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« A clue of solution to the sign problem in
longitudinal polarization and possible implication
[Wu, Huang, Pang, QW, 1906.09385]

« What can we learn from the global spin alignment
of the phi meson? A new insight. [Sheng, Oliva,
QW, 1910.13684]
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Huge global orbital angular
momenta are produced

L ~ 10°h

Very strong magnetic fields are
produced

B ~ m?2 ~ 10'® Gauss

How are orbital angular momenta
transferred to the matter created?

How is spin coupled to local
vorticity in a fluid?

Figure taken from
Becattini et al, 1610.02506

Qun Wang (USTC, China), Polarization effects in heavy-ion collisions



\/Snn dependence of global polarization

Joey Adams, Wed 14:00 BR1

] ' T T T T T
* Previous study across broad o 30 —— AMPT, primary A -
range of /Syy suggests strong E ——— AMPT, all A .
beam energy dependence 25 - s Nature, 2017 E
- + Phys. Rev. C, 2018 .
2 o Thisstudy,27GeV | —
* New data at 27 & 54.4 GeV - ) This study, 54.4 GeV | 7
with high statistics for A/A, LoE E
centrality, rapidity and py = $ =
dependence s ) .
0.5 :— Au+Au . ‘ —:
New datasets with high statistics - STARpreliminary T T\M\m =
follow previous measured trend b I | B ]
10 10
I T om Zhang-bu Xu's a1 (G€Y)




With such correlation between rotation and polarization in materials, we expect

the same phenomena in heavy ion collisions. Some early works along this line:

« Polarizations of A hyperons and vector mesons through spin-orbital coupling
in HIC from global OAM

« --Liang and Wang, PRL 94,102301(2005), PRL 96, 039901(E) (2006) [nucl-
th/0410079]

« --Liang and Wang, PLB 629, 20(2005) [nucl-th/0411101]

 Polarized secondary particles in un-polarized high energy hadron-hadron
collisions
* --Voloshin, nucl-th/0410089

« Polarization as probe to vorticity in HIC
« -- Betz, Gyulassy, Torrieri, PRC 76, 044901(2007) [0708.0035]

« Statistical model for relativistic spinning particles
» -- Becattini, Piccinini, Annals Phys. 323, 2452 (2008) [0710.5694]
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« Spin-orbit coupling or microscopic models
« [ Liang and Wang, PRL 94,102301(2005); Gao, Chen, Deng, Liang, QW, Wang,
PRC 77, 044902(2008); Zhang, Fang, QW, Wang, arXiv:1904.09152. ]

« Statistical-hydro models
* [ Zubarev (1979); Weert (1982); Becattini et al. (2012-2015); Hayat, et al. (2015);
Floerchinger (2016). ]

* Spin hydrodynamic model
« [Florkowski,Friman,Jaiswal,Ryblewski,Speranza (2017-2018);
Montenegro,Tinti,Torrieri (2017-2019); Hattori,Hongo,Huang,Matsuo,Taya (2019)]

* Kinetic theory for massive fermions with Wigner functions

« [Early works: Heinz (1983); Vasak, Gyulassy and Elze (1987); Elze, Gyulassy,
Vasak (1986); Zhuang, Heinz (1996). |

« [Recent developments: Fang, Pang, QW, Wang (2016); Weickgenannt, Sheng,
Speranza, QW, Rischke (2019); Gao, Liang (2019); Wang, Guo, Shi, Zhuang
(2019); Hattori, Hidaka, Yang (2019). ]
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« Many other works ............

« Take-home message I: All models can describe data: the global polarization is
a robust and significant effect!

Qun Wang (USTC, China), Polarization effects in heavy-ion collisions



Qun Wang (USTC, China), Polarization effects in heavy-ion collisions



0.001

Au+Au |s,, = 200 GeV P?, Vs

3 | = 200 GFT'V RI-IIIC
10%-60%

0.016
0.012
0.008
0,004
0.000
—0.004
—0.008
—0.012
—0.016

(cos(6
o
o
5
T T T T ‘ T T T T

-0.0005

*A

STAR Preliminary

I I S T N T TR S T R _3
2 3 -3 -2 -1 =0 1 2 3

-V [rad] px [GeV/c]

2

-0.001—

o
—

* Sin(2¢) structure as expected from the elliptic flow

* Opposite sign to the hydrodynamic model and transport model (AMPT)
[Hydro model: Becattini, Karpenko (2018); Transport model (AMPT): Xie, Li,
Tang, Wang (2018)]. Not from resonance decays [Xia,Li,Huang,Huang (2019);
Becattini,Cao,Speranza (2019)]

« Same sign in chiral kinetic approach [Sun, Ko (2019)]

« Same signin a simple phenomenological model [Voloshin (2017/2018)]
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Px [GeV] px [GeV]

« Left: the spin polarization is defined by the thermal vorticity. Right: projected
spatial thermal vorticity in the Lab frame.
* [Florkowski, Kumar, Ryblewski, Mazeliauskas (1904.00002)]

