“BREEVERER. SRESRE” FAMITS

Workshop on Advances, Innovations, and Future Perspectives in High-Energy Nuclear Physics

Global Quark Spin Correlations
in Relativistic Heavy lon Collisions

JENX

SHANDONG UNIVERSITY

RIEE

> L2 : -
Workshop on Advances, Innovations, and Future Perspectives in High-
Energy Nuclear Physics

N, 20245108 20-24H

X

2024551085 20-24H



> Introduction: why QCD spin physics?
why global polarization in HIC?

> Global vector meson spin alignment and
quark spin correlations in HIC

> Tensor polarizations of spin-3/2 hadrons
> Vector meson spin alignment in fragmentation

» Summary and out look

X

202455108 20-24H




> Introduction: why QCD spin physics?
why global polarization in HIC?

> Global vector meson spin alignment and
quark spin correlations in HIC

> Tensor polarizations of spin-3/2 hadrons
> Vector meson spin alignment in fragmentation

» Summary and out look

X

202455108 20-24H




Why QCD high energy spin physics?

Striking spin effects have been observed in high energy reactions since 1970s
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Why QCD high energy spin physics?

rStrong conflicts P t aQco e Nucleon spin structure
aces to (hadron structure)
between ——> — _
theory and data breakthrough? Spin Physics e Spin dependence of FFs
(hadron production)

Polarized deep inelastic scattering: The ultimate challenge to PQCD?
Giuliano Preparata (Milan U. and INFN, Milan) (Feb 6, 1989)

Published in: Nuovo Cim.A 102 (1989) 63, A/P Conf.Proc. 187 (2008) 754-763 - Contribution to: 8th Internation:
High-energy Spin Physics, 754-763

¢ DOI [= cite

Spin effects: A Challenge for perturbative QCD

Jacques Soffer (Marseille, CPT) (Jan, 1989)
Published in: Nucl.Phys.B Proc.Suppl. 11 (1989) 178-185 - Contribution to: 10th Autumn School: Physics Beyont

¢ DOI [= cite

SPIN PHYSICS: A CHALLENGE TO THE GENERALLY ACCEPTED PICTURE OF QCD
Giuliano Preparata (Milan U. and INFN, Milan) (Jan, 1988)

Published in: In *Trieste 1988, Proceedings, Spin and polarization dynamics in nuclear and particle physics* 128-
Preparata, G. (88,rec.May) 17 p - Contribution to: Adriatico Research Conference: Spin and Polarization Dynamic:
Particle Physics, Adriatico Research Conference: Spin and Polarization Dynamics in Nuclear and Particle Physics,
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Why Quark Orbital Angular Momentum (OAM)?

Spin-orbit coupling is intrinsic in Relativistic Quantum Systems

Dirac equation: id,p=HYy H=¢a- ? +pm Y= ((5)

Even for a free Dirac particle: .
~ 5 ~ = . A ~ 3 3 ))
[B,I]=-i@axp=0 [AE]=2iaxp=0 [B]]=0 >

If we have an external potential V(r): H=4d- p+pm+V(r)

ﬁz 1 dV 5

OAM is non-zero even if the quark is in the ground state:

(10| £2[wpo) = 2 [ dr 128,

~

>

foo(Q? (6, 9) )
olL,

= 1 ) 97 ) S -
¢0 II}EOEm-I- (r (p ) <—901(r)ﬂim(0) (p) e —f dr ng (r)
2 = 01
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Why Quark Orbital Angular Momentum (OAM)?

quark OAM was used to be neglected

Quark model: used to be non-relativistic @

baryon meson

physics Vol. 2, No. 2, pp. 95-105, 1965. Physics Publishing Co. Printed in Great Britain,

The Quark

IS A NON-RELATIVISTIC APPROXIMATION POSSIBLE FOR THE T
ode

INTERNAL DYNAMICS OF "ELEMENTARY" PARTICLES?*

E0G20T

L PRO

RONTIERS IN

G. MORPURGO

Istituto di Fisica dell’Universita di Genova
Sezione di Genova dell’Istituto Nazionale di Fisica Nucleare,
Genova, Italy

(Received 28 April 1965)

on the depth of the potential well. po wice, for a quark antiquark model of
the octet bosons with a quark mass d gd a range of the binding force

Parton model: used to be one-dimensional /,

i
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Quark OAM should play an important role!

