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Relativistic heavy-ion collision
Hydrodynamic expansion of the QGP
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Response of partons from hard-scatterings
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Response of partons from hard-scatterings
inside the QGP

QGP formation

Initial state

Time: 0 fm/c <1 fm/c

Relativistic heavy-ion collision
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Relativistic heavy-ion collision
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Interactions in the hadronic phase

Time:

QGP formation
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Strong magnetic field and vorticity

at the initial state

Relativistic heavy-ion collision
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Effects from the strong EM field
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PRC 89, 054905 (2014)

The decay time of the magnetic field is
related to the conductivity of the QGP!

Fx

Lorentz force
on moving charge




Effects from the strong EM field

2 elliptic flow: in-plane vs
eB, [fm™]
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directed flow: same or
PRC 89, 054905 (2014)

direction w.r.t. the impact parameter

The decay time of the magnetic field is
related to the conductivity of the QGP!

Charge-dependent directed flow can be
used to calibrate the strength and duration
of the magnetic field

F=gvxB

Competing effects!
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Effects from the strong EM field
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(a) reaction plane

target (n<0) projectile (n>0)

@ participant zone
O | projectile spectators

QO | target spectators

@/

) transverse plane

ST et

target projectile

Measurement of directed flow

vi{¥§ _|: (u:0%) + <quy>]
V2 [ VRQIoDT  fko o)
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U‘I’Ven{\I’SP} = [vl{‘I’é’p - Ul{q’ép}]/ 2.

« Proxy of the reaction plane:
Direction of the spectator neutron
=>spectator plane

« The energy of spectator neutrons is
measured with Zero-Degree Calorimeters

12



%10

Measurement of directed flow
(a) tilted source

(b) tilted source
(a) + asymmetric density gradient
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(c) tilted source

+ asymmetric participants
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« Vorticity (tilt) due to asymmetric initial velocity
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Measurement of directed flow

(b) tilted source
+asymmetric density gradient
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fff

N & N i
S| or w
high p; dipole flow
—— 1
~ -

’\/ra’pidity

(c) tilted source

(a) tilted source

/.

S ’
S~ __./7 rapidity

+ asymmetric participants ‘ PRC 98, 014915 (20] 8)
—_— —_—
- Tvl
’/\\\ _

_,// rapidity
picture from UrQMD

Vorticity (tilt) due to asymmetric initial velocity
generates directed flow

Significantly smaller magnitude

than RHIC energies
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Closer to the initial state using heavy flavor
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« The formation time of the charm quark is about 0.1 fm/c
=2>When the magnetic field is maximum

» Directed flow of charm hadrons is expected to be larger than light hadrons
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Closer to the initial state using heavy flavor

charged particles
- A STAR
_gf ¥ Hydro eD D

1 N L L |

—2 Onl

N

The formation fime of the charm quark
is about 0.1 fm/c
=2>When the magnetic field is maximum

Shifted from the bulk
= Enhance dipole asymmetry
resulting in a larger directed flow

(b) tilted source

+ asymmetric density gradient

low p; dipole flow ‘
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- —'———>
' high p, dipole flow
Vi

¥
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/.
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Enhanced dipole asymmetry

PLB 798 (2019) 134955
PRL 120 192301 (2018)
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Closer to the initial state using heavy flavor
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Closer to the initial state using heavy flavor
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Closer to the initial state using heavy flavor
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Global hyperon polarization
Parity violating weak decay: » Polarization measurement:

Daughter baryon is preferentially emitted Take a projection of the daughter proton's

in the direction of hyperon spin momentum direction on the reference axis

iN 1 ) 3}

Pu: A polarization T S yo

pp: proton momentum in the A rest frame i\ | 6*

au: N\ decay |_oarameter 4
(axn=-an=0.642+0.013) P

>
beam direction (z)

—— K08, s g
(BR: 63.9%. ¢ T~7.9 cm) € mag  Res(Vy)

W1 azimuthal angle of the impact parameter
¢p: ¢ of daughter proton in A rest frame

20



Global hyperon polarization

ZDC/BBC Deflection of the spectator
/ T:= b X beam

ZDC/BBC

Global hyperon polarization

quark-gluon

g, 3 s
plasma Pbeam PH = —<(ﬁ;,k i L)>
/5 =

deflected spectator
fragments

8 (Sin((pS‘ — ¥sp))
5 y oy Rip

* Poeam = momentum of the projectile (moving toward positive rapidity: known)
e b = Impact parameter
 ¥¢p = spectator plane angle (azimuthal angle ofE).

. (Pﬁk = azimuthal angle of daughter proton in A(A) rest frame

Rgp = Resolution of Ysp 21
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o
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10° = Total fit
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PRC 101, 044611 (2020)

1.115

1.12

1125
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1.105

1.1

1.115

1.12

EEREE
M(prt) (GeV/c?)