Wy = WagA®,AP ARV = g — UL ABUTAR

ut = (1,0,0,0)
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Normal hydrodynamics
-- Energy and momentum conservation: T and u*
-- Baryon number conservation: ug

Including spin into hydrodynamics
-- Angular momentum conservation: w*V (spin chemical potential)
[Becattini, Florkowski, Speranza (2018); Florkowski, Ryblewski, Kumar (2018)]

Ambiguity of localization of energy and spin densities
-- pseudo-gauge transformations: T#' and S**" e===) T’/ gpd S’ 41

-- Belinfante construction: THY — TVH  GAHV _
Bel Bel Bel

In general, the information about spin cannot be encoded in the form of OAM,
since OAM can be eliminated by Lorentz transformation

In general w"V + —i(aﬂﬁ" — ad"p") (spin chemical potential is not thermal
vorticity) unless in global equilibrium
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There are different relativistic vorticities: definition is not unique:
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Becattini, Inghirami, Rolando, et
al., Eur. Phys. J. C75,406 (2015)
[1501.04468]

Wu, Pang, Huang, QW,
PRR 1, 033058(2019) [1906.09385]
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Polarization at freezeout Becattini, et al., Ann.Phys. 338,32(2013)

A
SH(p) = _ieuparprdEAp Qpo frp(1 — fFD)

8m [ dExp* frp

where we choose different vorticities
Wu, Pang, Huang, QW,
0O L ! (T, (th) 1 om PRR 1, 033058(2019)

po — pra P27 po I po *T{JJPU [1906.09385]

(3+1)D Hydro model CLVisc: with AMPT initial condition (OAM
encoded)

[ Pang, QW, Wang (2012); Pang, Petersen, Wang (2018)]
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The longitudinal
polarization in Au+Au
collisions at 200 GeV
in the rapidity range
Y=[-1; 1] with the
AMPT initial condition
as functions of

(P_X; p_Yy).
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o thermal vorticity The longitudinal
 kinematic vorticity polarization in Au+Au
0.002| . T-vorticity collisions at 200 GeV

+ non-relativistic in the rapidity range
Y=[-1; 1] with the
AMPT initial condition
as functions of
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The polarization along
-y direction in Au+Au
collisions at 200 GeV
in the rapidity range
Y=[-1; 1] with the
AMPT initial condition
as functions of

(P_X; p_y).

All four vorticities give
the same magnitude,
but only T-vorticity
gives the right trend

17



Take-home message Il:

1. Same message as |: P_y is a significant and robust effect no
matter what vortcity you choose -- all four types of vorticity give
correct sign and magnitude

2. About P_z: T-vorticity seems to work!

Indication: T-vorticity might be coupled with the spin similar to

the way that a magnetic moment is coupled to a magnetic field.
Or

It may be a coincidence from the main assumption that the spin
vector is given by the T-vorticity in the same way as the thermal
vorticity

18
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1. A non-relativistic quark coalescence model is formulated for
polarized vector mesons and baryons of spin-1/2 octet and
spin-3/2 decuplet.

2. With the spin density matrix, one can compute in a uniform
way the polarizations of vector mesons and baryons from
those of quarks and antiquarks with explicit momentum
dependence.

Yang, Fang, QW, Wang, 1711.06008

19

Qun Wang (USTC, China), Polarization effects in heavy-ion collisions



Sheng, Oliva, QW, 1910.13684
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The STAR preliminary data imply that pgbo > 1/3 and significantly
deviate from 1/3

In the coalescence model we have

1 4 1 4
ph & 5~ gl g - §PAPA§

It seems that there is a discrepancy

The puzzle can be resolved in our coalescence model and can shed
light on a new aspect of dense matter!
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The spin polarization vector for massive fermions (upper sign) and
anti-fermions (lower sign) in the vorticity and electromagnetic field is

1

1 L ~
Pi(z,p) =~ - (wfh + 7 TQF” )VPV
P -

—’
-
-

where p! = (E,, £p)-~"~

Applying to s and s quark, we obtain the polarization along the y-

direction

_ o e = 505w + V(5u)

1 1 -

Yy _ _ .Y - -
Poys(t: %, Poss) 9 “th + omg” (8XPs/3) electric part of
Qs Qs . vorticity tensor
:I:Qm TBy T oY (Expyys)
8 S
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In the coalescence model we have

P
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« Spin density matrix element for ¢ meson in coalescence model

oot x) A 3—?/dpfwm%%mwmmﬁ

379/ @np
« where we have applied ps = p and Ps = —P
- Inserting Ps(t,x,Ps/5) and taking an average of p%o(t, %) over the

fireball volume V and the polarization time t with an effective
temperature T, 4 , we obtain

1 4 1
Pgo ~ 379 <P}\;PX> - 2Tm? <p2>¢. G +53:>
- —.. :

