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Introduction



Initial condition in Heavy ion collision

In non-central heavy-ion collisions
e A large orbital angular momentum

(OAM) imparted into the system

Participants e Part of OAM transferred to QGP can

Spectators

polarize quarks and anti-quarks due to

“spin-orbit” interaction.
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Initial condition in Heavy ion collision

Participants

Magnetic Field
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In non-central heavy-ion collisions
e Initial strong magnetic field (B) is
expected

eB ~ m? ~ 10'® Gauss

e Such strong B field can also polarize

i quarks. Can induce different spin

polarization for quarks and anti-quarks

with different magnetic moments

Through polarization measurements

1) Study roles of external rotation and magnetic field

2) Response of QCD matter under external strong fields

Kharzeev, Nucl Phys A803, 227 (2008)




Global spin polarization of A
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Collision energy \s,,, (GeV)

Thermal vorticity: @ = kgT(P, + Py)/h Presence of extreme vorticity induced by

w~9x1)x10* 57! angular momentum

STAR: Phys. Rev. C 76, 024915 (2007); Nature 548, 62 (2017); Phys. Rev. C 101, 044611 (2020); Phys. Rev. C 104, 061901 (2021)
ALICE: Phys. Rev. C 101, 044611 (2020); HADES: Phys. Lett. B 137506 (2022)
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Spin alignment of vector mesons

1 — quantization axis
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e Vector mesons (K* and ¢): Spin 1-, Strong decay
e One can measure 00th component of spin density matrix from angular distribution of

daughter

dN
dcos@*

= Ny X ((1 = poo) + (3pgo — 1cos*6%)

Poo — Probability of finding a vector meson in spin state “0” out of (1, 0, -1)

Schilling et al, Nucl. Phys. B 15, 397 (1970)
STAR: Phys. Rev. C 77, 061902 (2008) 7



Angular distribution of daughter ﬁkyﬁm

e Qualitative expectation of angular distribution
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Quark |

Direction of Ang.é

Species Deca . Feeddown

P content y Mom.
K*0 ds 1- KT negligible not reqd.
(strong decay) : (primordial) (W2, W)
SS 1- KK negligible not reqd.
P (strong decay) : (primordial) (W2, W)
. pTT . required

N uds 1/2 (weak decay) substantial W)



STAR detector and analysis details
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STAR detector

Inner Time Projection Chamber

Event Plane Detector
2.1 < |n| <5.1

Time of Flight /

Zero Degree
Calor'\m eter’

Time Proejection Chamber

N 1.5

Uniform acceptance, full azimuthal coverage, excellent PID capability

TPC: tracking, centrality
TPC, ZDC, EPD: event plane
TPC+TOF: particle identification




Analysis Procedure

poo_calculation from angular distribution of decay daughters:

* Yield of vector mesons is extracted in cos 6* bins

* Observed poo©Psis calculated from fitting the yield
with function:

dN
d(cos 6*)

= No x [(1 = poo) + (3pog — 1) cos® %]

* Observed poo©Psis corrected for detector acceptance
and efficiency using detector simulation framework

* Observed poo°Psis corrected for event plane

resolution
1 4 ( obe 1 )

IOO() —_—— = p _—— Tang et.al. Phys. Rev. C 98, 044907 (2018)
3 14+3R"7YW 3
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Results and discussions
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Collision system

Beam energy

Trigger

Pair rapidity

Background

Polarization axis

Consistency check

Dataset and analysis details

Au+Au, Isobar (Ru+Ru and Zr+Zr)
11.5, 14.5, 19.6, 27, 39, 54.4, 62.4 and 200 GeV
MInimum bias trigger
ly| < 1.0
Mixed event and track rotation method
Perpendicular to TPC 2nd order EP and ZDC 1st order EP

3D-random plane
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Raw Yields

Invariant mass reconstruction

$—> K"+ K K*> Kt+n
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098 1

M(K*, K (GeV/c?)

Raw Yields

- lyl<1.0&20< p_< 2.5 GeV/c

08 09 1
M(zx-,K') (GeV/c?)

