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Becattini et. al., Phys. Rev. C. 77, 024906 (2008)

L
Spectators

Motivation

In non-central heavy-ion collisions

e A large orbital angular momentum (OAM) imparted

iInto the system

e Such a huge OAM can polarize quarks and anti-

quarks due to “spin-orbit” interaction.

Liang et. al., Phys. Rev. Lett. B. 94, 102301 (2005)
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Motivation

In non-central heavy-ion collisions

* Initial strong magnetic field (B) is expected

Participants

b eB ~ m? ~ 10'° Gauss
Mlaglnetllc F'elld e Such strong B field can also polarize quarks. Can

10° |

induce different spin polarization for quarks and anti-

quarks with different magnetic moments

eB (MeV?)

Yang, et. al., Phys Rev C 97, 034917 (2018)

100

Kharzeev, Nucl Phys A803, 227 (2008) A
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Spin alignment (poo):
Measured from the angular distribution (8*) of the daughter particle
In parent’s rest frame

= No X [(1 = poo) + (Bpyy — 1) cos’6%)]

d(cosf™)

Poo - 001" component of spin density matrix

6* : Angle between momentum of daughter and
polarization axis in parent’s rest frame

> Deviation of poo from (1/3) indicates spin alignment

Vector meson spin alignment (poo)

Schiling et. al., Nucl. Phys. B 15, 397 (1970)
(STAR Collaboration) Phys. Rev. C 77, 61902 (2008)
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The STAR detector and event plane

» Second order event plane (‘) is

measured using the TPC with
0.15 < pr < 2.0 GeV/c

) 1
//// STAR Preliminary
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o |® |
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 Uniform acceptance, full azimuthal coverage Centrality (%)

e TPC: tracking, centrality and event plane
e TPC+TQOF: particle identification

Polarization axis — Perpendicular to ‘¥,

B Subhash Singha @ QM 2022



Signal reconstruction

b —> K+K- K*0 — K+11- K*+ — Kg0 11+
x10~° %1072 STAR Preliminary x107 STAR Preliminary
a) q) 7 8§_b) K ° Zr+Zr 200 GeV, 20-60% 040 ;_C) K Zr+Zr 200 GeV, 20-60%
0.6 Au+Au 27 GeV & 20-60% - 7:_ 0.35C
 lyl<1.0&1.2< p_ < 1.8 GeVic | N 6§ lyl<1.0, 2.0<p_<2.5 GeV/c % 0 305_ lyl<1.0, 2.0<p_<2.5 GeV/c
i O &) S = F
5 L — BW-es. bkg. - [ 53_00@ ;1__) 0.250
;‘—3 ' - res. bkg. b6 > - . 0.20E
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8 5 0T 3k c 015 e
- 010 .., .. e
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1 Al

Breit Wigner =
27 (m — my)? + (I'/2)?2

* Mixed event (¢) and rotational background (K*0 and K*+/-) subtraction

* Yield is calculated from histogram integration
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Analysis method

. Raw vield of K*0 is extracted from five [cos 8% bins

* Yield of K*0 |s corrected for efficiency and acceptance using STAR
detector simulations

10° STAR Preliminary o Observed p,, obs is calculated from fitting
16.2 |K*0 the yield W|th function:
16.0
- dN

corr

dN

— bs obs 2 )
T Toosg®y ~ Mo 10 =P Gpgy” = 1) cos'™)

T|III|III|III|III|III

e Observed pObS is corrected for TPC

1500 Zr+Zr 200 GeV, 20-60%, 2.0<p_<2.5 GeV/c
-« = Data(K)) event plane resolution (R)
15.05— l - NO[(1 pobS) (3pobs ?) COS|2 6*] p 5 l _ 4 (pObS - l)
0.0 0.1 02 03 04 05 0.6 0.7 08 09 1.0 00 3 1 + 3R
lcos 07l

Tang et. al., Phys. Rev. C 98, 044907 (2018)
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Analysis method
. Raw vield of K*+ is extracted from five |cos 6*| bins

