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Heavy-ion collisions

Relativistic heavy-ion
collisions generate
strongly interacting
matter with vorticity
and magnetic fields
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® Spin alignment for a vector meson ( =17)

is 00-element  of its ) K*O
normalized spin density matrix, @ @ @
probability of spin-0 state,

oo = 1/3 if no polarization @ @ O

1 1
1 1
pfs - P0,+1 P00 P0,—1 = -4+ =P, + ﬂ?zw
3 2
Vector polarization Tensor polarization
e Measured through polar (3 components, (5 components,
not measurable) measurable)

angle distribution of decay products

Spin is

Strong K*>K' +7 1 — poo + (3pog — 1) cos 9] OAM

p-wave decay ¢ —> K" +K" Z

Dilepton / - T+ - % [1 + poo + (1 — 3p00) cos? 9] Spin
decay
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= Anisotropy of strong field

Based on:
XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, PRL 131, 042304 (2023); PRD 109, 036004 (2024).
XLS, S. Pu, Q. Wang, PRC 108, 054902 (2023).



Quark polarization

e Polarizations of strange quark/antiquark in a thermal ®
equilibrium system
1 5 Qs q
s N proa , ¢ fo
F@.p) 4m5€ e {UJ'M i (w- p)TFM (u p)TFpJ]
, 1 , Qs 9o
P¥(x, ~ —ePp, |wpe — —=—F,, — F?
5 (q}p) 4m.s€ p {"JP (u.-p)T F (’U- p)T pcr]
L
Vector field
(long wave-length
components)
e2 1 2 2
A~ - g,i, €
4 1 — ~0(1) > —
d 57 4 (1) 4

F.Becattini, V.Chandra, L.Del Zanna, E.Grossi, Annals Phys. 338, 32 (2013)

Y.-G. Yang, R.-H. Fang, Q. Wang, and X.-N. Wang, Phys.Rev.C 97, 3 (2018).

XLS, L.Oliva, Q.Wang, PRD 101, 096005 (2020);

XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, PRL 131, 042304 (2023); PRD 109, 036004 (2024).
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Strong interaction
between quarks are
carried by effective vector
meson fields (quark-
meson model, ~  4e)

Polarize /™ in a similar way
as classical EM field

ok
\ : qﬁ

strong
interaction

spin-zero
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¢ Spin alignment of the meson in its rest frame ., _8mi+ 16m2m? +3m{
measuring along the direction of €g T 120mE(m2 + 2m2)
_ 4 _ 14m2m?2 + 3m
: 4q2 1 o :87'?15 Lm,my, + 3mg
P00 :J); —‘%Cl gB;b - B;) — (E('J . B;)Ql . 120m§(mé +2m2)
f Qh 1 Vector field:
9o 2 lue | t
WOQ gE:b - E}, — (€0 - E}) ] mean value is zero, bu
ot h L can incorporate large
\ Temperature at fluctuations

hadronization time

Spin alignment measures anisotropy of fluctuations in meson’s rest frame

k. i

l\

8. (% Lab (QGP) frane V Rest frame
2B B/ /T2 = ( 2ELE’ /T? . .
<g“ﬁ sBy/ h> <g¢ 5o/ h> Motion-induced anisotropy
= F?5% + Aa'al y 1 1 9
Tt Poo — 3 X gp P =Dy
Isotropic  Anisotropy of QGP

XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, PRL 131, 042304 (2023); PRD 109, 036004 (2024).



Fluctuation-induced p,,

Example: spin alignment induced by magnetic-like
component of strong field

ase ] L@ @qﬁ\

significantly
correlated

- | §b @

¢
Case3  mmmmm) @:> @:>
=G )

spin-0 states
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=0

00 > 1/3

Fluctuation (instead of
mean value) induce spin
alignment !

oo > 1/3

00r 0o <1/3

0ot g0t o0=1



Fitting experiment datas INFN s

e Taking fluctuations of transverse and longitudinal fields as two
independent parameters.

