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* Introduction to spin polarization phenomena in HIC

« Spin correlation and entanglement in AA system in
charmonium decays [few body exclusive process]

 Quark and hadron spin correlation in coalescence model
In high energy HIC

« Two examples of spin correlations in HIC: (a) spin
correlation in ¢ meson’s spin alignment; (b) AA’s spin
correlation as probe to vortical structure of sQGP

e Summary
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Huge global orbital angular momentum (OAM) is produced in IS of HIC.
Q: How do orbital angular momenta be transferred to the matter in HIC?

A: Part of initial OAM is distributed into the matter in the form of local OAM and
then is converted to hadrons’ global spin polarization through spin-orbit coupling:
e.g. GSP of A hyperons [Liang, Wang (2005)]
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Particle collisions as wave packets: thereis atransverse distance

between two wave packets (impact parameter) giving non-vanishing
OAM and then the polarization of one final particle
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w = (9 £ 1)x10%Y/s, the largest angular
velocity that has ever been observed in
any system

Liang, Wang, PRL (2005)
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Gao et al., PRC (2008)
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Generalized quantum measurement in spin-correlated hyperon-antihyperon
decays,
S.-H. Wu, C. Qian, Y.-G. Yang, QW, 2402.16574

Bell nonlocality and entanglement in ete™ — YY at BESIII,
S.-H. Wu, C. Qian, QW, 2406.16298
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A typical hyperon decay is to another spin-1/2 baryon B’
accompanied by a spin-0 meson M denoted as B - B'M with the
decay matrix element

Xs/
—’U’B"(S’ap) =V EB’ + mpr ( o-p )

2
Ap_p/ar :GFmMQ{B_(Cl — C9Y5)Upry - - o O

—
—
—

:GFm?\J \/QmB(EB' +mp T T up(s.0) :\/Qm( s )

0
X X1 (S + Po - p) xs
1

A / —87G2mi,mp(Ep + mp M, = S+ Po -
Z| popul rmymp(Ep B’)/’;’ p \/4?T(|3|2+|P|2)( + Po - p)
«- g
% (|82 + | PP)Tr (Mppp M) .

““““ pp=5(14+0-sp)

The normalized differential width in the momentum direction of
daughter B’

| dr 1 ap = LS
~ - B -
—— ="Tr (MpppM}) = — (1 +apsp - p) - |S[2 + | P2
S~ Hyperon’s decay constant
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Spin correlation in AA system is encoded in the spin density
matrix pax

1
pAAzZ(lﬁsA-a®12+12®sA-a+0ijai®aj)

3x3 real matrix for spin correlation

The Bell nonlocality can be measured by the observable

Bcusy = 2vymy + m;y
where m, and m, are two largest eigenvalues of €' .

In the classical theory we have 0 < m; + m, < 1. For the quantum
state we have m; + my, > 1, in this case we say the state is Bell
nonlocal. So a measure for the Bell nonlocality can be defined as

mqz[pazl = my + my
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Consider the joint decay AA - (prr™)(prt), the joint angular
distribution for proton and antiproton is

1 dU(AA — pr—pr™)

T dnda, [(My & Mp) g (M) 0 213)

1 ~ o~ A~ 2
_ er (1+aasa P+ azsi-p+arazCipp;)

Now we look at charmonium decay n./x.0 = AA , where n./xco is
in the spin singlet/triplet state of cc. Spin density matrix for AA:

) 1
=[¢7) (7| =7 (1= di0s @ 0y) s >—7 (j01) ~ 10)
pai(Xeo) = [T (7| —1 giiomoj) W)— = (01) + 10))
Cij = diag(1,1,-1) [[0) = IT>, D) =14
mm—’\_(nc) — mAﬁ(XcO) — 2\/5 > 2\

_ Both states are maximally entangled and nonlocal
Bell nonlocality measure
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The joint angular distribution of proton and antiproton in charmonium

decay

1drm.) _ 1 (1 + anagh-p)
['dQ,dQ;  (4m)? AQx

1dF(XCO)_ 1 s n . .
I d,dQ,;  (47)? 1 +arax (Pup, +Pypy —P-P-)]