Invariant mass is reconstructed using mixed event and track-rotation methods

Invariant mass signal obtained in cos 6* bins
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Corrected yield vs. cos 0%
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Article | Published: 18 January 2023

Pattern of global spin alignment of ¢ and K'° mesons in
heavy-ion collisions

STAR Collaboration

Nature 614, 244-248 (2023) | Cite this article

* o(y]<1.0and 1.2 <p;< 5.4 GeVc)

© K(yl<1.0and 1.0 < p; < 5.0 GeV c™)
— GY'=4.64 +0.73 m
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Spin alignment from RHIC BES

For 20-60%:
SNN <= 624 GeV:

e For

- ® poo= 0.3512 = 0.0017 (stat.) = 0.0017 (sys.)
Poo > 1/3 with 7.40

) FOF SNN <= 544 GeV

- K0 poo = 0.3356 * 0.0034 (stat.) = 0.0043

(sys.)
oo~ 1/3

17



pOO

Transverse momentum dependence of p,
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Centrality dependence of p,
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or, helicity contribution(2!

[1]. Xia et al, Phys Lett B 817, 136325 (2021)
19 [2]. Gao, Phys Rev D 104, 076016 (2021)



¢ meson py: in-plane vs out-plane
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e For mid-central:

\

® poo : in-plane < out-of-plane
Effect from elliptic flow



Physics Mechanisms

ca: Quark coalescence
vorticity & magnetic field('!

cc: Vorticity tensorl]

ce: Electric fieldl2]

(Poo)

<1/3
(Negative ~ 10-9)

<1/3
(Negative ~ 104

> 1/3
(Positive ~ 10-9)

cr:Fragmentation(sl (>~o1rb_<5)1/3

cL:Il_c.>caI spin alignment and < 1/3

helicity[4]

ct:Turbulent color fieldl! <1/3
>1/3

c¢: Vector meson strong
force fieldl®

(Can accomodate
large positive signal)

Expectation of spin alignment

1
Poo(P) ® =+ cy+c.+cp+cp+cp+op+cy

21

3
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Xia et., al., Phys. Lett. B 817, 136325 (2021);
Beccattini et., al., Phys. Rev. C 88, 034905 (2013)

[2]. Sheng et., al., Phys. Rev. D 101, 096005 (2020);
Yang et., al., Phys. Rev. C 97, 034917 (2018)
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Guo, Phys. Rev. D 104, 076016 (2021)
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[6]. Sheng et., al., Phys. Rev. D 101, 096005 (2020);
Sheng et., al., Phys. Rev. D 102, 056013 (2020)




Physics Mechanisms

ca: Quark coalescence
vorticity & magnetic field('!

cc: Vorticity tensorl]

ce: Electric fieldl2]

(Poo)

<1/3
(Negative ~ 10-)

<1/3
(Negative ~ 104

> 1/3
(Positive ~ 10-9)

cr:Fragmentation(sl (>~o1rb_<5)1/3

cL:Il_c.>caI spin alignment and < 1/3

helicity[4]

ct:Turbulent color fieldl! <1/3
>1/3

c¢: Vector meson strong
force fieldl®

(Can accomodate
large positive signal)

Expectation of spin alignment

1
Poo(P) & 3 + o\t

4 1
CA =§<PAP]\> = —§<a)y2> +

2

—(By)

2
9mS Teﬁ“Z

(Contribution from vorticity and magnetic field are

constrained by A polarization)

Conventional mechanisms that can capture

global spin polarization of A and its energy
dependence can not accommodate large

deviations observed in py
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Physics Mechanisms

ca: Quark coalescence
vorticity & magnetic field('!

cc: Vorticity tensorl]

ce: Electric fieldl2]

(Poo)

<1/3
(Negative ~ 10-)

<1/3
(Negative ~ 104

>1/3
(Positive ~ 10-9)

cr:Fragmentation(sl (>~o1rb_<5)1/3

cL:Il_c.>caI spin alignment and < 1/3

helicity[4]

ct:Turbulent color fieldl! <1/3
>1/3

c¢: Vector meson strong
force fieldl®

(Can accomodate
large positive signal)