((96B2,/Th)*) = ((90ES,/Th)?) = Ff. {(9sB2/Th)?) = ((9sE2/Th)?) = F2

038f., '  Out-of-Plane -
| ke STAR SETEn Difference

:/ induced by

] Energy-dependent
T~ Parameters fitted by

In(F2/m2) = 3.90—0.9241In/snn
In(F2/m2) = 3.33-0.760In/sNx

b 2 _ 2
Parameters are “’//{ Dt 1 STAR, Nature 614, 244 (2023)
evaluated by fitting1g 20 20 100 200 XLS, L.Oliva, Z-T.Liang, Q.Wang,
STAR data =, X.-N.Wang, PRL 131, 042304 (2023)
v Sy /GeV
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¢ Predictions for azimuthal angle dependence and rapidity dependence
Dominated by breaking symmetry because of meson’s motion relative to

background
I —— Out-of-Plane ----- In-Plane o TR Pi—y ]
0.36F - 05— % ¢2"order (1.0 <p <50 GeVic) =
F " m o1"order (1.0<p, <5.0 GeVic) £
- Py = 13 _,-‘E
02l . Theory (1.2 <p_ < 5.4 GeVic, ;
s 0.34} 0.45 20%-60%)' A -
, g | S lx
0.32¢ @ .. AutAu 19.6 GeV - Al
- 0%-80% ‘_,.!‘f :
0.30} - | ]
00 05 10 15 20 25 30 i I - b p
Au-Au collisions ¢ 12< <54GeV § L L i
at 200 GeV/A . DI ki
i st |
XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, o / a2 o
PRL 131, 042304 (2023) .y lyl B. Xi's talk in
Our prediction QM2023

XLS, S. Pu, Q. Wang, PRC 108, 054902 (2023).
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= Spin alignment from holographic models

Based on:
XLS, Y.-Q. Zhao, S.-W. Li, F. Becattini, D. Hou, arXiv:2403.07522
Y.-Q. Zhao, XLS, S.-W. Li, D. Hou, arXiv:2403.07468
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e Spin alignment of / is opposite to that of

o 06¢

¢ | ¢+ ¢t [ r ottt Tt | r t T [ T T T TT T T T T TrTT T T T T 1717 LI——
= 05F ALICE, Pb-Pb |5, =5.02 TeV 04l | G (B<10812<p <54 Geie) 1
r Inclusive J/ly — pu-, 25<y<4 b oK (M<1081.0<p <50GeVic)
0.4F / 1 —GY=464+073m
03¢ >0 = 00 <3 035/ | —
02 3 351 il
; _$_ ] =3 ——
0.1¢ . \ o | .
: ] f ' 1
0F _$_ - . 03 | - _
“0if : Opposite _2——7 00~ 3
_oof t020% ; behaviours |
“f 4 30-50% Event plane ] I filled: STAR (Au+Au & 20% - 60% Centrality)
S Y ) o S L S S S L 0.251 open: ALICE (Pb+Pb & 10% - 50% Centrality)
0 2 4 6 8 10 12 I 2 ]
ALICE Collaboration, PRL 131. 042303 (2023) (S (GeV)

STAR, Nature 614, 244 (2023)

*  Universal theory including strong interaction
such as: QCD sum rule, NRQCD, holographic QCD ...

Effective vector x Heavy quarkonium are formed at
meson field > 4e (deconefinment temperature for light quarks)

13
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e AdS/CFT correspondence Partition function for a dual Quantum Field Theory at
boundary (strongly coupled)
0)] _
ZQFT [AEL )] — Zgravity [A,u] ZQFT [AELO)] = <exp {/ J“Aﬁo)d4:c}>
Vector field at Partition function for a bulk gravity theory (weakly coupled)
boundary

Zgravity [Au] = eXp {_Sbulk [A,u]}

¢ Current—current Correlatlon J. M. Maldacena, Adv. Theor. Math. Phys. 2. 231 (1998)

, / o , quark current E. Witen, Adv. Theor. Math. Phys. 2, 253 (1998)
522 522 ] G. Policastro, D. T. Son, A. Starinets, JHEP 09, 043 (2002)
JHE JY1) = DHY QFT gravity A. Karch, E. Katz, D. T. Son, M. A. Stephanov,
L3 ’ m
5ALO)5A1(/O) 514&0)(5141(/0) PRD.74.015005 (2006)

L. A. H. Mamani, A. S. Miranda, H. BoschiFilho, N. R. F.
_ _ Braga, JHEP 03, 058 (2014)
° Action for vector field

S buik = —fff'xdg Q&) Fyn FMY

Vector meson's mass in vacuum (n-th

Soft-wall model &) excited state) can reproduce the Regge
oft-wall moae = ¢ 2D 5 /(402 :
Q) =e " v-g/(4g5)  behaviour MZ = de(n+ 1)

D) =

° Background geometry

5

, L . .} 5 . di? Location of horizon
ds” = 7 —f(O)dr + dx” +dy” + dz” + —

f({ﬂ) 1 =1- 494/{;: depends on temperature
| 14




Dilepton production

Current-current correlation
from holographic model

INFN

Istituto Nazionale di Fisica Nucleare
SEZIONE DI FIRENZE

5|0A4(p. )]

D" (p) =}Lmog§§g““Q(§) .0

A(p0)=0

@ ( , )is a solution Boundary
with definite momentum
Finite value
Location of horizon on boundary _ _
depends on temperature Equation of motion
am | QO F"™ | =0

Dilepton production rate from decay of spin- states

2
. QQWE
(2m)°

dNy
dizdip

(1 Qm?