The measure of Bell nonlocality is a function of moments that are
measured in experiments

miz [pax] = (QAQQA)Q [(f%-f%f + <f’j13j>2}

where i # j (no summation is implied over i and j).
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Global quark spin correlations in relativistic heavy-ion collisions,

Lv, Yu, Liang, QW, Wang, PRD(2024); 2402.13721

Also see Xin-Nian Wang's talk on Wednesday
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The spin density matrices for one quark and two quarks are

1
P(q) 25(1+Pq'0)

1 . :
Pa2) =7 [1 +Py 0o+ Py -0+ tSQ)au ® 09;| wmmy with shortcoming

1
=p(1) @ P2y + —052)01@- &) 095 mEmm) improved

2-body genuine correlation

Similarly, the spin density matrix for three quarks has the form

1
P(123) =P(1) D P2) @ P3) + 2—305,;23)01@' ) 095 X O3k 3-body correlation

[ER) (23)
+§[1_ 010 © 025 © P(3) + Cjp " P(1) & 025 & O3k

—I—&E& )01@- X p2) @ 034 2-body correlations
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The spin density matrix for four quarks has the form

1 (1234
P1234) =P1) ® p2) ® p3) @ pay + 57 1 E.?k! )o1; ® 02 @ 03k @ 041 4-body correlation

1 1 a2 (34)
+ 22 lci 01i & 025 O P(3) @ P(a) Ty P(1) @ P(2) @ T3k Q@ T

13
+ _ia)"h ® p(2) ® 03k @ pa) + C( Ypa) ® 025 @ p3y ® 0w 2-hody

(14) ( 3) correlations
-I-Cﬂ 01i ® p2) ® p3) o4 + ¢ Cik pP) Vo2 @ 03k X p(4)]

1
+ 23 lﬁ){r“ ® 02j ® 03k X p(a) + ngl Yo ® 025 @ p(3) ® o4l
+Cigr 1 @ p(a) @ Tz @ 0wy + 0(11?4)9(1) ® 02 @ 03k ® 041]
3-body correlations

The polarizations and spin correlations can be extracted by taking

expectation values of a direct product of Pauli matrices on spin density
matrices.
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We consider the combination process q1q, — V. The spin density matrix
of the vector meson is given by

o 1 e transition matrix
PV = _Ali[ﬂ(qlﬁz)-&'/[_ ——————— for q1q, -V
| 2 xr--"

|maay) = |jimy, jams)

mElQ)) = [jim], jams)

p;m’ - (Jml Mp(qltfz)MT |3m,> /’/ ,'I
= Z {(gm| M |m(12)> <m(1?)J’p(f;1q'z) mEm)") <m212)| M |jm/)
M(lg),m]’

(12)

=Ny Z (Gmlmz2))(maz)lhiga.)mi12)) (Mi12) [iM)

M (12), M) o .
. CG coefficient CG coefficient

Here we assumed (jm|M|j'm") = 8;;:0mm (jm|M|jm) due to rotational
symmetry of the transition matrix.
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Spin density matrix elements of vector mesons are then obtained.
Diagonal elements:

]‘ ] T I zZ Dz q iq q
P00 = [+t + PYPY — PZPZ 4 cl4D 4 4D _ oD
1 7 R . _
1 7 _
pVi 1= (=P (1= P5) + 2P|
’ Cy L Normalization constant

Cv=3+P, P;+c9D 1 cgi'y‘f) + 7

Off-diagonal elements:

Yo =\/§10V {cggf) +cD + (14 PZ) Py + P* (14 P)
i [Ci%@) +c9D 4 (14 P7) PY+PY (1+ p;)]} P -1 =CLV [cﬁ;‘?) —cl10) + Prps — PYPY
—; @ x pY (99) (q9)
o ﬁ {_C%) P () (1P P i (ngq + P2PY + claD) 4 (a7 )}
+i [cgg;?) +¢@D — pY (1 PZ) — (1 - P7) Pg] }
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If we assume that the polarization and spin correlation are small effects,
the average spin alignment is then in the form

<Poo> [(PIP&E) + (ngqy> -2 <P;P§>] Correlation in spin polarization
20/ N /o N7 o\
+ 9 [<C§f?ﬂq}> + <C§ﬁyﬂ> —2 <C£€zq}>] Genuine correlation from dynamical processes