Poo@) =

Expectation of spin alignment

1
—+cA+c+
1 4
,06%=§—§<PAP[\>
1
2 2
€, +€;
o Pelel + )

Conventional mechanisms that can capture

global spin polarization of A and its energy
dependence can not accommodate large

deviations observed in p
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Physics Mechanisms

ca: Quark coalescence
vorticity & magnetic field('!

cc: Vorticity tensorl]

ce: Electric fieldl2]

(Poo)

<1/3
(Negative ~ 10-)

<1/3
(Negative ~ 104

> 1/3
(Positive ~ 10-9)

cr:Fragmentation(sl (>~o1rb_<5)1/3

cL:Il_c.>caI spin alignment and < 1/3

helicity[4]

ct:Turbulent color fieldl! <1/3
>1/3

c¢: Vector meson strong
force fieldl®

(Can accomodate
large positive signal)

Expectation of spin alignment

1
Poo(@) =~ — + cpAtC.tcptcpt+cp+optcy

1 4
,06%=§—§<PAP[\>
1
+ oz Pule + €2)
8¢

2TmimgT o

(E; . +Ej )

* Like electric charges in motion can generate

an EM field, s and s quarks in motion can
generate an effective ¢p-meson field

e The ¢-meson field can polarize s and §
quarks with a large magnitude due to strong

interaction (large coupling constant g¢)
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Energy dependence of spin alignment

pOO
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A model with vector meson strong force field
can accommodate the large positive signal

of ¢ meson py

107

102 10°

(5 (GeV)

1
Poo(@) =~ — + Cp + €.+ cptcy;

Gsy
C, =
P 2TIm2T2,
2>¢
Gy = g5|3(By,) ——(E; . +E; )

Sheng et., al., Phys. Rev. D 101, 096005 (2020);

oe Sheng et., al., Phys. Rev. D 102, 056013 (2020)




STAR Preliminary
1 T 1

05/ ' ' ' ' ' ]
i BES-II ]
B * ¢ BES-II (lyl < 1.0, Run-2019)l 1 |
. m ¢BES- (lyl <1.0, Run-2011) i
- e po0 =1/3 -
0.4 0 |
o = x _
o
S i Ao _
0.3+ . ) _
i Au+Au 19.6 GeV :
20%-60%
_l | | | | | 1 | | | l—
0 2 4

P, (GeV/c)

Precision from BES-II:

1
~ Poo > 3 (@bout ~ 50 significance)

Transverse momentum dependence of ¢ py,

Expectation from model with vector meson field

042 r————————————T _
_______ 200 GeV
0.40} S — 62.4 GeV
038 [ N — - 39 GeV
PO m———— <\ 27 GeV
o 0.36]
>b°. 3
0.34}
0.32}
0.30}
0 1 2 3 4 5
leGeV

Sheng el. al., arXiv: 2205.15689
Sheng el. al., Phys Rev D 101, 096005 (2020)
Sheng el. al., Phys Rev D 102, 056013 (2020)

20



Expectation from model with vector meson field

Os D s Ou O Od 6d

We note that the above arguments are only valid for prlmary K*%. The life time of K*° is much shorter and
i 0 wi ¢ meson. This may bring other
contributions to pf from the interaction of K*0 with medlum A caveat is that the above arguments are based
on the approximation that differe elds do not ha e e o ed he_ correlation
betmea—the—same—ﬁelds ThlS seems to work for /’00 since there are squares of the same vector meson field. However
it is not the case for pf§ that all terms of vector meson fields are mixture of differenct fields which are thought to be
equally small. In this case, in order to justify the approximation, we may need to evaluate these terms and compare
their magnitudes with the negative comtribution from vorticity tensor fields. This is beyond the scope of this paper
and will be studied in the future.