Striking spin effects have been observed in high energy reactions since 1970s

N

/ =
“Proton spin crisis” Bt B iEfEH &Single spin left-right asymmetry (SSA)” )
etp-e+X —
Quark model: _ POApomiX b
Sum of quark E‘g{:f‘.;&;im, Hﬁ '*,H’ N s/
spins £ = Eo,zi_,'”"‘)"”.;"’é’ Y 5/
proton spin S, §ooheagr N =N
DIS experiment: PP | T TN +NQ)
[
1989: £~0 g "] eg FNALETO4
Now: Z~20%S,, ¥ EMC, PLB 206,364 (1988) mT?Txi ¢ PLB264, 45’2 (1991)
\U D, < J
Predictions of pQCD ~ 0
“Spin analyzing power in M %sverse polarization of hyperon in pp — AX” )
gz | S P PP AD+X /B
Lptp -+ Ol (*im 5 M T /) —Ee )
4 p E a1 % $+ / PN P
| 3
et | NN L em ) N i)
ezt ‘ A TOFYT0) 23 ::‘:‘:Q‘v‘i } 1= eM+a(l)
. | e.0.D.Grabetal, @S e.g. S.A. Gourlay et al.,
: PRL41, 1257 (1978) PRL56, 2244 (1986)

The underline physics:
intuitively
systematic studies in 1990s

——> quark OAM and
spin-orbit coupling in QCD
Original papers, e.g.,
D. W. Sivers, PRD 41, 83 (1990);
C. Boros, ZTL, Meng Ta-chung, PRL 70, 1751 (1993);

C. Boros, ZTL, PRL79, 3608 (1997);
S. Brodsky, D. Hwang, |. Schmidt, PLB 530, 99 (2002).

Reviews, e.g.,

S.B. Nurushey, Inter. J. Mod. Phys. A12, 3433 (1997);
G. P. Ramsey, Prog. Part. Nucl. Phys. 39,599(1997);
C. Boros, ZTL, Inter. J. Mod. Phys. A15, 927 (2000);
U. D’Alesio, F. Murgia, PPNP 61, 394 (2008).

Spin-orbit interactions seem to be essential in QCD Spin physics

Quantitative descriptions, however, very difficult .........

HX
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OAM in Relativistic Heavy lon Collisions (HIC)

Huge OAM of the colliding system in non-central HIC
the reactlon plane: can be determined experimentally!

Z

ZTL & Xin-Nian Wang, PRL 94, 102301 (2005)

Q‘ﬁ\/ - #L, in unit of 10° _.

Au+Au at 200AGeV

_ P.xb

_>re o, — et
impact parameter ‘ | P xb | ' 1 1'5b/RA2
normal of the reaction plane

A unique place to study spin-orbit interaction in QCD!
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Introduction: The basic idea and result of the global polarization effect

Globally polarized quark gluon plasma (QGP) in relativistic heavy ion collisions

uhit of 10° 7

2
reaction plane 5 T
/ 151
\ ] any 0.5 u+Au at 200AGe
& X e

QCD spin-orbit

interactions

“global quark polarization”

S

leads to

hadronization

os;  Au+Au at 200AGeV

Gradient of parton’s
longitudinal momen

0 0.|25 0:5 0.‘75 1
X/(R,-b/2)

»

(combination)

® Global hyperon polarization
PH = PITI = Pq = Pq
PRL 94,102301 (2005)
® Global vector meson spin
alignment 1 — pg
Poo = >
3 + P2
PLB 629, 20 (2005)

S

ZTL & Xin-Nian Wang, PRL94, 102301(2005); PLB629, 20 (2005).
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Great efforts from experimentalists: first measurement by STAR

However, NOT observed at

STAR /s = 200GeV within the

statistics available at that time!
The STAR Collaboration

PHYSICAL REVIEW C 76, 024915 (2007)

Global polarization measurement in Au+Au collisions 08— T
fragmentation: e o (20-60%)
0.4 - — P,P,=-03 ,
E B 0.6 | = 0.08<PP<0.15 ¢ K°(20-60%) |
0.3F . -
. | A hyperon polarizatjon - P =18 L ]
2f 9 L o [ —
01: o> 0.4 _ 1 + L TJ}J |
C — ’* 7 =T 'l- """ o) T'“--"-—--- Sty
< C - L =
a -05 [3’ recombination: =5
-0-1;— Vectorr meson spln allgnrhgn‘ta“01
0.2 L
—o—
03F 1 2 3 4 5
= o Pr (GeV/c) RAPID COMMUNICATIONS
V405 445
p} (GeV/c) PHYSICAL REVIEW C 77, 061902(R) (2008)

Spin alighment measurements of the K **(892) and ¢(1020) vector mesons in heavy ion collisions at
«/SNN = 200 GeV

1934 20245510 H20-24H 1



Great efforts from experimentalists: first observation by STAR

Results of STAR beam energy scan (BES |)

Global A hyperon polarization in nuclear collisions STAR
The STAR Collaboration, Nature 548, 62 (2017)

' T T

:@ Au+Au 20-50%

— 8 |- ¥ A this study —
@ A this study

e.‘ ¥r A PRC76 024915 (2007)

