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5) Summary and outlooks



Vorticity Induced Polarization
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[Local Polarization and Shear Induced Polarization

Local polarization sign puzzles
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The Spin Alignment in Heavy-1on Collision

s Experimental findings
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Challenges on Spin Alignment: 1) Large Magnitude
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Challenges on Spin Alignment: 2) Rich behaviors

¢ The Beam energy “*The pr dependence the || <*The centrality
dependence centrality dependence dependence
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Puzzling sign flip behaviors!

How we progress? :



New 1deas

s New external field Sheng, Oliva, Liang, Wang, Wang, 2206.05868
*»Initial stage physics, such as Glasma kumar, miiller, Yang, PRD 2023
*Others attempts Wei and Huang arxiv:2303.01897

*»Study with thermal field theory carefully, discover missing effects, such as

Shear Induced Tensor Polarization (SITP) i Liu, 2022,
arXiv:2206.11890

/Attempt to convince you in this talk that these new effects are:
* Natural, appeared naturally once included more realistic physics in theory
= Universal, applying to all interacting medium with massive vector boson
* Large and Rich, magnitude can be large & containing rich physics

\_ /

Similar physics also discussed later in
Wagner, Weickgenannt, Speranza, PRR, 2022
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Structure of the density matrix

¢ The spin-1 boson has (8 degrees of freedom)
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Structure of the density matrix

. =3/10,
s+ The spin-1 boson has (8 degrees of freedom) 4 f;r (1{0,0) P+ =D-

111 Zero polarization

“*For a density matrix (quantize along z direction) ED &P -0

for (0,1,0)
b >
p = Do n, l l Poo = 4/10 = 1/3

Nonzero alignment
p_ p_=3/10
for (0,0,1)

s Trivial case p, = p_ = py = 1/3, no polarization

¢ Vector Polarization exist when P = p, —p_ # 0

s Tensor Polarization & alignment exist if py # 1/3, T,, = pgo — g (Even P =
0, whenp, =p_,)

*+Only the tensor polarization part contribute to pgg — 1/3
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Structure of the density matrix

¢ The spin-1 boson has (8 degree of freedom)
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P+ = P-
Zero polarization

@ po = 4/10,

v

=3/10

s Trivial case p, = p_ = py = 1/3, no polarization
¢ Vector Polarization exist when P = p, —p_ # 0

r(0,0,1)

for (0,1,0)

Nonzero alignment

“*Tensor Polarization & alignment exist if py # 1/3, T,, = pgo — g (Even P =

0, whenp, =p_,)
*+Only the tensor polarization part contribute to pgg — 1/3
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Gradient Expansion and Symmetry analysis

“»Expansion up to 1st order gradient expansion

J v :A%\‘AVW) [n})‘u}‘zﬂ + kYutuY +H ns“ha)‘”’ + h:Tu(A(‘?l)ﬁ

-i—ra:suu()‘aF)O‘ﬁQ + KouuPQ5 ] + .. ]

T-even T-even, Oth order T-odd, Shear Again!

Early theories include terms such as(w/T)?~(1/100)?, 2nd order in gradient

Many Missing BUT Naturally Allowed Contribution at Lower Orders!
**Why missed before?

* [n-medium spectral properties/interactions required, not been well studied before

= Shear Induced Tensor Polarization(SITP) with k¢}, to be T-odd and indicate the nature of
the dissipative physics, not been studied before

Could we find these terms in a concrete calculation?
Yes, see later 14




The Spin alignment from thermal field theory

“*The density matrix can be derived from Wigner function:
TH = W) = W) _ %A‘“’S =20% AW 0sy(2,p) = € (D)€ (P) W (2, D)

s+ The Wigner function can be related to correlation functions/Green functions
that 1s well-defined in quantum field theory

Wi (e,p) = e [ [[atyers (v v (e,)

*»Either with a direct calculation or employ linear response theory(Dissipative

term 1n Zubarev formalism)
W) = ep lim V[ G (v, 4, 0))6xny

Gy (v, q,p) (—9)Ot — ' [V (ta ™)V (t, ™), TV (¥, 2))),

“+We can obtain the coefficients of the general expansion in previous slide
T A<“A”) [n“u w + k¥utuY + koY + /s:f_ru()‘al),@