Sheng el. al., arXiv: 2205.15689
Sheng el. al., Phys Rev D 101, 096005 (2020)
Sheng el. al., Phys Rev D 102, 056013 (2020)

About K* p,

Particle Ratios

0.5

: Lifetime
k P D
Species Quarks J ecay (fm/c)
K*0 ds  1- Km 4
() SS 1- KK 45

STAR: Phys. Rev. C 107, 034907 (2023)

0.4

0.3

0.2

0.1

STAR #/K: Au+Au (GeV) K*%/K: Au+Au (GeV)
e 39 e 39
+ 27 + 27
A 196 A 196
o 11.5 m 145
& 7.7 o 115
o 1.7

11 | I | I | I | I | I | I I 1|
50 100 150 200 250 300 350
part

* (K*/K)centra < (K*/ K)peripheral
(¢/K) ~ centrality independent

Compared to ¢:

* K* have un-equal constituent quarks, have different response to vector meson field
o K* shorter lifetime, more susceptible to in-medium interactions

Need more input for K* from theory
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0.4

0.35

0.3

K* poo from isobar collisions

STAR Preliminary

Ru+Ru 200 GeV
o K AK®

- Au+Au 200 GeV
2 KO4K™©

lyl<1.0, 1 .O<pT<5.O GeV/c
Zr+Zr 200 GeV

mK© *F

Species dependence:

K0 poo ~ anti-K™ poo

System size dependence:

Poo : Au+Au ~ Zr+Zr ~ Ru+Ru

poo ~ scales with (N,,()

0 100 200

300

< Npart >

0 100 200 300

< Npart >
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Summary

At RHIC BES:
e For the first time significantly (~ 7.40)

e K*meson pgy, ~ 1/3

e Surprising magnitude of ¢ pyy: can not be explained by conventional
mechanisms of polarization (e.g. driven by vorticity, EM fields ...)

* Many players and new developments:

— Influence of vector meson strong force field (Sheng et. al.)

— Effects from gluon and glasma field (Muller et. al.)

— Contribution from local spin alignment, helicity (Xia et. al., Gao)
— Shear induced tensor polarization (Liu et. al.)

Outlook

Experiment side: High precision measurements from RHIC BES-I| and other

datasets; p,, of different vector meson species (p, w, J/'¥) at RHIC are ongoing
Stay tuned ....
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0.8

0.6 —

0.4

p00

0.2

0

First spin alignment from RHIC

e STAR reported first py, of ¢ and K* wrt reaction plane in 2008 using ~ 23 million events:

Au+Au 200 GeV
Ll 1 1 ) ] ) T T ] ] Ll ] 1l I T ) T 1 [ 1 ] 1 ]
fragmentation:
o -60%
- PP, =-0.3 q>.0 (20-60%)
= -0.03<P,P_<0.15 +~ K™ (20-60%) .
i poo =1/3 HL 1
i | - +.L _ ?ﬁb J N
R R R Bl T A ]
® —J
| ¢J ’1{3
op — T
= I recombination: e
i z -0.03<Pq,PS<O.15 ]
— PgP,=-0.3
| | | 1 | 1 ! 1 ! I 1 | | | I | 1 ! 1 I | 1 | !
0 1 2 3 4 5
P, (GeV/c)

Advantages in measurements from BES

e For both ¢ and K*:

e results were in-conclusive,
dominated by large uncertainty

STAR: Phys. Rev. C 77, 061902 (2008)

STAR: Quark Matter 2006

=4
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= AutAu 200GeV
- ¢>K +K
- (0:80%) /)

“STAR Preliminary \
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Ratio S/(S+B)

g
o
a

B TPC+TPC

g
o
b

o
o
@

g
o

0.01—

e STAR upgrade: Benefitted from Time of Flight (ToF), better particle identification,
iImproved signal-to-noise ratio

e Analysis method: Improved understanding of detector corrections (efficiency,
acceptance and event plane resolutions)
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Tang et.al. Phys. Rev. C 98, 044907 (2018)
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Energy dependence of ¢ and K* p, in central collisions

III | | Illllll [ [ lllllll
- m¢ T-orderEP (1.2 < p, < 5.4 GeV/c)
| % ¢ 2"-order EP (1.2<p_<5.4 GeV/c)
- o K 2"order EP (1.0 < p, < 5.0 GeV/c)
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Au+Au (0-20% & |y| < 1.0) _

[ll | 1 lllllll lllll
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0.4 .

pooo_s;é--ﬂﬁj""""ﬂ |

Au+Au 200 GeV

0 20 40 60 8@
@ Centrality (%)

Is the contribution from local spin
alignment dominant in central
collisions and at higher energies?