6 O A PRC76 024915 (2007) |

4_ —

e [

e At each energy, a polarization is observed at 1.1-3.60 level
e The polarization decreases with increasing energy
e Averaged over energy P, = (1.08 + 0.15)%, P; = (1.38 £ 0.30)%

EHX 20245108 20-24H 12




Intensive measurements by STAR at RHIC

Systematical studies at \/s = 200GeV with much higher statistics

= 3
2 - Nature548.62 (2017) S Au+AU Sy, = 200 GeV
&I | oA OK & : Inl<1,0.5<pT<6 GeV/c
L PRC76.024915 (2007) L - .
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1— B B ;(;mrality [%]
: hlgh prGCISIon 9 STAR Au+Au |[s, = 200 GeV
B meg Surement % I STAR Au+Au s, = 200 GeV ZTI 1; 20%-60%, In|<1 "
B - 'f 20%-60%, 0.5<p_<6 GeV/c o, ormary A
Y ~ _ S : xA LUrYQpMD |g
UrQMD+VvHLLE, A | %A ---Glauber+ilt IC
- = primary === primary+feed-down R 05
- AMPT. A T :
- primary primary+feed-down @ % w‘—/
Cooiaal | Lo vl L1 | % P
10 107 0 O
Vo [GeV]
n P [GeV/c]

STAR Collaboration, J. Adam et al., Phys. Rev. C 98,014910 (2018)

1934 20244108 20-24H 13



Intensive measurements by STAR at RHIC

Other hyperons (Z, Q) STAR

B ? o STAR Au+Au 20%-50%
- Pa{77)=73423.02 %] _ Nature548.62 (2017)
3— eA OA
: PRC76.024915 (2007) o STAR Au+Au \/s,, = 200 GeV
i AA AKX ly=1<1, pf>o.5
B PRC98.014910 (2018) - ]
mA OA
2— = # Inclusive A (PRC98.014910)
—_— | ALICE Pb+Pb 15-50% * E+E (via daughter A P,
o I PRC101.044611 (2020) B [Jsyst. uncert. *
I I~ AN + i 2
(Al 1— STAR Au+Au 20%-80% ot |
- N * E +E (viadaughter A P,) T
- Tloe =g, -
B EF@ + Q +Q (via daughter A P,) i . 33
oL B st g = =
L = + O - S L
[ AMPTPRCS9, 014905 (2019) o = 073220014 + @, < 07320014
i DQM iy o o’ = -o_. = -0.401+ 0.010 - o =-0.758 £ 0.012
i O N yo=1° C_, =0.944
_1|||1| 1 Lol 1 vl 1 T B . L ' ' I ' I '

10 102 10° 0 20 40 60 80
Centrality [%]
\'Sny [GeV]

STAR Collaboration, J. Adam et al., Phys. Rev. Lett. 126, 162301 (2021)
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Beam energy scan (BES )

iTPC upgrade

before

after

J

iTPC and EPD upgrades

Higher
particle resolution

Event PIane Detector

I3 STAR Au+Au 20%-50% a n
= PRC76.024915 (2007) Phys. Rev. C 98 (2018) o A
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pr (GeV/e)

M.S. Abdallah et al., PRC 104, L061901 (2021)

K. Okubo for the STAR Collaboration,
arXiv:2108.10012 [nucl-ex]
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Further measurements by other experiments

The Large Hadron Collider (LHC)

ALICE

Collaboration
at LHC

8.3Tesla ¢ Superconduc cti ng ]

magnets @& ews b0 b 1 1 1

LHC-B

Pb+Pb, /s =2.76, 5.02TeV @3

Py (%)
7
3
<
21
-
<

A A
W= '@ ALICE

3:_ EE:) + Pb-Pb 15-50% il I ; % #
% t _______ o___..%_%_%_%_ﬁ_%,#_ﬁ__%___%__"_(;_" bosepepb bt

+ |y| <05 ALICE Pb-Pb
—2F

o A .
Rl ~ < 4r Sy =5.02TeV  5-15% r Sy =5.02TeV  15-50%
] )| A X : o -
107 10° 10%| wmw son STAR
2r L

snn (GeV) | Au-Au 20-50%

Py (%)

Py (%)

0'5; 0.5 <p.<6.0GeV/c + §

L1 S, S T-cERREE n|<o0.8
_ o In

||||||||||||||||||

1 1 11l
10 102 10° 104

VSnn (GeV)
ALICE Collaboration, S. Acharya et al., Phys. Rev. C 101, 044611 (2020)
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Further measurements by other experiments

// \\ —— T T T TTTTIT T TTTTrT T T T TTTTT

o T I T I
////i\\\ HADES at GS| = m :
HADES 5E 5 Gl E

f# AutAu, /s = 2. 4¢Ge;’¢ 76 (20D 0

0 .
L CE C 0 20..0) 0446 —]

a3 { Ag+Ag, /s =2.55GeV

£ E
1 JPM& 1
0; “““““““““““““““““ % ~~~~~~~~~~~ \m ----------------- t..;_i
e o | E

1 10 10° 10°
V'San [GeV]

HADES Collaboration, R. Abou Yassine et al., PLB 835, 137506 (2022)

Global polarization of A hyperon has been observed at different
energies and decreases monotonically with increasing energy.