-
+Ksuu(>‘07)aﬁa _|_ KOUU(AQV)aﬁa + « o )

15



Total Theory Results

**Full one loop results: g _ A A¥) [n’“’u Y + KM + keno™ + kpu97 8

+Ku PPy, + Ko ur QY% + - - ]

Qv 1 Qg 4 0
ko = —Ono, Ry = [Oésh (Cg = —) 7+ pﬁp] Bno | awm =22 n(w)dw(wz —e3)A7/1 (W, P)

v? 3 Bn(ep) Jo Ow
Bsx = Osp0io: Br=0: RKyg=0; By=0 o depm /Oo on(w) 2 42
Qsp ,Bn(&p) 5 6(4.) d(UE (A ( ) AL(wap))
B > n(w) Aw
oo = 2€p/0 dw n(ep) [(AL — AT) AL}

*Features of the result

» Natural, suggested by symmetry, verified in concrete thermal field theory calculation, all
have been done 1s a more careful theory study with more realistic spectral functions

= Universal, SITP exist 1n all spin-1 particles including heavy quarkonium, in relativistic
or non-relativistic (SITP has a coefficient have no mass suppression)

16



Total Theory Results

*sFull one loop results:| 7#~ A“‘A”) [nuu u? + kP + keno™ + kru*d? ﬁ]

poo = €, (e () (kutu? + kiutu? + Kgpo?Y)/norm

Qv 1 g 2/ Aep, A I
Ky = —no, &i‘:[%h(f—_)%ﬁ]ﬁno agn v — =B 1 2R CR 4 P (1)

_?.).2 ] 3 _?“)'2 Fp Pp 78 2T
Ksh = asthOa kr =0, Keu=0, Kou=0 B B _fp F? - Acp Fﬁ + I'p wﬁ - 0(5—15 )
= ', \ I'p T I'p I L, Sl
g ~ (w;"; —w{;)/T

*Features of the result

» Natural, suggested by symmetry, verified in concrete thermal field theory calculation, all
have been done 1s a more careful theory study with more realistic spectral functions

= Universal, SITP exist 1n all spin-1 particles including heavy quarkonium, in relativistic
or non-relativistic (SITP has a coefficient have no mass suppression)
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Spectral properties of in-medium degree of freedom

*** Where the mesonic resonance forms?

= Chemical freezeout
= Late stage of QGP?

Edward V.Shuryak and Ismail Zahed

Towards the Theory of Binary Bound States in Quark-Gluon Plasma

Shuryak, Zahed, PRD 2004

s Large confining potential 4= mesonic resonance at T~0.2 GeV

(GeV)

T ™71 T ™" T™TrTT =TT ™

-1.0:

soe F(Iattlce) :

| | | |

00 02 04 06 08 10 1.2 14
r (fm)

Liu, Rapp, PRC 2018

p(E)/E?

0. 07
(E )/ B
0.06| 7 nght Mes

0.05resonance
"with inference

0.04 |

effect

0.03 |

0.02}

0.01

0.00

—_ TI=0.194GeV_:
—— T=0.258GeV
—— T=0.320GeV
— T=0.400GeV -

on

F ~0.4 GeV
Aé‘p'\lf()l 2 GeV

0.0 0.5

1.0 1.5 2.0
E(GeV)

19



Spectral properties of in-medium degree of freedom

** Where the mesons of freedom forms?

= Chemical freezeout

= [ate stage of QGP?

Edward V.Shuryak and Ismail Zahed

Towards the Theory of Binary Bound States in Quark-Gluon Plasma

Shuryak, Zahed, PRD 2004

s Large confining potential 4= mesonic resonance at T~0.2 GeV
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¢ The connection to dpy

Phenomenology implication
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asp~1, estimate from spectral of
light heavy meson in previous
slide (no p, T dependence)

ag~1, just a value for
convenience (need better
spectral function to estimate)
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¢ Large phenomenologically, especially SITP can generate ~1% level spin
alignment at the relatively late stage of QGP phase

¢ Could this mechanism explain the rich behavior such as p; and centrality
dependence of spin alignment?
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Rich physics 1n spectral functions