(1) = +(Pz>+(P->——[(P§P§>+(P$P§'>—2(P§ 7))

-3 () (a) - 2(49)

(V1m1) 5 = (i) = (P = g [P Pg) + (Pypy) —2(P;p3)) | auadrupole structure
TrpY =1

—-1,—1

Ry

Here the spin quantization direction is along +z direction. The three
polarization vectors (direction of the vector field) for the vector meson in

the rest frame are
€g =€,, € =———(e, +1ie,), .1 = — (e, —ie
0 ! \/_2 Y ' \/5 Y
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We consider the combination process q1q9;93 — H. The spin density
matrix of the hyperon is

. 1 transition matrix
pE = MPp(q,4295) M for q1q,qs — H

The spin density matrix element of hyperon

Prwm = Ni Z (Jm|m23)) (M (123)P(q19205) |m’i123)) (mima) ljm’)

m(123),m

!

(123) CG coefficient CG coefficient

Here we assumed (jm|M|j'm’) = 6;;/0mm (jm|M|jm) due to rotational
symmetry of the transition matrix. The hyperon polarization is defined as

p Apg ’0;% —pf%!_%

H —_— —
By pff; +Pf_fl _1
212 2 2
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The result for A polarization is

_.» three-body correlation

. ECE:":IS)_I_ {ﬂ'S)Pi_I_ (dS}PH: ] //’
P A — P s __“_______._r:_{_?t_i_iz_’j:_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_‘u """ )/ ‘ bod lati
1 _ici,-j, _ Pu . Pd:,_______-:,v—* woO-poday correlation
~ PF - “::13) e (us) Pitec (ds) Ptﬂ

S If three-body correlation is much
smaller than two-body one

For other spin-1/2 hyperons, we obtain
__-» three-body correlation

onnemne- PP
1 O0Ag 2
P AP? — P?) 4 aiiiach! .
Haab 3( a b )+ By, - 7==~ 1 +two-body correlation

1 |
=—(2P? 4+ 2P% — P?) +tre! 7
PEU 3( u + d S)+ EBEU:(/ 6AH

________

aab’ BHaabr 61420, BZO are given in
Ref. [Lv, Yu, Liang, QW, Wang (2024)]

20

Qun Wang (USTC/AUST), Spin correlations in relativistic heavy ion collisions



We consider the combination process q19,9394q=qs —> H1H,. The spin
density matrix of H{H, is

PH,f, :ﬂp{l—--ﬁ)&T

transition matrix for
419293949596 > H1H

The spin density matrix elements of H;H, are
leﬁz(mHlmﬁz;mhlmhz)

=N Y. (mmmpa,ma.e)(m.e)lpa.6)m{y..q) (M. ¢ mu,mpy,)

m(l...ﬁ),mil_“ﬁ}

CG coefficient CG coefficient

The spin correlation for Hy{H, is usually defined as

++_ + f__‘ _ gt ot
Hng __ “H1H» H1H2 H.1H> H,1H»
Cnn

leHg HHg fH Ho fH]_H2

f;:;_}:nﬂ? - <mH1mﬁ2}pH1ﬁ2 |mH1mﬁ2>
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(ab)

When all two-particle spin correlations (c;;” # 0, all other cgi’}fll:'") =0

with 3 < n < 6) are considered, the result for the spin correlation of AA is

1
cﬂ;’l =PZP: + B ( (%) 4 four and six body correla.tlon)
AR

~P?PZ + ¢*3 4 four or more body correlation

where B,; is defined as .

(ﬂd] (ﬁd)

Byj=1-P,-P;— Pz -Pj— + four body mrrelatlon

We can take average of ¢2? over all AA events'

<c‘1fI > ~ (PZPZ) + < (33)> + four or more body correlation

ZZ

/
7
/

In AA correlation, sisin Aand sisin A, i.e. the correlation of constltuent guarks in
different particles - long range correlation * ,'

In spin alignment of ¢ meson <p00> there are also (PZPZ) and <c(ss' but the average
here is taken inside the ¢ meson - short range correlation -
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e Spin correlation in ¢ meson’s spin alignment;

« AA’s spin correlation as probe to vortical
structure of sQGP
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Sheng, Oliva, et al., 2206.05868, 2205.15689

Review on QKE and SKE based on Wigner functions:
Hidaka, Pu, QW, Yang, Prog. Part. Nucl. Phys. 127 (2022) 103989

Quark coalescence model:
Greco, Ko, Levai (2003);
Fries, Mueller et al (2003);
Yang, Hwa (2003).