4m? 2ng(W)oa(p) —T
f 4 i p B(gH

Horizon

Incoming wave
near horizon

Bose-Einstein distribution

Probability of - pair

p? (p?2 +mi) FZ

—6\' (p)ex(p)ImD,,, (p)

-2r1)
/

Coupling between Lepton’s mass

meson and dilepton

\
Vector meson’s vacuum
mass and width

XLS, Y.-Q. Zhao, S.-W. Li, F. Becattini, D. Hou, arXiv:2403.07522
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q-q pair probability INFN e

~ Probability of -~ pair as function of invariant mass,
spatial momentum, and temperature

60 I ' I T T T T T T T T T T T T v ¥ v I )
i Longitudinal 5 - M p=1, 7=0.05 {— Momentumand
o0 - . temperature, normalized
[ Transverse W p=2, T=0.05 ] byvacuummass )5 — \/4c
40; W p=2 '
NE : : @ Shift of peak mass
E 30: : ] @ Width broadening
< 20: " A 1 @ Difference between Land T
[ T : SR modes
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g-g pair probability
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Probability of -~ pair as function of invariant mass, Z(\
spatial momentum, and temperature /.

60—+ eyt QGP 7
: Longitudinal 5 : M p=1, T=0.05 ~

; ........ Transverse

o)
O

Probability of vector
meson

p*np(w)o
(p* +mi,)? + m%rfz

~

Only -= with =
survive

|:> -~ probability around
= controls spin

alignment
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Model predictions

¢ Global spin alignment of /

T

®* Spin alignment of /

In forward rapidity region

1
0<3=» >0
Consistent with
experiment @

in helicity frame

(measured in direction of momentum)

4 6 8
Pl (GeV)

1
00>§ﬂ <0

Not consistent
with experiment

XLS, Y.-Q. Zhao, S.-W. Li, F. Becattini, D. Hou, arXiv:2403.07522
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e Opposite behaviours of / and within same model

®* Results for agree with predictions from vector field fluctuations
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XLS, Y.-Q. Zhao, S.-W. Li, F. Becattini, D. Hou, arXiv:2403.07522
XLS, S. Pu, Q. Wang, PRC 108, 054902 (2023). 19
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®* Spin alignment in helicity 0.0 T
frame as a function of |
dimensionless spatial
momentum and temperature
- .\ Transversely
@ =150 MeV 845 N Polarized
=
- I
0.10- O
_ Longitudinally
/ @ =200MeV >  polarized \
RN 2 1A . BdA ]
0 2 4 6 8 10
p/Mo
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0.1
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Relativistic heavy-ion collisions

Vorticity

field
\najor \

Electromagnetic
field

X
, \
’ \
, \
S~ ’ . \
~< ’ \
~~o ’ tlr]y \
~~. ’ \
S-al \
S~ o \
07 P

L// \\‘\‘5\\’]

Baryon’s global
spin polarization

Anisotropic strong
field fluctuation

major/

|

Parity-violating

weak decay

Vector meson’s global
spin alignment

|

P-wave strong decay

dilepton decay
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e Spin alignment measures anisotropy of strong field fluctuations in
meson’s rest frame, which mainly attribute to anisotropy induced by
motion of meson relative to background

e Spin alignment is related to imaginary part of current-current correlation,
which can be calculated in holographic models for a strongly coupled
system

®  Soft-wall model

> Global spin alignment of / qualitatively agree with experiment
»> Spin alignment of / in helicity frame is not consistent with experiment

» Opposite behaviours of / and

® More discussions in a forward rapidity ...
(25<Y<4for / inexperiment,Y <1 in our work)

®  Spin-spin correlation ... mm==) Talks by Qun Wang, Monday 15:30
Xin-Nian Wang, Wednesday 12:30
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Theoretical approaches

* | Coalescence model with spin

* Quark/antiquark polarized by external
field

* Non-equilibrium process described by Antiquark

kinetic theory

Z.-T. Liang, X.-N. Wang, PLB 629, 20 (2005).