*»Spectral function (quark) as a s Different particles, different formation T,

function of momentum different mass shift
(75 | {1 |— p=0GeV ; | |25 80 | 3
g ,E, ' p=1GeV| . 1 | ol 1]
%’ 5" ; 1 |— p=2GeV Z I | : 1]
o 4 A T B 1) P | @ 15 At
< 3‘ ) :", :" 1 | Bound states’ | & | f 20~ 4
25 f\ f|\ " 1 | p dependence _ oF A
1E \ " I 1 |is much hard, 0.5 sl ,’
OE e 1% | | but doable Z y : } ,/ ) A
0 1.2 3 4 oo I e s i a5 we ss oo ios o

w (GeV)
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Spectral properties are manifestations of in-medium QCD interactions

Rich QCD interactions H Rich spectral properties H Rich behavior in spin alignment

Above spectral functions are using T-matrix approach, pretty challenging for spin-alignment calculation.
We will illustrate some of the physics using a toy model in following

P 3




A toy quark meson model

¢ The toy quark meson Lagrangian, .
L =yy*i(0, +igA, )Y —mg PP — ZF2 + m2A?

«» The interaction is g Py *A 4 can generate interaction 1llustrated as
¢ meson self-energy

¢ meson
M q,q /

¢ This self energy can generate width and mass shift in spectral function with
more information such as p dependence

e . :
S 60F — 3 4 B
S 40 —L  Widh - S i — L Massshif 3
S0F g . g1 —1 3
Nl v v b v b b e b 0_| cao e b b b 3
00 02 04 06 08 1.0 00 02 04 06 08 1.0

p (GeV) p (GeV) “



The mass shift and width of QM model

*+*The rich behavior of the mass shift and the width of this interaction can lead to
rich behavior of the coefficient

MH(MeV)

Ag, (MeV)

N B O

— i I L B L L IS L LI
0L — 0'20: = Qg approx with (-/(2,))
oF — | Width E [ === Qg approx —— g, full -
: ] 015 --- Qsp @PProx —— Qs full B
0:_ — T _: [~ e e ,z
F L Ly ] - T Teell / b
2:| I S s e e e ] E 010 T
g: — L Mass shift : e T ;
(1)_|_|T||||_ 000 — . . . 1. . .1, T
00 02 04 06 08 1.0 00 02 04 06 08 10
p (GeV) p GeV
2Aep Aeyp Ae L
bR — 9 2P S\Cp P O(1
=gl T, T2, 7 taor~ W
A A A
P I Agply Thuwp ~ O(F:185)
sp ™ sp/:
k ', \ I'p T Iy T T'p SR
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The pr behavior

*»The coefficient will flip sign due to competing o@o term

2Ae ) Ae, Ae I
I'p Loy L 2T
0.10 A 1.0 e
I Asp ] I ] 0.5 — .
(0oo=1/3)x100 -
005~ ] 05+ with different pr I
0.00} I oo l\.\‘l\.\. 1P0 | &

. 'm'ﬁ]"ﬁ ..... @ .....
0.05F — m;=0.42 GeV : -0.5- 03 N 200 GeV
) ||||||| ol 1 1 2 3 4 5
"0 05 10 15 20 25 30 o + 2z 3 4 5 pr (GeV)

pGeV pT(GeV)

**The competing between mass-shift/width term and width/T will flip the sign of
coefficient leading to spin alignment flip sign with increasing pr
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Could we understand centrality dependence

0.4} -
pOO T.--ﬂﬂ- ------- -.:

0.31@% :

Au+Au 200 GeV ]

0 20 40 60 80
Centrality (%)

Not as straightforward as p7, but we can still do
it with some reasonable assumptions
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Toward centrality dependence

“*Some Background knowledge:
= freezeout temperature as a function of centrality

200 LJNL LR NN B L L LN B LB AL A LA BN INLANL LN NN BB NN B : J 3ot L e T ] e 8 e ey e 1 :
» Pb+Pb2.76 TeV 1 600 | -
180 © Au+Au 200 GeV — & T evolution 0-20% =o=e |
% Au+Au 62.4 GeV ] [ ]
160F  [peripheral o Au+Au39 GeV 500 = J5 = 5TeV 20-40% ----- .
© ] = LN 60-80%
=120 = EA A
= - = a0 :
'_'221 00 ] - : i Wu and Rapp, EPJA 2020
- 200 | S E
NI o - ; T s 2
O + : ] L R T s
60F o AutAu11.5GeV e g 100 - &
m Au+tAu 7.7 GeV ] L i
40 voovoa Lo e b o by va by v bow v leay |_: 0 | ISP USSR U S U U S S U S SN SRS
0O 01 02 03 04 05 06 0.7 0 2 4 6 8 10 12 14 16