Quark coalescence to V-meson V-meson dissociation to quarks
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In-Plane

0.38 % ¢ STAR  — Out-of-Plane

10 20 T80 100

Vs (GeV)

Sheng, Lucia, Liang, QW, et al,
2205.15689, 2206.05868

200

(a) The STAR's data on phi meson's
p%’o (out-of-plane, red stars) and pg,
(in-plane, blue diamonds) in 0-80%0
Au-+Au collisions as functions of
collision energies. The red-solid line
and blue-dashed line are calculated
with values of FZ and F% from fitted
curves in (b).

(b) Values of F2 (magenta triangles)
and F2 (cyan squares) with shaded
error bands extracted from the
STAR's data on the phi meson's p},
and pg, in (a). The magenta-dashed
line (cyan-solid line) is a fit to the
extracted FZ (F?) as a function of
SNN-
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k, (GeV/c)

Contour plot of pf,'o —1/3 for ¢ mesons Calculated on (out-of-plane) and pjg,
as a function of k, and k,, in 0-80%0 (in plane) of ¢ mesons as functions of
Au—+Au collisions at /syy = 200 GeV. the azimuthal angle ¢ in 0-80% Au+Au

collisions at /syy = 200 GeV. Shaded
error bands are from the extracted
parameters FZ and F2.
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Sheng, Lucia, Liang, QW, et al,
2205.15689, 2206.05868

Calculated p}, (solid line) of
¢ mesons as functions of
transverse momenta in O-
80%0 Au—+Au collisions at
different colliding energies
in comparison with STAR
data. Shaded error bands are
from the extracted
parameters FZ and F? .
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s _ AN we have simple formula with clear physics
0 0.5 1
2 2
Iyl Yy _ 8 o [ Pz T P> 2
y (0p00) (P) ~3mi (C1+Co)F* (=5~ —p,

Sheng, Pu, QW, PRC(2023);

15 2 2Y i 2
2308.14038 5Pt [3cos(2p) — 1] + (mg + pr) sinh” ¥

28

Qun Wang (USTC/AUST), Spin correlations in relativistic heavy ion collisions



week endin

PRL 117, 192301 (2016) PHYSICAL REVIEW LETTERS 4 NOVEMBER 2016

Vortical Fluid and A Spin Correlations in High-Energy Heavy-Ion Collisions

Long-gang Pang,] Hannah Petersen, ™ Qun ‘Wang,4 and Xin-Nian Wangiﬁ
'Frankfurt Institute for Advanced Studies, Ruth-Moufang-Strasse 1, 60438 Frankfurt am Main, Germany
Institute for Theoretical Physics, Goethe University, Max-von-Laue-Strasse 1, 60438 Frankfurt am Main, Germany
>GSI Helmholtzzentrum fiir Schwerionenforschung, Planckstrasse 1, 64291 Darmstadt, Germany
4Imerdiscfpﬁnary Center for Theoretical Study and Department of Modern Physics,
University of Science and Technology of China, Hefei, Anhui 230026, China
SKey Laboratory of Quark and Lepton Physics (MOE) and Institute of Particle Physics, Central China Normal University,
Wuhan 430079, China
®Nuclear Science Division, MS 70R0319, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
(Received 16 May 2016; published 1 November 2016)

For details, see Xin-Nian Wang’s talk on Wednesday
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~10 1.0 , ‘v
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X (fm)

Pang, Petersen, QW, Wang (2016);
Xia, Li, Tang, QW (2018);
Lisa, Barbon, Serenone, Shen (2021)

Spin correlation of A A can probe the vortical structure in sQGP
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Take-home message:

Spin correlation is a new tool to study quantum properties
of sQGP.
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