
Fourier decomposition of the polarization
along the beam axis (Pz) as a function of the
particle azimuthal angle relative to the
elliptic flow plane

Z

v, which manifests itself in stronger flow in in-plane that
in out-of-plane is a source of vorticity along the beam
direction (z-axis)

The vorticity and the corresponding polarization have
azimuthal angle dependence (quadrupole structure) in
the transverse plane - local polarization

Use weak decays of hyperons to measure polarization

A->p+7m—

6';‘ = polar angle of daughter baryon
in hyperon rest frame

(BR: 63.9%, cT~7.9 cm)

dN o x
ﬁmd@ =1+ oyPy-p, =1+ agPucos 6,

(cos 6;)
an((cos 6;)?)

PZ(pTayHa(P) =

23
Phys. Rev. Lett. 123, 132301



Polarization along the beam direction, P

(P, sin(2p - 2V )

arXiv:2107.11183 [nucl-ex]

Pb-Pb |5y, = 5.02 TeV
6|— ® ALICE (A +A)

Au-Au |5, = 200 GeV

¥r STAR x 0.856 (A + A)
STAR, PRL, 123, 132301 (2019)

-3
T —
- /—-.N
7 >
i o B
— ' ® ALIC
6 —
M (%- -
n ] il E -
A - w -
(] S —
:l ] i
l H -
] 21—

0 10

- Pb-Pb \I's_ =5.02 TeV 30-50%

Au-Auy's

NN

NN
A ¥ STAR x 0.856 (A +A)

E(A+A)

STAR, PRL, 123, 132301 (2019)

(5., = 200 GeV 20-60%

Centrality (%)

P, at the LHC is similar in magnitude compared to top RHIC energy (tends to be smaller in

semicentral collisions)

At pr < 2.0 GeV/e, P, at the LHC is smaller than the STAR results in semi-central collisions
although v,(py) at top RHIC and the LHC energies are comparable

The sign of phase modulation of P, is the same at RHIC and the LHC

Z



Polarization along the beam direction,

Phys.Rev.Lett. 123 (2019) 13, 132301, S. Voloshin, EPJ Web Conf.171, 07002 (2018)

1 —, 06
S STAR ] STARAU+AU |[s,,, = 200 GeV
=l - : 0/._ANO,
=~ Au+Au \s, =200 GeV A [ 2 f 60%
z B z 04} R4 A+A
& * | A+A " - & | ---hydro (x0.2) 20%-50%
N = AMPT (x 0.2) N  — BW (spectra+v2) 20%-60%
= 03" BW (spectra+v,) i = [ <=« BW (spectra+v_+HBT) 20%-80% |
EL/N w== BW (spectratv_+HBT) & Q;N 042—— o - }ﬁ ________ w ________
| i i _:ﬁ‘ T !
™ e " i 0 )ﬁ A S s e e e il e M
o _]“»_.:.m“ o . amases N ;
| 0.5<p_<6GeVic [ S
L T IV S IS ST -0.21—
O 20 40 60 80 0 ' ' 1 L # 1 1 | | 21 1 ' s ' 3! I Il 1 i
Centrality [%] P, [GeVic]

Hydro-inspired BW model (kinematic vorticity, w- =

1 ((")1@ Dy
describes the data unlike more realistic models

AT ) u — local flow velocity )

Hydro and transport models which describe the elliptic flow in heavy-ion collisions generate
similar amplitude but different sign P_ (“spin sign puzzle”).

B. Pabos, OPB3 CemunHap 25



Spin alignment for vector mesons

Species K'o 0]
Quark content | ds ss
Mass (MeV/c2) | 896 1020

Spin (JP) 1- 1-

Decays Kn KK
Branching ratio | ~100% 66%

* Expectations:

v" To be observed at low p; where
hadronization via recombination

dominates

v" small signal for central and
peripheral collisions, maximum
effect for mid-central collisions

Zuo — Tang Liang, Xin — Nian Wang, Phys. Lett. B629: 20 — 26,2005

dN
e No|1 = po,o + c0s?8(3pg 0 — 1)]

Po o 18 a probability for vector meson to be in spin state = 0

poo = 1/[3 + (w/T)*]

* (Quantization axis:
v normal to the event plane (impact parameter and beam axis)

v" normal to the production plane (momentum of the vector
meson and the beam axis)

1+3v,
4

]

Poo (PP) - = =[pgo (EP) -5 11

Impact parameter
direction

B. Pa6os, OB CeMMHapbeam direction e



Reconstruction of vector mesons

e Invariant mass method, mixed-event spectrum for uncorrelated combinatorial background

* Resonance peaks are described with Voigitian function, remaining background with polynomials after
subtraction of uncorrelated combinatorial background