(B> t(fm/c)
= More central, large system, long lifetime, low kinetic freezeout temperature

= More centralelower freezeout temperature; more peripheral<>higher freezeout temperature
= Spin freezeout is more like kinetic freezeout, we consider it as “spin kinetic freezeout”

At different temperature, some parameter of the model such as “effective strange mass” can
change drastically around the phase boundary in a small temperature window.
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The mass dependence of the spin alignment

¢+ Mass dependence
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Relate mass depemdence to centrality depdence?

“mass increase as T decrease” + “freezeout T decrease at centrality increase”

e L B S s S B S S B H ZO= = S S Teeeesleoni Tt Sl AT =
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Relate mass depemdence to centrality depdence?

** “mass increase as T decrease” + “freezeout T decrease at more central”

3

for different s quark masses

I
(p00—1/3)x100

Physics that melt the quark mass at higher T:
1) Collective modes of quarks at low

pr>1.2 GeV B
L | [ |
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gt A e A 1 1 1
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Relate mass depemdence to centrality depdence?

** “mass increase as T decrease” + “freezeout T decrease at more central”

3

(p00—1/3)x100

for different s quark masses

pr>1.2 GeV

Regard it as
Kaon masses

Physics that melt the quark mass at higher T:
1) Collective modes of quarks at low
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Poo [~7 'ﬂ‘ ‘@'i' """" -
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250t
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Remarks for rich behaviors of spin alignment

*+Using toy model spectral functions with p, T, mass (many others) species
dependence, can include Rich physics that may help in understand rich
structures observed 1n experiment

**More realistic model more can leads to even richer physics and behaviors that
1s promising for fully describe the observations quantitatively.

10— 11

t t t t t 3_| 7] B ey P e o e e e o T

05- with different pr i - : 2_ for different s quark masses _ : _ .

: : i y i pr>1.2 GeV : _ " E ‘

[ .\l\ ] 0.4 _.,- —_: E E g -&";---?- -

o.o: — lpo | 1o 1Poo | ﬂ'@ .

_05:_ _ " ~w.ﬂmm ..... @_ At : 0.3_- )

B | 1 200GeV |, ER Au+Au 200 GeV
10:....I....I....I....I....I..: ey . . " il _3:||”|||””|””||: R TR Y e
0 1 2 3 4 5 1 2 3 4 5 0.5 0.4 0.3 0.2 0 20 40 60 80

pr(GeV) pr (GeV) ms (GeV) Centrality (%)
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On Going: Chiral perturbation calculation ¢p meson’s Spectra

**The dressed kaons

80 ” Kaons
0| Example in Negative ag
this sketch Negative spin alighment
40 | 3 |
- (#oo—1/3)x100
20! 2 - for différent s quark masses E 0.4 7
] C pr>1.2 GeV E : :
2 g; § : : » .
4 of 1 Poo f"'ﬂ"@'& """" ==
098 1.00 102 1.04 1.06 1.08 1.1( i E 0.3k % "
—22— — i Au+Au 200 GeV ]
_3:. T T T R gl g e g Y eads KR B e
0.5 0.4 0.3 0.2 0 20 40 60 80
Regard it as ms (GeV) Centrality (%)

Kaon masses
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**Discovered a Shear-Induced Tensor Polarization(SITP), together with other
new 0t and 15t order effects

**Natural, allowed by the symmetry and verified in calculation

s Universal, SITP exist in all interacting many-body system with spin-1 particle,
in relativistic/non-relativistic scenarios.

‘*Large and Rich, effects especially SITP can contribute to spin alignment at
the order of ~1% level, could generate “right” and rich behavior even in a
simple model.

Standard many-body interactions (such as collisions) can lead to large spin
alignment with the discovery of the missing new effects, such as SITP!