* Yield of K*+ is corrected for efficiency and acceptance using STAR
detector simulations

4 5210 STAR Preliminary e Observed p) obs is calculated from fitting
- Zr+2r 200 GeV, 20-60%, 2.0<p_<2.5 GeV/c / the yield W'th function:
46~ = Data (K" '
@ R Nol(1- pObS) (39888'1) cos” 67 dN — N. X [( bS) n (3p0bs —1) 0082(9*)]
8 a4 d(coso®) "
Slo / !
- & 420 ! |
z - e Observed p,)) obs is corrected for TPC
40— K"+ eventlplane ;esolution §R)
i bs
I P T PR R BT P N N Poo— 5 = (Lo — =)
380701 02 03 04 05 06 07 08 09 10 3 1+3R
lcos 67

Tang et. al., Phys. Rev. C 98, 044907 (2018)
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Results: Au+Au Beam Energy Scan
\/Snn = 11.5-200 GeV : ¢ and K*0

Particle Species Quark content Mass (GeV/c?) Spin Lifetime (fm/c)
¢ ) 1.092 1 45
K" ds 0.896 1 4
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poo (,/syn): @ and K*0 from BES-I

L %¢ (y1<10&12<p <54 GeVic) - —
0'4__ | o K? (lyl<1.0& 1.0< p. < 5.0 GeV/C)__ For 20-60 A) '
- B g 1 |e For 4 /syn <= 62.4 GeV:
I | E[ _
o35 L, ¥ 1 |© & poo=0.3451 = 0.0017 (stat.) £ 0.0018 (sys.)
- 7 ° . .
8 $ ----------------- Bt 000> 1/3 with 8.40
o3 | & For , / 54.4 GeV
- | - o FOr S <= : eVv.
— STAR Collaboration, arXiv: 2204.02302 u NN
- filled: Au+Au (20% - 60% Centrality) ) ) x a
os Opem: Pb+Pb (10% - 50% Centalty - K0 poo = 0.3356 £ 0.0034 (stat.) == 0.0043 (sys.)
. II| | | IIIIII| | | IIIIII| | | | p00~1/3
10 107 10°

Sy (GeV)

ALICE Collaboration, Phys. Rev. Lett. 125, 012301 (2020)
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Physics Mechanisms (Poo)

ca: Quark coalescence <1/3
vorticity & magnetic field'l (Negative ~ 10-5)

o <1/3
: [1]

ce: Vorticity tensor (Negative ~ 10-4)

o > 1/3

: [2]

ce: Electric field (Positive ~ 10-5)

>or, < 1/3
(~ 109

Fragmentationl@!

Local spin alignment and

helicity(“] <13

Turbulent color fieldl®l

> 1/3
(Can accomodate
large positive signal)

C¢: Vector meson strong
force fieldl©

12

Expectation of poo from theory
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Expectation of poo from theory

_ | * | ike electric charges in motion can generate an EM field,
Physics Mechanisms (Poo)

s and § quarks in motion can generate an effective

ca: Quark coalescence d-meson field
vorticity & magnetic fieldll (Negative ~ 10-5)

e The electric part of the p-meson field can polarize s and §
_ - <1/3 . . _ .
C: Vorticity tensort! (Negative ~ 10-4) quarks with a large magnitude due to strong interaction

- 1/3 (large coupling constant g )
(Positive ~ 10-9)

ce: Electric field!2]

>or, < 1/3

rragmentation™ (- 109 Poo(P) X =+ Cp F Ce F Cptcyy

Local spin alignment and 4
helicity! <173 8o

2\ /2 )
P — 2 4+ F2 )
? 2Tmim Tz, Po4iEy, o

> 1/3 C(y) = g; <Eéz T E2,x>

(Can accomodate
large positive signal)

Turbulent color fieldl®l

C¢: Vector meson strong
force fieldl©
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pOO

poo (,/syn): @ and K*0 from BES-I

0.4

0.35— |

0.3

0.25 |

* ¢ (IyI<1.O&1.2<pT<5.4 GeV/c) A

o K%(lyl<1.08& 1.0 < p. < 5.0 GeVic)

Field strength ~ 2.5 m?