1934 20244108 20-24H 17



Theory: Global vorticity and fit to the Global A Polarization

AMPT transport model 1 '|:";3§il::§-;§::::::::.:.‘,l..h.u" 5| .
- Li, Pang, Wang, Xia, PRC96, 054908(2017) | " Aean
-- Wei, Deng, Huang, PRC99, 014905(2019) < Nl ™ S
1+ ++ FU) | L

UrQMD + VHLLE hydro ] L]
-- Karpenko, Becattini, EPJC 77, 213 (2017) T Ve P (s (GeV)
PICR hydro g 19
-- Xie, Wang, Csernai, PRC 95, 031901 (2017) R Z:Zj
Chiral Kinetic Equation + Collisions R % 23 e : i
-- Sun, Ko, PRC96, 024906 (2017) N T B -
-- Liu, Sun, Ko, PRL125, 062301 (2020) TR T e e
AVE+3FD | T ]
- lvanov, 2006.14328 £ AR | o

Q_A2: 1 ] ] o 4
Other works ...... ) | Th 5‘5"§‘-E‘\\m 1

b Vs, (Ge\1/0)O

ppt from Huang Xu-guang, plenary talk at QM2019
11:93'4 20245108 20-24H 18
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> Introduction: why QCD spin physics?
why global polarization in HIC?

> Global vector meson spin alignment and
quark spin correlations in HIC

> Tensor polarizations of spin-3/2 hadrons
> Vector meson spin alignment in fragmentation

» Summary and out look
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Global vector meson spin alignment — experiments

The STAR Collaboration
STAR M. Abdallah et al., Nature 614,244 (2023) - Again in Nature !

Article

Pattern ofglobal spin alignment of ¢ and K*°
mesons inheavy-ion collisions

#* o(yl<1.0and 1.2 <p; <54 GeVc)
© K(yl]<1.0and 1.0 <p; <5.0GeV c)

f %g\@\@ | @ Global vector meson spin alignment confirmed
0.35 — L N
R L el
$ $ [%

I|I|II|I[I

© ¥ STAR (Au+Au and 20-60% centrality)

0.25 ©+¥r ALICE (Pb+Pb and 10-50% centrality)

©
il L Lol L Lol 1 L
107 102 102

Vsun (GeV)

\ / 7 H LIC E Co||aboration at LHC 0.5r Eyent plane (a)T Event plane (b)

K° )
- T+ !
PHYSICAL REVIEW LETTERS 125, 012301 (2020) _*fﬂﬂﬂm —*&ﬁh&ﬂ -------- {}_‘
< H H :

. (

0.21
. . . L f Py =1
Evidence of Spin-Orbital Angular Momentum Interactions in Relativistic 0.1k H 4 Poo =13 4

Heavy-Ion Collisions

1T 2 3 4 5 1 2 3 4 5

S. Ach tal
chayaeta p, (GeV/c) P, (GeV/c)
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Global vector meson spin alignment — Why so interesting?

Theoretical predictions

Globally polarized quark gluon plasma (QGP) in relativistic heavy ion collisions

z
reaction plane . L inunitof 105
3 | I leads to
Ot -
Huge orbital angular momentum

QCD spin-orbit hadron
———> ——

interactions (combi

“global quark polarization”)

ZTL & Xin-Nian Wang, PRL94, 102301(2005); PLB62

o8- AutAu at 2009

Gl;Ldient of parton’s
gitudinal momen

pz(x, b)

& Alahal hunaran nalavisatian

® Global hyperon polarization

PH - Pﬁ - Pq - Pa
PRL 94,102301 (2005)
® Global vector meson spin
alignment 1 — p2
Poo = 2
3 + PZ
PLB 629, 20 (2005)

4

Poo

STAR experiments:

—
X
[
< 6 r
(a C
5¢
ar
3k
2F
1
o
1k
#* ¢ (yl<1.0and 1.2 <p; <5.4 GeV c)
040‘ © K™ (yl <1.0and 1.0 <p; < 5.0 GeV c')
’ — GY=464+0.73m?
- # ge Poo—3 > P}
0.35 —
— ‘E * i?
0.30 — ﬁ
B © % STAR (Au+Au and 20-60% centrality)
0-25— 4 3+ ALICE (Pb+Pb and 10-50% centrality)
11 I 1 1 1 11111 I 1 I 1
10° 102 102
V Sy (GeV)

How can we understand it? What does it tell us?