Many works need to be done to make quantitative predictions, due to the
rich physics and complexity in strongly coupled many-body system




Backup slides

*» T-matrix resonances without interference effects
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Total Theory Results

» . o -
0.0T0t211 I'CSllltS. T HY =A(§AV’3 [Kzol,u)\u'y 4+ ntlzu)\u"y £l Klsho,)«y e KJT’UJ()‘a}I_)B

+Kut PPy, + Ko ur QY5 + - ]

2A¢e Ae, Ae &
Qv 1 Ol I S PR, f— P ~0O(1
Ko = _—92”0, Ky = [Oésh (C? = g) 0+ j%ip] Bng e By By @ 2D )
g (I Al . Txas
Rsh = ashﬁnﬂa R = 07 Rsu = 07 Rou = 0 Ogp ~ _Fp (FP = Tp Fp + ; Fp ~ O(aq_plésp)'
P P p P

~ (Wl — wk)/T Nonanalytical energy-shift
more subtle

*Features of the result

» Natural, suggested by symmetry, verified in concrete thermal field theory calculation, all
have been done 1s a more careful theory study with more realistic spectral functions

= Universal, SITP exist 1n all spin-1 particles including heavy quarkonium, in relativistic
or non-relativistic (SITP has a coefficient have no mass suppression)
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Relation to Wigner function
s Full Wigner function

WH (z,p) = £, / ap’ / iy Y (VA )WV (1)) = W (z,p) + W (z, p)

s Positive mode W+” ¥ with projections, and normalization
17 — YA AVTISOB A= -tV + pHpY /P
W (z,p) = 288W (z,P) p is on-shell 4 momentum
*»The density matrices related to it as
0ss' (2, P) = €5 (P)eS™ (P)Wyuv (2, P)

“* Decomposition of WHY

WHY — éA’“’S + wlwvl e

T i o o
TH = W = Wik — SARS = 2AR AW
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Related to Wigner function
s Full Wigner function

W e p) = p [ [ dlye™ (Vi@ )V (@1)) = Wi (a.p) + W (2. p)

s Positive mode W+” , with projections, and normalization
W (z,p) = 28 AW P (@,p) S ST PD

p is on-shell 4 momentum

*»The density matrices related to it as

7 v

Oss’ (x,p) — E.~:-:’(p)€.s: (p)WNV(x’p)

“* Decomposition of WHY

1~ 1 1 2
Wi = SAMS + Wl L T (= 30u + 5Pe(k)sr = Tij(Jadj) = 50i1)es

. . 1= S0P
“*Tensor polarization 7% =W = W) — SAmS = QAW AR WM
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Gradient Expansion and Symmetry analysis

“»Expansion up to 1st order gradient expansion

J v :A%\‘AVW) [n})‘u}‘zﬂ + kYutuY +H ns“ha)‘”’ + h:Tu(A(‘?l)ﬁ

-i—ra:suu()‘aF)O‘ﬁQ + KouuPQ5 ] + .. ]

T-even T-even, Oth order T-odd, Shear Again!

Early theories include terms such as(w/T)?~(1/100)?, 2nd order in gradient

Many Missing BUT Naturally Allowed Contribution at Lower Orders!
**Why missed before?

* [n-medium spectral properties/interactions required, not been well studied before

= Shear Induced Tensor Polarization(SITP) with k¢}, to be T-odd and indicate the nature of
the dissipative physics, not been studied before

Could we find these terms in a concrete calculation?
Yes, see later 20




0" order—a compact non-perturbative result

s The tensor polarization related to spectral function as

Ty = 2A4A7 / dp’ / dlye?V (Vi (e )Vi(ay)) = 2807 [ dp°n(p) A7 (p)
0

0

“*The spectral function A} =wviv”/(—v?), AR = A — AP Gu — Amvy,

1 =3
AW = 3" AR A, Ag = —=Im .
Foy B T  p?-m?-1I,
**The result . o
Ty = con(ep) AL = Zign(ep) A A,

o = 2ep /0 " :((;)) [(ALI Ar) - A“%f’z Ayl

[
T L
E, — &
P p OCFZ
T

T-even

X
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15t order—linear response theorem