STAR Collaboration, arXiv: 2204.02302

filled: Au+Au (20% - 60% Centrality)
open: Pb+Pb (10% - 50% Centrality)

— C(Sy) = 1109 = 143 fm_8 (From fit to data) -

e Surprisingly large ¢ poo can not be
accommodated by conventional mechanisms
e Polarization by a strong force field of vector

meson — Can accommodate large deviation

for @ poo at mid-central collisions

10

107 10°
Sy (GeV)

1
Poo(P) ~ 3 +cp + ¢+ gty
4
5¢ 20 2 0
C, = Es + E5 );
¢ 27m§mgT62ff<p >¢< Pz ’X>

C(y) =gy (E;, +E; )

Sheng el. al., Phys. Rev. D 101, 096005 (2020)
Sheng el. al., Phys. Rev. D 102, 056013 (2020)
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poo (centrality):  and K*0 from BES-I

STAR Collaboration, arXiv: 2204.02302

BT e | |* For central at 200 GeV:
0.4f H —+ + o+ - .
I%@E#Eﬂ@% | ; $¢'£ I $§ I 5 ”H = C|),K0p00<1/3
— FE e eeeeenaaas *%***ﬁé Eﬁﬁ. ........ R Sl i . _
®|| of 1 ﬁ _--_%ﬁ ﬁH _-;Hﬁﬂ _- Local spin alignment
- Au+Au 27 GeV | Au+Au 39 GeV T Au+Au 624 GeV | f Au+Au 200 GeV or, he||C|'ty contribution
S LA A S LA oS ANAARAE N LI AL A AR L2 200
0.4t + 1+ 1
¢ lyl<1.0 ! $ { ! - _
- B PrebaGeVie -- 5 -- i |* For mid-central and
K™ : K1yl <1.0 Fe----- enaannnannnns f'g?'b"ﬁ -------- @----f-----E---Q---Q----:
od 1.0 <p.<5.0 GeV/c L g @ | '__'Q _- peripheral:
Au+Au 39 GeV Au+Au 54.4 GeV Au+Au 200 GeV & CI) K*O pOO >~ 1/3

0 20 40 60 80 O 20 40 60 80 O 20 40 60 80 O 20 40 60 80
Centrality (%)

* Need inputs from theory to understand centrality differential poo

[1]. Xia et al, Phys. Lett. B 817, 136325 (2021)
[2]. Gao, Phys. Rev. D 104, 076016 (2021)
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poo (pT): ® and K*0 from BES-I

STAR Collaboration, arXiv: 2204.02302
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- For 20-60%:
non-trivial

pT dependence

* Need inputs from theory to understand pr differential poo
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Results: Zr+Zr and Ru+Ru (Isobar collisions)
sy = 200 GeV: K*0and K*+-

Particle o ark content Mass (GeV/c?)  Spin Litetime (fm/c) ~ Magnetic moment
Species
KO (anti-K9)  d5 (ds) 0.896 1 4 Ha = 0.97uy
K+ us (is) 0.892 1 4 Hy, ~ 1.85uy
p: ~ 0.61puy
1 (B) > 1/3 for K*0
B) ~ 2 B’ P00
PoolB) % = =GP Ky g, Poo (B) < 1/3 for K*+-
(Expect negligible Yang, et. al., Phys Rev C 97, 034917 (2018)

contribution)
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K* poo from Isobar collisions

0.4/ . _
- | STAR Preliminary .
K™ T_g( lyl<1.0, 1.0<p_<5.0 GeV/c -
0.38— _+ T _
- i Isobar 200 GeV, 20-60% -
Qg 0.36 _— ¢ K*_ \/ K*+ v (K*++K*_) _—
sl M ) 1 | from B field
I H *K? =K o(K%+K") i
0.34 — —
i Au+Au 200 GeV, 20-60% ]
0.32— (K °+K™®) arxiv: 2204.02302 —
i ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | I ?
50 100 150 200 250 fOrCG fleld )
(N,

e K'+-: First measurement of global poo

o K0 vs. K+-: ~ 3.90 difference

~ Ordering opposite to the expectation

~ Contribution from vector meson strong

X-axis for isobar data are shifted for clarity

* Need inputs from theory to understand this behavior

18

Yang, et. al., Phys Rev C 97, 034917 (2018)
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poo (Centrality): K*0and anti-K*