Xia et., al., Phys Lett B 817, 136325 (2021)
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Centrality dependence of ¢ py

Expectation from model with vector meson field

0.341} e -
[ -~ S
0.340} '/”
I ’
- d
L ’
g 0.339} ¢ ol
: ot ® 0-5%
0.338} / 10-40%
E /' & 40-80%
0337 ," ----- fitting curve
y
033Gt e

centrality(%)

Can accommodate positive
deviation in mid-central and
peripheral collisions

Sheng el. al., arXiv: 2205.15689
Sheng el. al., Phys Rev D 101, 096005 (2020)
Sheng el. al., Phys Rev D 102, 056013 (2020)



Quantization axis

Choice of Quantization direction (or Polarization axis)

Quantization Quantization
direction dlrectlon
K* K* N
v v (K
(a) b
e’ Impact pa ®) ’ 0 K momentum
_ P fameter 9 K momentum . .
‘ direction - direction direction
‘> —>
ne e
p\a \an
N an?®
ac‘“ c\\o
» Re od\l
ot » 174! -
N »
Beam Beam
direction direction
Reaction Plane Production Plane Helicity

Experimentally, we can’t measure impact parameter direction.
We use “event plane” as a proxy for reaction plane
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Event plane de-correlation effect

Poo €an be measured using ¥, (29 order event plane, TPC) and ¥, (1st order

event plane, ZDC)

v, l B v, 1\ 1+3R,
Poo,obs 3 Poo ™ 3 A
w, 1 _ (9 1\1+3DpR
Poo,obs 3 Poo A
Foo =3 ™ Voo L+ 3R,

> 0.07 —
o~ - _
% 0.06 —e—
o -
© 0.05—
— ——
0.04— ——
0.03
= - — P —
0'025 Au+Au 200GeV
0-0151 |  STAR preliminary |
0 10 20 30 40 50 60 70 80
Centrality(%)

Event plane de-correlation effect needed to be considered carefully

Tang et.al. Phys. Rev. C 98, 044907 (2018)
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Polarization wrt event plane

Reconstruct event plane (‘V,): ,

O,y = Z w;sin(ng,); Q, = Z w; cos(ng;) !
i i y b
W, = arctan2(Q,,,, Q,,)/n A
: : : 0 v X
Unit vectors in reaction plane and event plane are
related by: Ny W .
X =cos(P) x'—sin(¥) y'; 9 =sin(¥) X'+ cos(¥V) y’; 2 =72 v
Z
dN
x (1 = pPYy + BpEl — 1) cos(@*”
d cos(0* ) ( p()o) (/000 ) ( )
EP RP 1 RP - 2
Poo = Poo — 5(3 Poo — 1) sin“(¥)
. ] T t.al. Phys. Rev. C 98, 044907 (2018
Averaging over all events: Ma(;]r?a?]t; et., a%s MOZY Phys. Lett. A, 3(6, 21%0026 (2021)
1 1 4
Doy — 3 (P(%D - 3> [+ 3R R — Event plane resolution
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Polarization wrt random plane

random _
00 3

Poo can be measured using a random plane; Naive expectation p

(e.g. using random number but depends on how it is randomized)

If the quantization axis is randomized in 2D-plane (X, y), it does not guarantee the

Poo to be 1/3

3D-random

2D-random |

So the quantization axis has to be randomized in 3D-plane (X, y, z), to get

the pOO tO be ~ 1/3
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Raw Yields

Raw yield is calculated in cos 6* bins

1.7

1.6

1.4

Raw vyield vs. cos 0%

1.5

| Au+Au 27 GeV & 20-60%
| lyl<1.0 & 1.2<p_<1.8GeVlc

T I T T T I T T T ] T T T ] T T

B S Y S—Y-
|cos(6¥)]