EX
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Global vector meson spin alignment — calculations in 2005

ZTL & Xin-Nian Wang, PRL94, 102301 (2005); PLB629, 20 (2005).

1<1+Pq 0 )

— constant / average value
2\ 0 1-P,

Quark spin density matrix: p? =

Hyperon: q} + qg + qg S H ij(qmzqs) — ’ﬁ(%)@ﬁ(%)@’p\(%)

P = (Jpm'[p(119293) |jym) Py = z CiPqi =Py
i=1-3

no correlation

c;: constant determined by C.G. coefficients

ﬁ(qﬂz) — ﬁ(%)@’p‘(ﬁz)

2
1-Pg, Pg, B 1-P;

. rl~(a+a . V _

i) -1
Vector meson: q1+q; >V

q1~ q2

It was for the most simplified case: only spin degree of freedom

® P, was taken as a constant, no fluctuation, no correlations
@ no other degree of freedom (d.o.f.)
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Global vector meson spin alignment — correlations?

Consider fluctuation and/or other d.o.f. , at least,

forqy +q5+q3 > H

Pu - <<z ciPa

i

 two folded average

_ Z ¢i (Pgi) = (Pg) (PqP7) = < >V>

i

H
S

for i +q5 >V inside the meson 94/"

over the system
1_<Pqpﬁ>¢1_<Pq><Pﬁ) . d
3+ (PgPg) 3+ (Pg)Pg)

vV _
Poo =

STAR Data indicate: (P,P;) # (P,){P;) simply means correlation!

By studying P, we study the average of quark polarization P ;

by studying p},, we study the correlation between P, and Pg .

E— [ A window to study quark spin correlation in QGP
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Local correlation or long range correlation "
(PqPg) # (Pq){Pg)

Correlations:

[ two folded average
(Pqpﬁ> = <<Pqpﬁ>y>s

inside the mesor;%/"

over the system

\ J

(1) local correlation:
(PqPﬁ>V * (Pq>V<Pﬁ>V
(2) long range correlation:

((P),(Pa),)_={(Pa),) ((P

1/ 1+P P,, —iP
. p\ = .
Off-diagonal elements ? 2 (qu tiPgy  1- Py

(Pgx) = (P

ax) ay) = 0; (P7x) # 0,(P7,) # 0

® how to describe?
:> ® relationships to measurable quantities?
® why? where do they come from?

\

Ji-peng Lv, Zi-han Yu, ZTL, Qun Wang, and Xin-Nian Wang, PRD 109, 114003 (2024)

1934 20244108 20-24H 26




Description of quark spin correlations — decomposition [§

For single particle, we decompose the complete set (I, ;)

~ 1 - . (1)~
p) = > (I + P4;64;) Py; = (61;) = Tr[pWay,]

For two particle system (12), the complete set (I, 31;) ® (I2,02;)
we are used to pis = 2_12 (H1 Q Iy + P1;04; Q Iy + Pyl & 05; + t(lz)an X Uz])

shortage:  ¢(1?) = Py;Py; =0 if p(1» = p» ® p®

12) ~
we propose P12 = 0 @ p® + L1 Va,, @ 3y
12 12
cii? = (61:02;) — (61) (G2;)  ¢f}? = 0if pO? = p®» Q p@

For three particle system (123)
Uz = ﬁ(l) ®PP ®p® + 2%[ 5751 ®8, PP +(1->2-3)

1235
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Description of quark spin correlations — «a-dependence

Single particle: P (a) = ~[1 + P1;(@)5y;]

Two particle system A=(12) at given (a4, a>):
pID(ay, @) = PP (ay) ® PP (@) + 55 ¢4 (@1, @2)81; @ 6

Suppose A=(12) is at given a, in the state |a,, ), the a;,-dependent spin density matrix of (12) is

P (aq2) = (a12] P2 (@, )| @y2) average inside A

12 ~ ~
=pW(a12) ® pP(a2) + =5 22 f, )(a12) 01; X 0y

The polarization Pyi(a12) = (Pqi(aq)) equals to P,; averaged inside A

12 .
However, the correlation Egjm(al ,) # <C(12) (g, @y )> does not equal to cgj )averaged inside A

. —(12 12 —-(12;0
instead ey (@iz) = (o (ag, @) + T (az)
“effective correlation” = “genuine correlation” + “induced correlation”
the observed the original one due to average over a;
—(12;0
CE] )(a1z) = <P1i(a1)sz(az)> —(Pq;i(aq)) (Pyi(aq))
\. 4
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Relationship to the spin density matrix of h

Take g1 + g, — V as an example
in general, p¥ = Mp@aDigt M the transition matrix
If only spin degree of freedom is considered

Pt = (MIFTRTDFTT 'y = " (o] 3 [, )am, [O192) [ oy |
m;m/;