STAR Preliminary

Ru+Ru 200 GeV |y|<1 .0, 1.0<p_|_<5.0 GeV/c
o KO A KO Zr+Zr 200 GeV
0.4 =KD KT
- . .
o ﬁ e Species dependence:

o35t £ E ﬁ . H - K0 poo ~ anti-K™ poo
____________ ﬁ

(131 | | | | | | |
0 100 200 300 O 100 200 300

(N (N

part > part >

D @)
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poo (Centrality): K*0and anti-K*

STAR Preliminary

Ru+Ru 200 %V
o K° A KP
0.4+ Au+Au 200 GeV

Ly

% KO2K'O arxiv: 2204.02302

EM@@ _____ __

0.3 | |

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

nK® *F

0 100 200

(N

ap

part )

300 O 100 200 300

(Noart)

@)

20

e Species dependence:
- K0 pgo ~ anti-K™ poo

e System size dependence:
~ poo Au+Au ~ Zr+Zr ~ Ru+Ru

Subhash Singha @ QM 2022



poo (pT): K*° and anti-K*©

STAR Preliminary

Ru+Ru 200 GeV 20-60%, lyl<1.0
*O *O
o K A K Zr+Zr 200 GeV
0.41 - 0w K*O * W

S b f g
“oas. D | . » Species dependence:
0.35 Al + @@ __ pecies dependence:
------ +' BRREE R RS f - K0 pgo~ anti-K© pgo ~ 1/3
0.3f -

1 2 3 4 S 1 2 3 4 5

p_ (GeV/c) p_ (GeV/c)
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poo (pT): K*° and anti-K*©

STAR Preliminary

0.41

0.35

0.3

Ru+Ru 200 %V
o KP A KP

Au+Au 200 GeV

% K O+K O arxiv: 2204.02302

20-60%, lyl<1.0
Zr+Zr 200 GeV
- m K*O * K*O

1 2 3 4 5

p_ (GeV/c)

1 2 3 4

p_ (GeV/c)

5

22

e Species dependence:

- K0 pgo ~ anti-K™© poo ~ 1/3

e System size dependence:

~ poo Au+Au ~ Zr+Zr ~ Ru+Ru
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0.5

00

0.3

20-60%, lyl<1.0

Poo(pT): K*+/-

STAR Prelimin

ary

Ru+Ru 200 GeV

*+ *_

*K v K

Zr+Zr 200 GeV

*+ *_

YK VK

---------- \ £

E.:Er |
IE—<—I
I

1 2 3 4 5

p_ (GeV/c)

1 2 3 4

p_ (GeV/c)

5

23

e System size dependence:

~ pooZr+Zr ~ Ru+Ru
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0.5

00

0.3

20-60%, lyl<1.0

poo(pT): K*+/- and K*0

STAR Preliminary

Ru+Ru 200 GeV
+ K i K
O K*O

Zr+Zr 200 GeV
vK i vK
O K*O

1 2 3 4 5

p_ (GeV/c)

1 2 3 4 5

p_ (GeV/c)

24

e System size dependence:

~ pooZr+Zr ~ Ru+Ru

e Particle species dependence:

K™+~ poo > K0 poo

Subhash Singha @ QM 2022



Summary

e \We presented poo of ¢ and K© from Au+Au BES-| at
11.5- 200 GeV

e For 20-60%: poo (Pp) > 1/3, poo (K*0) ~ 1/3

e Beam energy dependence of ¢ poo at mid-central
collisions is consistent with a model fitting with vector
meson force fields

e We presented poo of K*0and K*+/- from RHIC Isobar
(Ru+Ru & Zr+Zr) at 200 GeV

e For 20-60%: poo (K*+-) > poo (K*0)

e 0oo (K*0): Zr+Zr ~ Ru+Ru ~ Au+Au

 More inputs from theory are needed to interpret
the poo measurements

25

0.4

_ %
0.31

0.25 —

Au+Au BES-I

II| I IIIII| I IIIIIII| I L
* (IyI<1.O&1.2<pT<5.4GeV/c)—

o K%(lyl<1.0&1.0< p. <5.0 GeV/c)
—c¥ = 1109 = 143 fm®

Field strength ~ 2.5 m?