Global hyperon polarization

8 (sin(p, — Wsp))
i
e

Py

Ty

(sin(g, — Wsp))(Miny)
= [1 — fegc(Miny)] X Sz + f86(Miny) X Lpg(Miny)

fs, fBG signal, background fraction of A (N
QS polarization signal
Q"°M,,) A (M) background contribution
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P (%)

0.5

Py (%)

| ALICE Pb-Pb oA VS = 2.76 TeV

0.5<p, <50 GeV/c
L1 1 | | | | | | | |

5 10 15 20 25 30 35 40 45 50
centrality (%)

0.5

VS = 5.02 TeV

ol | | 1 ] | | 1

L L
5 10 15 20 25 30 35 40 45 50
centrality (%)

PRC 101, 044611 (2020)

P\, (%)

Global hyperon polarization

3 %
i 0.2r
25+
. o} b
2 |
L (@] o
15+ -0.2
| ] Ll il
1L 10 10° 10*
L syn (GeV)
05
- Wi))
ok ] L1 L
C | 1 Ll il 1 1 |* |
10 10? 10° 10*
VSan (GeV)

A A

= '@ ALICE
Pb-Pb 15-50%
0.5< p, < 5.0 GeV/c

|y|<0.5

A A
@= @ STAR

Au-Au 20-50%
0.5< p, < 6.0 GeV/c
In]<0.8

Consistent with zero within uncertainties

Significantly smaller than RHIC energies:
Decreasing frend with collision energy
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Global hyperon polarization

x10'?
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Xiv:2211.04384
arXiv \/S_NN (TeV)
SNN Centrality PA (%) PX (%)
2.76 TeV 5-15% 0.01 £ 0.13 (stat.) £ 0.04 (syst.) 0.09 £ 0.13 (stat.) &= 0.08 (syst.)
15-50% 0.08 =+ 0.10 (stat.) &= 0.04 (syst.) —0.05 £ 0.10 (stat.) & 0.03 (syst.)
5.02 TeV 5-15% 0.08 & 0.18 (stat.) & 0.08 (syst.) —0.07 £ 0.18 (stat.) % 0.03 (syst.)
15-50% —0.13 £ 0.11 (stat.) £ 0.04 (syst.) 0.14 + 0.12 (stat.) &= 0.03 (syst.)
Average 15-50% (Pu)(%) ~ 0.01 £ 0.06 (stat.) = 0.03 (syst.)

PRC 101, 044611 (2020)
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Local polarization

Elliptic flow Non-uniform expansion of the QGP
e Localpolarization along the z-axis:
e
P~ (P - 2))
g 0.0 y
» ~ (cosOr)
- z )2
aH<(COSHp) >
-1.0
3(cost)
P ~ 7 PRL117,192301 (2016) =
(@) .
k _ .
% Qp = polar angle of daughter baryon PZ’S2 = ( PZSIH(Zqo — 2\112»
A

in hyperon rest frame

Y A—>p+n—
(BR: 63.9%, cT~7.9 cm)
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PRL 128, 172005 (2022) Centrality (%)

Local polarization

1 -3

T T T T I T T T T I T T T T | T T T T | T T T T I T T T T

= Pb-Pb \s,, =5.02 TeV 30-50% Au-Au \Snn = 200 GeV 20-60% -
® ALICE (A +A) % STAR x 0.856 (A + A) |
STAR, PRL, 123, 132301 (2019)

ay = 0.750 ALICE

L1 1 | 1 1 | | |

T l T 1 | L | T T | T
£
B
-
foi-
—
o+
——

1 2 3 4 5 6
P, (GeV/c)

o

+ P, (polarization along the beam axis) is similar between 200 GeV and 5.02 TeV
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- 0.5<pT<6 GeV/c

| 1 1 | 1 1

2 L  STAR

=, Au+Au \[s, = 200 GeV

S

N | A+A ®
QURNE [ AMPT (x 0.2)

% 0.5 zzm BW (spectra+v )

™ i BW (spectra+v2+HBT) H

0 20
PRL 123, 132301 (2019)

« Blast-Wave model describe the P, 5, data
+ Hydro and AMPT models, which can describe collective flow, show negative P, ¢,

Centrality [%]

0.6

(P, sin(2¢-2W ) [%]

Local polarization

- STARAu+AU /s, = 200 GeV
F 20%-60%

4l FJA+A

| ---hydro (x 0.2) 20%-50%
| == BW (spectra+v2) 20%-60%
| == BW (spectra+v2+HBT) 20%-80%