=N Z (jm|m;)(m;|p'91%2) | m})(m}|jm’) Im;) = |jimy,j,my)

m;m/;
V y

: A\ ZD direct probe of spin properties of
|
independent of 1! (q19>) before hadronizati
);\ /L

since (jm|M|m;) = Z(im|]\7[|j’m’)(i’m’|m,-) = (jm|M |jm)(jm|m;) ~ (jm|m,)

jlml

@ angular momentum conservation j = j', m = m’

space rotation invariance demands @ (jm||jm) is independent of m

similar, if « dependence but the wavefunction is factorized, i.e., |jm, ay) = |jm)|ay)
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Spin density matrix for vector meson V

1+ f§?1q2) _ ngzﬁz)

[ [ V _
The spin alignment Poo(ay) = T (
12}
D D #(q9192) | 7(q192)
_ P, ,+Ps, +% +t
The off-diagonal element, e.g. Re p}, = % %27 TN
VZ(3 +E07)

7(0192) — =(9192) |, p P
L;; = Cjj t Pg,iPyg,;

— q a _ q-;0
cg;’m) _ <C§?1q2)(“1r“2)>v + Clg;hqz )(@gs)

Eg,-lz;o) (ar12) = ( P1i(“1)sz(az)>V —(Pyi(ay))y ( P1i(ag))y

depends on local spin correlations between g4 and g,
14+ (ESIl‘h)) _ 2( —(Q1QZ)>

tZ VA

If further averaged over ay in the system: (pgo) = 31 fg’@))

depends on average of local spin correlations between g1 and g

Sensitive to local spin correlations between g and g,
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Hyperon polarization & spin correlations

AA spin correlation

SZ

_ ex P _(d5)— ) — e
COf (@, @) = Pay(@n)Pag(aty) + €57 = =2 [clVPy; + € Py| - (4 - 7)

A
ey = <c§§s)>m only long range, no induced contributions

Sensitive to the long range spin correlation between s and s.

gy

e

L0 40\
&0 Li.e |

|
AA spin correlation, neglect overlap between the two A’s Q'

—
y
——
_

_ 1_)1 —(ds) & —(us) &
CQZA(“ApaAz) ~ Pp(apg)Pps(ap,) + Cgszs) - E_SZ [ngS)Plui + ch)PZdi] —(1e2)
A

+(s5) _ <C(ss>

zz zZZ

>A . only long range, no induced contributions

Sensitive to the long range spin correlation between s quarks.

Ji-peng Lv, Zi-han Yu, ZTL, Qun Wang, and Xin-Nian Wang, PRD 109, 114003 (2024)
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> Introduction: why QCD spin physics?
why global polarization in HIC?

> Global vector meson spin alignment and
quark spin correlations in HIC

> Tensor polarizations of spin-3/2 hadrons
> Vector meson spin alignment in fragmentation

» Summary and out look

X

202455108 20-24H

32



Polarizations of particles with different spins

Vector polarization: S* = (0,57,S;)

Spin 1/2: The spin density matrix (2x2): » = %(1 +5-9)

Spin 1:

The spin density matrix (3x3): p =5 (1+3 ! +3T9%Y)

Vector polarization: s* = (0,57,5,)

. Sxx

. ] ; iy _ TT

Tensor polarization:  Si..Sir = (Sir.Sip), Srr= (Sxy
TT

See e.g. A. Bacchetta, & P.J. Mulders, PRD62, 114004 (2000)

Poo = (1—25;.)/3

XX
_STT

independent

3
5;;;) 5 >8 components

Spin 3/2:

1
4

Vector polarization:  s* = (0,57,5,)

. . . ~ 4 .. D —_an o 8 . ‘s
The spin density matrix (4x4): p = - (1 +-S'E +STYEY + ERU"Z”")

See e.g. Jing Zhao, Zhe Zhang, ZTL, Tianbo Liu, Ya-jin Zhou, PRD106, 094006 (2022)

3
Xy
Rank? . S, .St = (5%,57) G _ Str - Srr
Tensor polarization: LLsOLT LT 2LT)» OTT S% —Skx 5 15 independent
. components
Rank 3 Sie s Sier = (St S{LT) ’ i
Tensor polarization: §i _(SﬁT S’L‘¥T> U _<Sé‘~’%’% Sﬁ?) 7
= ; TTT — xx
St St St S
1:93'4
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Measurements of polarizations of spin-3/2 baryons

For the strong decay B - By + Msuchas A - Nm

W(BN ,(pN) ~ 2+ SLL(]- -3 COS2 HN)
—(S¥rcos + S, sin ) sin 20 —(SFFpcos 2¢ + Sppr sin 2¢) sin? 6

W(By) ~1+55,,(1—3cos?By)