STAR Collaboration, arXiv: 2204.02302

- filled: Au+Au (20% - 60% Centrality)
open: Pb+Pb (10% - 50% Centrality)

II| | IIIIIII| | IIIIIII|
10 10° 10°

sy (GeV)

Isobar (Ru+Ru and Zr+2Zr)

0.38

S
o2 0.36

0.34

0.32

0.4

| STAR Preliminary -
- H lyl<1.0, 1.O<pT<5.O GeV/c -
i | Isobar 200 GeV, 20-60% :
- E KK Y(KTK )
HH *K? =K? o(K%K?)

Au+Au 200 GeV, 20-60%

— (KO+K™®)  arxiv: 2204.02302 —
B | | | | | | | | | | | | | | | | | | | | | | ]
50 100 150 200 250
< Npart >
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Thank you for your attention
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Backup slides
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0.4

0.35

0.3

poo (Centrality): K*0and anti-K*0from isobar

STAR Preliminary

Ru+Ru 200 GeV
o K° A KP
- Au+Au 200 GeV

0 1,70
* K "+K © arXiv: 2204.02302

lyl<1.0, 1 .O<pT<5.O GeV/c
Zr+Zr 200 GeV
- K*O % K*O

Centrality (%)

Centrality (%)

28

e Species dependence:
K0 poo ~ anti-K™ poo

e System size dependence:
~ poo Au+Au ~ Zr+Zr ~ Ru+Ru
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Simulation framework for efficiency and acceptance

Results corrected for K* v2 bias

Input: embedded MC K*
+ real data tracks

v

Calculate W from real data

Reconstructed (RC) K*

RC K* and it’s daughters
Apply experimental
acceptance and track cuts

tracks on daughters
\ 4 &
Reject MC K* in ¢-W to Consider K r:j/'zr(1pT|) effects
mimic measured K* vz(pr) accoraingly

Calculate cos 6* Calculate cos 6*
wrt W for MC K* tracks wrt W for RC tracks

Efficiency x Acceptance = RC/MC

Correction factor includes acceptance and efficiency (pt, $-W, cos 6*) with vz effect included
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Efficiency x Acceptance for K°

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

O..8

Efficiency and acceptance for K*

STAR Preliminary

= Isobar 200 GeV, 20-60%, 2.0<p_<2.5 GeV/c

= % MC Embedding (K°)

%_ * * * N N

- Ko

EIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0 01 02 03 04 05 06 0.7 08 0.9
Icos 6*

1.0

30

Efficiency x Acceptance for K *

0.35
0.30
0.25
0.20
0.15
0.10
0.05

0.08

STAR Preliminary

* MC Embedding (K ™)

%
*
%

K+

Isobar 200 GeV, 20-60%, 2.O<pT<2.5 GeV/c

0O 01 02 03 04 05 06 07 08 09 1.0

lcos 07l
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poo (y/snn): @ and K*0 for central collisions from BES-I

STAR Collaboration, arXiv: 2204.02302

lll | | lllllll | | lllllll | | |

- ¢ T-orderEP (1.2 <p_<5.4 GeV/c) -
% ¢ 2"-order EP (1.2 < p. < 5.4 GeVic)
- o K 2"-order EP (1.0 < p_ < 5.0 GeV/c) :

0.4

0.35 @ @ §

Poo

0.3 H - -~
= ! -

0 25 Au+Au (0-20% & |y| < 1.0) |

ll| | | lllllll | | lllllll | | |

10 102 10°
sy (GeV)

31 Subhash Singha @ QM 2022