*Linear response (like those for calculate n/s) Exy = B100A(Bu).)
] -
‘/l/ b v ~ _A 2 0
-lif(l) = €p ulc111—>no 81/[ IIIIG“ _:\’Y(V’ q,p)]f)\,}, Txvy + [3 Ay + CS’U,)\U,,Y]

s The green function is connected to energy momentum tensor

G q,p><—z‘)@<t - VAtV (8,2 ) T, ),

TH = —FK F** + m2VHVY — g (=F%/4 + m2V?/2)
*»*One skeleton/dressed loop calculation with spectral functions

v k/ —nk I\ THUAY
G (v, g;p) / dko/ dko k’—k0+(10+x ;TA b(K) Ly, (K, K').

h—

In-medium interactions are implicitly included in self-energies! "




15t order—linear response theorem

s Linear response (like those for calculate n/s) Exy = B100A(Bu).)
1 -
‘/l/ b v ~ _A 2 0
—':—L(l) == Ep Vl(llfgo 81/[ ImG“ )‘7 (v,q,P)]én Oxy t [3 Ay T csu>\u7]

s The green function is connected to energy momentum tensor

G q,p><—i>@<t — VTV (2T, T (E, 2))),

THY = —FH FY* + m2VHVY — phv (—F2/4 I m2V2/2) + higher order terms
*»*One skeleton/dressed loop calculation with spectral functions

n(ky) — n(ko)
;u/)\'y O X
i ap == [ [k < O

In-medium interactions are implicitly included in self-energies! 4




15t order—linear response theorem

s Linear response (like those for calculate n/s) Eny = B71O(Bu)y)
1 -
v v ~ /A 2 0
Wity = ep lim o G g P, T 38+l

s The green function is connected to energy momentum tensor

G q,p><—i>@<t — VTV (2T, T (E, 2))),

TH = —FK F** + m2VHVY — g (=F%/4 + m2V?/2)
*»*One skeleton/dressed loop calculation with spectral functions

v k/ - k’ I\ THVAY
Glé)"Y vqp / dkO/ dkO k/_k:+(10+>< ETA (k k Iab (kk)

< With some calculation: 7" (k. k') = 'K + KK AL (k)AL (K)
— [ka k" AV (K) AR (K') + K7L AZ (k)AL (k)] B
— R kLA (k) AT (K) + kak ALY (k)AL (K) i
+ (hak'™ — m)[AA )AL (K) + AL (R) AP (k)] | ¥ = (ko P — a/2)
— (k¢ — m*)nag — kakl] AL (k) ALY (K)] s




Compact results for 15 order

¢ A one-line formula for tensor polarization

. uru?
(1) = ﬁn(fp)AwA >[ab & + asplp——s 72 —]

with coefficient o _depm [TO(w) o 2) 42
4ep,m /OO on(w) 5 5
Qs =5 dwe? (A — A% (w,p
= Bntes) ). Tow p(A7(w,p) — AL (w, P))

: : : : I 1 —il
in quasi-particle spectral function 4«(w.p) = E—Imw we T2 /2

Ot & —2?61’ + QAP‘SP A;p + g—:’; ~ O(1)

p p T-odd, dissipative

I, @ b, 7L
< Width [,, energy/mass-shift Ae,,, split of width Iy and energy wﬁ

Well-defined old players in thermal field theory, no extra new players are required

FA A FA T wA
aspz]iz;( p SEpip 4+ L No((s(;pl(ssp).
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Total Theory Results

» . o -
0.0T0t211 I'CSllltS. T HY =A(§AV’3 [Kzol,u)\u'y 4+ ntlzu)\u"y £l Klsho,)«y e KJT’UJ()‘a}I_)B

+Kut PPy, + Ko ur QY5 + - ]

a A - A A - ™

u _ Q0 u _ o 1 Asp&p depm [ On(w)
%0 = Sattor L {O“‘*‘ ( ) g ] oo =5y | oo W —gp)Azyr(w.p)
Ksh = Qshfno, Kr =0, Ky =0, Kou =0 e, [ On(w)
P 2 2
Qsp = / dOJ€ (A ( ) - AL(wap))
(e Sy e

— Wp)/4L
P P more subtle

D S 2 ‘

*Features of the result

» Natural, suggested by symmetry, verified in concrete thermal field theory calculation, all
have been done 1s a more careful theory study with more realistic spectral functions

= Universal, SITP exist 1n all spin-1 particles including heavy quarkonium, in relativistic
or non-relativistic (SITP has a coefficient have no mass suppression)
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