For strong decay B —» B, + M4, followed by the weak decay B; — B, + M5,
suchas X* —» Am, and A - pmt™

W(BA, Bp) ~1+ %aASL cos 6, cos 0, —%SLL(l + 3 cos20,)

— %aASLLL(3 cos@p + 5cos36,) cos 0,

For weak decay B — B, + M1, followed by the weak decay B; —» B, + M»,
suchas Q™ - AK~, and A - pt™

W(BA, 0, ) ~ (1 + aga,cosy) [1 — iSLL(l + 3 cos26,) ]

+ ESL cos O, — ESLLL(S cos B, + 5 cos BBA)] (aq + apcos 6y)

See e.g. the appendix in: Zhe Zhang, Ji-Peng Lv, Zi-han Yu, and ZTL, PRD 110, 074019 (2024).
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Polarizations of spin-3/2 baryons, e.9., S;, 511, 8111

3
1 _ 1 _ L
S,=—|5 Z Py + bt ®28 | T (5Pg, + Ei®) » quark polarization

zii Zii
3

[(ng‘;mz) — fglthz)) +(1e2e 3)] — % (3ng¢1) _ fglgq))

S =

> local spin correlations of two quarks

9 9
_ 7(919293) +1919293} £(qqq) £(qq9)
SLLL - 102.3 (Stzz; 28— 3tziil 23 ) 102-3 (Stzzz - 3tzii )

>local spin correlations of three quarks

C3=Trp=3+IJ" + 1o 263) -3 (1+E47)

7(919293) — =(919293) | =(q192)p ~(q293)p ~(q391)p D D D
Lijk = Cj T € TPy +Cj" P+ 467 Pyyj + PgyiP g, P sk
#4919293} — 7(919293) | 7(q29391) | #(439192) 7q192) — =(9192) |, p D

Lijk = Lijk T 4k T i L = Cjj t Pg,iPg,j

Sensitive to the local two or three quark spin correlations

Zhe Zhang, Ji-Peng Lv, Zi-han Yu, and ZTL, PRD 110, 074019 (2024).
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Measurables and sensitive quark spin quantities

Hadron Measurables Sensitive quantities o J6
=%
Spin 1/2 Hyperon polarization Py average quark polarization (P,) ==
9 @0
(hyperon H) Hyperon spin correlation cy, y,,cy, 5, long range quark spin correlations cq, Cqq <z 59
Spin 1 Spin alignment p, local quark spin correlations ¢ 5 < ot
(Vector mesons) g diagonal elements p,,,,, local quark spin correlations ¢ 5
Hyperon polarization Py« or S, average quark polarization (P,)
Spin 3/2 Rank 2 | local K spi lati Py
+ izati ocal quark spin correlations ¢
JP = ; baryons ank 2 tensor polarization S;; q p aq ©
Rank 3 tensor polarization S;;; local quark spin correlations ¢4, (521

:> Systematic studies of quark spin correlations in QGP!

Also very important question: origins of such spin correlations?

many studies by many groups:
v" Xin-Li Sheng, Lucia Oliva, ZTL, Qun Wang, Xin-Nian Wang; Shi Pu;
v Kun Xu, Mei Huang; Defu Hou; Francesco Becattini, Avdhesh Kumar, Philipp Gubler;

v" Di-Lun Yang, Soham Banerjeea, Samapan Bhaduryb,
v Wojciech Florkowskib, Amaresh Jaiswala, Radoslaw Ryblewsk; ......

most concentrate on p, predictions for other measurables?
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> Vector meson spin alignment in fragmentation

» Summary and out look

X

202455108 20-24H

37



Polarization and hadronization mechanism

combination [(T1T42—-M
recombination | 91 + q2 + q3 = B
coalescence q.+9,+q; > B

Fragmentation

g—h+X eg.ete > h+X
ﬁ

R

Field-Feynman recursive cascade picture for gy — hX
9392 9291 9190

o — 90 + (9191) > M(q0q1) +4q1 '
q1 — 91 + (9292) »> M(q192) +9q- U UU

9393 9292 9191 | 90

R.D. Field, R.P. Feynman, NPB136, 1-76 (1978)
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Hadron polarization in fragmentation processes

Earlier phenomenological studies assuming only first rank hadron contributes

Hadron polarization in ete™ - Z° - g+ q - H (or V) + X at LEP

ALEPH PLB 374, 319 (1996) DELPHI PLB 406, 271 (1997)
OPAL EPJC 2, 49 (1998) OPAL PLB412, 210 (1997)
o1 C§0'8:"' ""':

O sl eAEPH moPaL SU( o7 :_ e+e— N K*O + X ‘ _:
ool ization os Vector meson spin alignment ‘ .
o _DIs7] ]
EZ : D-4E| > '._.+._ ................ . ..._:.
01 1 0.3 ;++W Poo=1/3: unpolarized