1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 |

0 1 2 3 4
P, [GeV/c]
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Al AC\I
a - Pb-Pb |5, =5.02 TeV . S
. ~ @ ALICE (A +A) ] o
5 6 _
Y | == AMPT + MUSIC (S quark) i &
c - mmm AMPT + MUSIC (A) e <1
7 B - ‘0
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| ® — N
g/ 4 _ Au-Au \/sNN =200 GeV n i E‘/
| % STAR x 0.856 (A + A) 0 M -
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PRL 123, 132301 (2019)

Centrality (%)

Local polarization

x10~°
AL B N LB B N LN B LB B L B B LB B

- Pb-Pb \/SNN =5.02 TeV 30-50% Au-Au \/ Syn =200 GeV 20-60% -
[ @ ALICE (A +]) % STAR x 0.856 (A + A)

- =®AMPT + MUSIC (S quark)  STAR, PRL, 123, 132301 (2019)
== AMPT + MUSIC (A)

- *

\.\
- \’

\0
| o
2 *
\0
i X
\

* The AMPT+MUSIC-based model with fluid shear + thermal vorticity show
a positive P, s, in case of inheriting the spin information from the strange quark
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quarkonium
rest frame

production

plane —,

X

EPJC 69 (2010) 657

4/\—2 y

P

K" reaction plane

Vector meson spin alignment

Spin alignment of vector mesons (decay products) to the reference axis

s W(cosO) x (1 — pgo) + Bpgo — 1) cos? 8
Poo = SPin density matrix element
Poo = 1/3 no spin alignment

In quarkonia analyses:

v

. N 20 4 ...
W (cosH, ¢) x vy (14+2gcos“ 6 + )

Ag = polarization parameter _ 1 —3pg
g = 0 no spin alignment 1+ poo

Reaction plane:
Axis orthogonal to the reaction plane in the center-of-mass frame

Helicity frame:
Direction of vector meson in the center-of-mass frame
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Reaction Plane

particle

Spin-orbit angular momentum interaction in HIC

antiparticle

=

N

Quark (spin '2)
Vector meson (spin 1)

N\ S m—

%

d cos 0"

Physics process

Vorticity (o)

Magnetic field (B)

Hadronization

Coherent meson
field

dN

Theory
Poo(®) < 1/3

Poo(B) > 1/3

~1_1g 4ite pp

3 9" mym,

Poo(B) < 1/3

Poo(rec) < 1/3
1-PgB,

3+P, Pg
poolfrag) > 1/3
~ 1+pPg Pq

3-BPq Pq

poo > 1/3

Remarks
101
poo(®) ~ 3 - 5(Bw)?
Electrically

neutral vector
mesons

Electrically

charged vector
mesons

Recombination

Fragmentation

¢ mesons

 [1 = pgg + c0s*6*(3pgo — 1)]
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Vector meson spin alignment: K, ¢

T T T T T T T T T T

(a) Event plane (b) Production plane
= Pb-Pb (10-50%) | [ Pb-Pb (10-50%) |10 ~
- 4 m SN
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Q
£ B | T T e T
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3 == S 3
25 . '|' | ALICE — >
E O_oK ,0.8$pT<1.ZGeV/c | 0K*°,0.4SpT<1.ZGeV/c =
m 9 05< pT< 0.7 GeV/c (x5) | =, 05< pT< 0.8 GeV/c (x 8)‘0
| | Il Il | | | | | |
| | ] | |
(c) Production plane 0 0= 04 0;6 0.8 L
01l pp | cosé
°§ ' Bar: Stat. uncertainty on yield
= — Box: Syst. uncertainty on yie
g — S i Id
SO0t - | Nl - p ) + (30, - 1)c0s%6 *]
< pelisfel] 0 Pood + 9Py
%m e K 0.0 < p.<0.6 GeV/c Variation of fit function due
= oL™ 0,05< p, < 0.8 GeV/c (x7) _ to syst. uncertainty on Poo
| | | |

|
PRL 125,012301 (2020) O 02 04 06 0.8 1
cosf*
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PRL 125, 012301 (2020)
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Vector meson spin alignment: K, ¢
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Vector meson spin alignment: D™, J/y
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pOO
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Vector meson spin alignment: D™, J/y

[ T I T 1T T I L LI T T T 1 T N T 1 7T ] T 1 7T ] 1'0
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4 ALICE data 7 TeV (inclusive J/y)|
e ALICE data 8 TeV (inclusive J/y)

25<y<4,VS=7or8TeV
recoil (helicity) frame

2 4 6 8 10 .
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« Results in pp collisions agree with zero polarization

12 14 16

PRL 108, 082001 (2012)
EJPC 78 (2018) 562
EPJC 73 (2013) 11
JHEP 12 (2017) 110
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Vector meson spin alignment: D™, J/y

Low pr:
pPoo < 1/3 for J/y can be explained by

recombination
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fragmentation
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Summary
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