CA ~ 6 X(10—5 +243m§T3ﬁ

(p*), (EZ + E2)

cp ~ 107° Vs < 200 GeV
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« So with vorticity and EM field, we have Coherent vector meson field

1 was proposed to explain P, — P;
¢ o~ Csernai, Kapusta, Welle (2019)
Poo ~ 3 —
-

-

+ How to accommodate a large positive geviation for p§0 ?
« Coherent ¢ field may be the key: =~
« There may exist non-zero strangeness current [e.g. s(x) # 5(x) In

nucleon]: /’(%Jy _0
Jg = (O,Js(t,x)) = (Ov 'gx)(y,z,t), 'gy)(xvzvt)a 'gz)(m,y,t))

 The electric and magnetic part of ¢ field that contribute to the spin
alignment along +y direction are given by

E, =7

(2) () () i)
9o 9s o 96 Ois B,=-22vxJ =y% [aﬂs J: ]

m3 ot “m?i Ot m3 TTUmi | 9z 02
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« The main contribution is from the electric part of the coherent ¢ field

and positive definite!

2 2
00~ 3 27m§m;§Tgﬁ ¢ ot o
* Our prediction: 037
- g5(ajraty? = 400 fm™8
% === gg(0/io1? = 600 fm™®
_ 035} o, —  g4@/01a1? = 1000 fm ™8
Qa. \\ e
0.34' ..::."'- .............
0.33}
50 100 150 200
snN (GeV)
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« Take-home message llI:

« A significant deviation of pyo for ¢p from 1/3 may
possibly come from the electric part of the
coherent ¢ field

27
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 We consider an ensemble of particles with spin quantum number S.
The normalized spin states are labeled by y;, spin density matrix is

defined
p= ZPH%)WJ

« The properties of the spin density operator
(@) p is Hermitian. (b) The trace of p is 1. (c) p is positive-definite
operator for any state ¢

(0lplo) = ZP

20

 For aspin-1/2 particle,
Tr(po)
Tr(p)

:%(14—@-0’) —> ﬁ:
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For mesons we define a quark-antiquark state with momenta and spins
along a fixed direction (the z-direction)

|q17Q2;31782;p17p2> = |q17q2;81732> |q7 p17p2>

The density operator for quarks and antiquarks

d>p, &3
p = V2Z Z/ p1 p)zwa,ﬂ(l)l)qu,sz(l)z)

81,52 41,92

X |Q1,Cl2,81782;P1;p2> (q1,d9; 51, S2; P1, P2

Wqi2(P) = 51+ Z(p)

with probability "
wa,il/z(P) - 9 [1+ Z5(p)]
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* Meson spin-momentum state

M; S, S.,p) = |M; S, S.) [M; p)

* In the quark model, the momentum state of the meson in coordinate
representation is given by

1
V1/2

 with the Gaussian form wave function

em(q) = / d>ye "1 o (y)

(o) o (5i)
— eXp | —5 35
amM 2aM

(x1,%2|M; p) = exp(ip - X)em(y)
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» Spin density matrix element for vector meson can be calculated by
projection of the vector meson wave function on p (in terms of quark
state)

pe s . (p) = (M;1,S.1,p|p|M;1,S.2,p)

 with the Gaussian form wave function

i) = 5 [k [rar (2 +a)uac (2 -a)
g (5 +a)wes (5 —a)] leul@)
e = 3] s [ (5 0) e (5-a)
g, (% + q) Wa,+ (g - q)] pm(a)|®
A0 = [ L (B a)uns (2 - ) loula)?
PPThi(p) = /%wq,_ (g + q) wa, - (g - q) [pm(a)|®
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Can be measured
In experiments
by strong decays



« The normalized spin density matrix element

H=l(p) = Jdd[l = Z4(p/2 + a)Pa(p/2 — a)llem(a)?
" [d3al3+ Z4(p/2 + a) Z4(p/2 — a)llpm(a)[?

© b Al ) A )

If polarization is small for ¢ meson:s and §

« Polarization along the z-direction (for ¢ meson, it cannot be measured)

S=1 S=1
P11 — P11

Pg=1 =
pri +Poo P2
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« We can also define the density matrix for baryons in terms of three
guark states and project onto the baryon spin state. The polarization of
A hyperons is

2.(P) —r2_(p) -
Pp12P) = for spin-1/2 baryon
/ ++(p) +p2_(p)
momentum of s-quark is pl, p2 or p3

%\(p)%lf(d r 44 oa (r,q)|° [Zs(p1) + Ps(p2) + Ps(ps)]

3 27)3 (2m)3
1
. where relative coordinates [P = Pt+P2FPs| [r = 3(p1+p>—2ps)
* We take Gaussian form of baryon wave function 4 = 517 P2

ep(r,q) = / dPyd*zexp(—iq -z —ir - y)pp(y,z)

1 3/2 r2 q>
o) )
(2vr) aB1aB2 P 2d%, 243,
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