.2' ! '0_4' ‘ '0.5' ! 'D_s'z “o 0.1 0.2 03 04 05 0.6 07 0.8 09 z1
C. Boros, ZTL, PRD 57, 4491 (1998) Q.H. Xu, C.X. Liu and ZTL, PRD 63, 111301 (2001)
2
Pllist_rank — P ﬂ Phigher_rank -0 1st rank _ 1+ ﬁpq higher_rank _ 1

"N, H Poo = m Poo 3
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FFs defined via the quark-quark correlator

In QCD field theoretical framework, quark fragmentation is described by
fragmentation functions (FFs) defined via quark-quark correlator

e.g., one dimensional FFs:

We start from the un integrated quark-quark correlator
2krip,$) = Z | @t et cnxiB© 25 010y 01T (0, ) )

We integrate over kF and kr, to obtain the one dimensional quark-quark correlator:
N

2zp,S) = Z | dg= e X BELCE 010N 0ILH©, ) ) =P

k+
We expand the quark quark correlator Z(z; p, S) in terms of the -matrices ‘
&z S) =E(zp.S) +ivsE(Zp.S) + Y Ea(2;p,S) + ivsV*Ee(2;p,S) + iys0%PE (2 0, S)

We make the Lorentz decomposition, e.g.,

224(z;p,S) = p*1y[D1(2) + Sy D111 (2)] — MS1aD1(2) + MSy 74D 17(2)
MZ
+ F"a[l)s(z) + S11D311(2)]

+§(z; p,S)

We obtain, e.g., D1(2) + Sy.D11.(2) _pizn (z:p,S) = 119

See e.g., K.B. Chen, S.Y. Wei, W.H. Yang, & ZTL, PRD94, 034003 (2016).
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Hadron polarization in fragmentation processes

Vector meson spin alignment is independent of the spin of the initial quark

D1(z) + N 87T1p+ Z: ,[ zdg™ e az <hX|17)'1q Qe |O> <O|¢’1q (0)|hX>

q=L.R

the vector meson spin alignment

independent of the spin 4, of the initial quark!

To compare
$.G11(2) =

1
8npt

> | zag= e (X[ BL©v* (o)1, @) 1hX)
) — (RX[Be(Or*0)(01pR @) IX)]

the longitudinal spin transfer

dependent on the spin 4, of the initial quark!
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Hadron polarization in fragmentation processes

o peLem

[|wmme 5= 2(,\
,A—‘/‘ 1.2 GeV
*‘--'»/3—500 GeV

AKKO08

Scenario I

lence
nce ‘

0.8

K.B. Chen, W.H. Yang, Y.J. Zhou and ZTL, I
PRD95, 034009 (2017). K.B. Chen, ZTL, Y.K. Song and S.Y. Wei,
PRD102, 034001 (2020).

——> Joint studies in different hadronization mechanisms

ZTL, talk given at SPIN2023, PoS SPIN2023, 238 (2024);

J.H. Chen, ZTL, Y.G. Ma, X.L. Sheng, Q. Wang, e-Print: 2407.06480 [hep-ph],
review article submitted to Science China Physics, Mechanics & Astronomy
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Spin alignmentinpp - VX

Poo
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Measurements by STAR at RHIC!

Poo
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Poo = 1/3 and
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K.B. Chen, ZTL, Y.K. Song and S.Y. Wei, PRD102, 034001 (2020).

Vs =200 GeV Vs =200 GeV ]
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Spin alignmentinpp - VX
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Measurements by ALICE at LHC!
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K.B. Chen, ZTL, Y.K. Song and S.Y. Wei, PRD102, 034001 (2020).
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Summary and Outlook

e Global polarization effect (GPE) in non-central relativistic heavy ion collisions is a new
spin effect due to QCD spin-orbit interaction. It was first proposed theoretically and
has been confirmed by many experiments, both for hyperons and vector mesons.

e Experimental data on global vector meson spin alignments reveal that strong spin
correlations exist in QGP in non-central heavy ion collisions, and lead to a new
direction in QGP spin physics:

Hadron Measurables Sensitive quantities

Spin 1/2 Hyperon polarization Py average quark polarization (P,)

(hyperon H) Hyperon spin correlation cy, y,, ¢y 5, longrange quark spin correlations ¢4, c4g

Spin 1 Spin alignment p, local quark spin correlations c,5;
(Vector mesons) Off diagonal elements p,,,/m local quark spin correlations c,5;
Hyperon polarization Py- or S, average quark polarization (P,)
Spin 3/2
izati local quark spin correlations
JP = §+baryons Rank 2 tensor polarization S;; q p Cqq
Rank 3 tensor polarization S;;; local quark spin correlations ¢4,

e Spin effects depend strongly on hadronization mechanisms and need joint efforts.

Thank you for your attention!
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