Raw Yields
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In Pb+Pb collisions, we measured p,, wrt event plane

0.5f Event plane - Event plane (b)10.5
¢
0.4 {;H & ﬂ_ -10.4
ﬁﬂ%% B = ﬂ &ﬂ ........ &

QO 03 E 7 OSQO
0.2 T -0.2
H p. =1/3
0.1 Pb—Pb, \/syy = 2.76 TeV T 10-1
1 2 3 4 5 1 2 3 4 5
P, (GeV/c) [ (GeV/c)

0.5 _l Event E)Iane l l __l Eventlplane l ALICEI dos
“[ K°e0.8<p_<1.2(GeVic) ¢ vl <0.5 '
0.4} »3.0 < p, < 5.0 (GeV/e) 4 :ﬂu @ 40.4
QOOS._ ......... :I: ......... %........... .—.—...# ..... .{ ..................... ﬁ 10,3 QO
0.2 * T H H0.2

H 005<p < 0.7 (GeV/c)
017 T #30<p <50(Gevic) |01
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(N

ALICE: Phys. Rev Lett 125,

0

1 OO 200

(N

300
part>

012301 (2020)
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Spin alignment from Pb+Pb collisions at LHC

e For both K* and ¢:

|
EP o _
e P00 3

Significance of deviation
for K* < 2.60
for¢p < 1.90



Poo Wrt production (PP) and event plane (EP)

Q Data
04 © Pb—Pb (10-50%), V’sNN =276 TeV
0.8 < p, < 1.2 GeV/c
ly| < 0.5
0.3
g
o
0.2 .
Cle
0.1 il Model
0 v,=0.15+0.06
"',:: V2 P 00
0 | 1
EP PP RndEP

Event Production 2D-random
plane plane plane

ALICE: Phys. Rev Lett 125, 012301 (2020)

. ,0(%0 and p&)P are related by:

PP
o (,000 —
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1
3

D= (-

1

Spin alignment between PP and EP

1 + 3v,

3

)
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First measurement of charged K* poo
Naive expectation

P | Yang, et. al.,
article .

) Maagnetic moment . . Phys. Rev. C 97, 034917 (2018)
Species g M KD > (K
Kd5)  pym~—0.97, pe~ 0.61uy

1 4

% B N — — — 2 B2

K*ws)  py~ 1.85, u. ~ 0.61uy PoolB) % 5 = 5P Ha g,

Observation from STAR

——
0.4— —
i | STAR Preliminary = First ob i fK*'l' in HIC
—~ | | ° 0
S L Tﬂ lyl<1.0,1.0<p _<5.0 GeVic - Irst observation o Poo N
~ 0.38— —
e - ﬁ Isobar 200 GeV, 20-60% ]
= i ]
E osel- T TREVETRRT) 1 e Surprising ordering in py
g B EHH *K*O .K*O D(K*O_I_K*O) i . . 0 0
S b 1 K*'+K~ >> K"+K
F= T S S : . . . .
n - Au+Au 200 GeV, 20-60% |  (Opposite to naive expectation from B-field)
0.32 (K*4+K*0) -
— S0 o0 50 200 250

Number of participating nucleons (N__ )

STAR: Quark Matter 2022
42



J/W spin alignment in Pb+Pb collisions at LHC

[ ] O.5L IIIIIIII lllll] IIIIIIII l IIIIIIII IIIIIIIIIIIIIII_‘
-

_ ALICE Pb-Pb V = 5. 02 TeV 1
045 Inclusive Jy — u*}r E

0.35— 2<pT<GGeV/c,2.5<y<4 1

0.1F
') ) SEEE LT PP PP PP PPPEPPPPEPPRRPP E
_0,15_ ¢ Stat. uncert. _
- []Syst. uncert. Event plane
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Centrality (%)

First observation of global spin alignment of J/W at LHC

1 3p00 — 1

ALICE: 2204.10171
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