PRC 95, 064606 (2017); PRC 91 024609 (2015)

x10° x10°
P:\ lvvlvvv]vvv[rvvlv rYTYV“]’TYTT*YYTYYYj
3 "~ ALICE Preliminary i I ALICE Preliminary .
3 - Pb-Pb 5, = 2.76 TeV, 10-50% i [ Po-Pb |35, =276 TeV (10-50%)
- - K R) » K'x (Kx*), ly] <05 *0 1 .. 9 KK
g - Event plane K 1 B i'" 05 o
S toof 1225, recwe 1 3 wof zsoacen o~
) 3 .
=2 - 06<cosé* <08 = 0.6 <cos(6) <08 4
5 o~
8 g L .... 4
) L o 4
. ..
: q
S sob i
50 o Data (stat. uncen.)
* Unike-charge pairs | : o Unlike-charge pairs y
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Angular distributions
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* Not flat distributions with respect to EP and PP

quantization axis for vector mesons in non-central

heavy-ion collisions

* Flat angular distributions:

v" for vector mesons with respect to random
quantization axis in heavy ion collisions

v' for neutral K2 with respect to any axis in
heavy-ion collisions

v" For vector mesons and K2 in pp collisions
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Results for K™ and ¢ vs. py

PRL 125, 012301 (2020)
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Results for K™ and ¢ vs. py

o
N 0.8 ALICE Preliminary
Lok, pp s =13 TeV (min. bias) -
- BK*, Pb-Pb | s, = 2.76 TeV (10-50%) s
- ®K*°, Pb-Pb | s, = 5.02 TeV (10-50%) .
0.6 =K, Pb-Pb | 5 = 2.76 TeV (20-40%)

ly| < 0.5

i %@Eﬁﬁg%ﬂﬂ%ﬁ ------------------- fhor

ozl
Uncertainties: stat. (bars), sys. (boxes)

0 1 1 1 | 11 1 | 11 1 I 11 1 | 11 | I
0 2 4 6 8 10
P, (GeV/ce)

ALI-PREL-155839

Results are now confirmed with new preliminary measurements for K™ in Pb-Pb@5.02 TeV
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* Low p;(0.8-1.2 GeV/c for K and 0.5-0.7 GeV/c for ¢):

Results for K™ and ¢ vs. centrality

PRL 125 012301 (2020)
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Results for pyand centrality
dependence of p, are
qualitatively consistent with
quark recombination in a
polarized medium
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*0
K p00

0.3

0.2

Energy dependence

NPA 1005 (2021) 121733, Singha et al.

STAR Preliminary, 10-60%, 1.2 < p_< 5.0 GeVic 0.4
@ Au+Au :
an) . ~ e - ‘
| . . » . L + * 8
* o
- STAR Preliminary, 20-60%, p, > 1.2 GeVic
L d ® Au+Au .
ALICE, 10-50%, 0.8 <p_< 1.2 GeV/c ALICE, 10-50%, 08 <p_<1.2 GeVic
-
m Pb+Pb 0.2|- = Pb+Pb
10 10° 10° 10 10 10°
\'Snn (GEV) \'San (GeV)

Poo for K*¥is smaller than 1/3 at low p in semi-central heavy-ion collisions; no
significant collision energy dependence within uncertainties

Poo for ¢ 1s > 1/3 at RHIC and is < 1/3 at the LHC

Observed large deviation of p,, from 1/3 challenges theoretical understanding — p,,
can depend on multiple physics mechanisms (vorticity, magnetic field, hadronization
scenarios, lifetimes and masses of the particles etc.) — more theoretical efforts are
required for understanding of the data
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Conclusions

* Polarization effects were predicted and experimentally observed in non-central heavy-
ion collisions in a wide energy range:

v' global polarization of A(A) hyperons, energy dependence is reproduced by theoretical
models, a sign problem for azimuthal dependence

v' first measurements of global polarization for = (s=1/2, slightly higher that A) and Q (s = 3/2,
large uncertainties)

v" local polarization related to v, is observed, “spin sign puzzle”

v' evidence of spin alignment for vector mesons related to initial angular momentum spin
alignment, not observed for spin = 0 particles and in pp

* Many open questions remain, more precise measurements are needed for better
understanding of the nature of polarization in heavy-ion collisions
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Feed-down effect

o ~60% of measured A are feed-down from Z*—Am, 20—=Ar, =—AT7

o Polarization of parent particle R is transferred to its daughter A
(Polarization transfer could be negativel)

Car : coefficient of spin transfer from parent R to A
Sk : parent particle’s spin

¥ IQ* S(S+1) H far : fraction of A originating from parent R
1= CSh (S,) « 22w+ £y _ , ginating ’
3 S LR : magnetic moment of particle R
. . ‘ _ 1
W, %ZR: (faARCar — % fsor Cxogr) Sr(Sr + 1) %%: (fARCAR — 3 fsorCxogr) (SrR+1) g Peas
- gz (f - lf_:'_ C_C'—) Sr_{S_ + 1) 2 Z ( rw: A% Lf— — ) {S—+ ]_)Iu Pmeas
Bc,-’T Jﬁ \R AR Y RE-YR R\YR jﬁ R AR — 3):3 J n
Becattini, Karpenko, Lisa, Upsal, and Voloshin, PRC95.054902 (2017)
Decay C
B o o - Primary A polarization will be diluted by 15%-20%
Parity conserving: 32+ — ';’1; 0 1/3 (model_dependent)
Parity-conserving: 32~ — 12t 0~ —1/5 . . . .
2> A+n° +0.900 This also suggests that the polarization of daughter particles
B At+a +0.927 . . . —
Aty 113 can be used to measure their parent polarization! e.g. =, O
T. Niida, NA61/SHINE Open Seminar 2021 15
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= and Q polarization measurements

dN _ 1 (14 ayP% - ph) Getting difficult due to smaller decay parameter for = and Q. ..
dQyx  4rm ap = 0.732. az- = —0401. ag- = 0.0157

spin 1/2 spin 3/2

Polarization of daughter A in a weak decay of =: Similarly, daughter A\ polarization from (:

(based on Lee-Yang formula)

P = Co-aPh = § (1+ 410) P,
T.D. Lee and C.N. Yang, Phys. Rev.108.1645 (1957)

Here yq is unknown.

- Time-reversal violation parameter 3o would be small
- Qn is very small

a?+p2++2=1 then ya~=x1 and the polarization transfer Coaleads to.
Pj = Cz \PL=1(1+2y2)PL.

Cz- 5, = +0.944 Caonr =~ +1or—0.6

p- _ (a2 + Pz -PR)P} + FePg x P +12p] x (Pg x p})
A 1+ azPL - p3

Parent particle polarization can be studied by measuring daughter particle polarization!

T. Niida, NA61/SHINE Open Seminar 2021 26
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ERNCOURIER

March/April 2020 cerncourier.com

Highlights in the CERN Courier

Reporting on international high-energy physics
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Directed flow v,

STAR, Phys. Rev. C 98, 014915

d’N d*N 1
spectator = (l+ 2v, COS(A(D)+2V2 cos(2A¢)+ )
i dp,dydA@ dp,dy 2n
Ap=9-Y,, Directed flow Elliptic flow

 — * No single model that satisfactorily explains the directed flow
| dependencies on centrality, collision energy, system size, rapidity,
o) transverse momentum and particle type

v, * The directed flow originates in the initial-state spatial and
/—\T " momentum (initial collective velocity fields) asymmetries in the
# |\/r;pi dity transverse plane > tilted source initial conditions
* To describe the v, in heavy-ion collisions requires accounting for
vorticity
PRL 108, 202301 (2012) Becattini et al, Eur. Phys. J. C 78, 354 (2018)
0.04 ——

LB L B A LA A B B AL | T T ™ T

Au+Au 200GeV 10%-70% H roMD 003 " B STAR, PRL 101 (2008), 252301 |
0.5 QGSM* | -
AMPT 0.02 ¢ . 0, = 20 _
B uramD 001 | . _
' TN n/s =0.1

2 0 P— ] T S SN e o
Ky 001 | ~__ |
-0.02 | Model: 3+1D hydro B

'0-5 [ ]
-0.03 | = parameter to introduce vorticity/ _ A

tilt in the initial condition

-0.04
0. 1 .
I?. Ps6os, O®PB3 CemuHap 4
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Different polarization for A and A

STAR, Nature 548, 62 (2017) _ | * Non-zero baryon potential can hardly explain the
e Au+Au 20-50% | polarization difference for A and A
— 8 A this study —
= | @ A this study |
S ¥r A PRC76 024915 (2007)
6~ O A PRC76 024915 (2007) |
4+ s o
- . =
<
ot %iﬂ 24 [
0 # |
| “based on ax=-ax=0.64+0.013 |
I | | | | | | 11 11 | |
10 107 0
\'Sny (GeV)
* B estimates are within the range of theoretical predictions
lw puaB
Pa~g5+ =% B = (P5-P3)-T/(2 py) ~2:-10"' T or eB ~ 102 m2
lw uaB o
PR 50— % (Pp-P%) =0.5%, T = 160 MeV at hadronization

L, - magnetic moment

« A=A
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Disagreement in P; sign

Opposite sign

- UrQMD IC + hydrodynamic model
F. Becattini and I. Karpenko, PRL.120.012302 (201 8)

- AMPT
X. Xia, H. Li, Z. Tang, Q. Wang, PRC98.024905 (2018)

Same sign

- Chiral kinetic approach
Y. Sun and C.-M. Ko, PRC99, 011903(R) (2019)

- High resolution (3+1)D PICR hydrodynamic model
Y. Xie, D. Wang, and L. P. Csernai, EPJC80.39 (2020)

- Blast-wave model
S. Voloshin, EPJ Web Conf.171, 07002 (2018), STAR, PRL123.13201

Partly (one of component showing the same sign)

- Glauber/AMPT IC + (3+1)D viscous hydrodynamics
H.-Z. Wu et al., Phys. Rev. Research 1, 033058 (2019)

- Thermal model
W. Florkowski et al., Phys. Rev. C 100, 054907 (2019)

B. Pabos, OPB3 CemunHap
T. Niida, NA61/SHINE Open Seminar 2021
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Vorticity vs. J
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Fig. 11 Total angular momentum of the fireball (left) and total angular momentum scaled by total
energy of the fireball (right) as a function of collision energy, in UrQMD+vHLLE calculation for

20-50% central Au-Au collisions.
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