XLS, Q. Wang, X.-N. Wang PRD 102, 056013 (2020).

X.-L. Xia, H. Li, X.-G. Huang, H.-Z. Huang, PLB 817, 136325 (2021).
A. Kumar, B. Mueller, D.-L. Yang, PRD 108, 016020 (2023).
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Quark

Vector
meson

XLS, L.Oliva, Z.-T.Liang, Q.Wang, X.-N.Wang, PRL 131, 042304 (2023); PRD 109, 036004 (2024).

XLS, S. Pu, Q. Wang, PRC 108, 054902 (2023).

* | Spectral function method

» Splitting between spectral functions of longitudinal
and transverse modes due to external fields or
motion relative to a thermal background, calculated
by QFT, NJL model, holographic model...

* Meson at thermodynamical equilibrium

XLS, S.-Y. Yang, Y.-L. Zou, D. Hou, arXiv: 2209.01872.

A. Kumar, B. Mueller, D.-L. Yang, PRD 108, 016020 (2023).

M. Wei, M. Huang, CPC 47, 104105 (2023).

W.-B. Dong, Y.-L. Yin, XLS, S.-Z. Yang, Q. Wang, arXiv:2311.18400.
XLS, Y.-Q. Zhao, S.-W. Li, F. Becattini, D. Hou, arXiv:2403.07522
Y.-Q. Zhao, XLS, S.-W. Li, D. Hou, arXiv:2403.07468

* | Spin kinetic equation

D. Wagner, N. Weickgenannt, E. Speranza, PRR 5,
013187 (2023)

S. Fang, S. Pu, D.-L. Yang, PRD 109, 034034 (2024)

Y.-L. Yin, W.-B. Dong, J.-Y. Pang, S. Pu, Q. Wang,
arXiv:2402.03672

* | Linear response theory

F. Li, S. Liu, arXiv: 2206.11890

W.-B. Dong, Y.-L. Yin, XLS, S.-Z. Yang, Q. Wang,
arXiv:2311.18400.
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I |
collisions thermalization hydro ; hadronization ; freezeout >
| |
| I : A b ‘\t ;‘
Y L I I .4 . o B0
& & I I h . : % *s -
I ) - Y Q.0
| AL
. . . | . s .
Initial fluctuation hydrodynamic model final state interactions
| | Decreasing T
Theories for QCD ! Quark-meson ! Hadron gas
strong interaction: I' model I model
| 1
@ Quark effective mass Dirac field ( , , )

P~ P Pt P

1 1 |
5 (900t c —m2o?) + 5m%,,m/“ — V"V

N S
@ — o \ (IH]D ) Vector meson field
I \ w+p ,0+ K:k—|—
—_ 0 =

D Leg(z) = P(z)[id —[(mo + gga)] —gv7y - V]¥(x)
_|_

\ V3
K~ K
O & ©
Short wave-length: quantum fields (particles)
@ @]]) Long wave-length: classical fields



Heavy quarkonium

e Heavy quarkonium in strongly
interacting matter

/ ’s melting temperature from
lattice QCD is not consistent with
perturbative calculations

Im B (w,0)

Non-perturbative

Spectral function from golographic
QCD at finite temperature

o Soft-wall (with possible modification
for dilaton field)

M. Fujita, K. Fukushima, T. Misumi, M. Murata, PRD
80, 035001 (2009)

L. Mamani, A. Miranda, H. Boschi-Filho, N. Barga,
JHEP 2014, 3 (2014)

N. Braga, L. Ferreira, A. Vega, PLB 774. 476 (2017)
Y.-Q. Zhao, D. Hou, EPJC 82, 1102 (2022)
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e AdS/CFT correspondence Partition function for a dual Quantum Field Theory at
boundary (strongly coupled)
0
ZQFT [AEL ):| — Zgravity [AIL] ZQFT [A&O)} = <exp {/ JMAELO)d4CU}>
Vector field at Vector field in

Partition function for a bulk gravity theory (weakly coupled)

boundar bulk
undary Zgravity [Ap] = exp {—Spuic [A,.]}

) Bulk action for vector field 11 R, A e

Spuk = — | d*xdl Q) FywnFM" Equation of motion Math. Phys. 2. 231 (1998)
pulle = LS - qu: E. Witen, Adv. Theor. Math,
Our [Q(C)FMN] ~0 Phys. 2, 253 (1998)

G. Policastro, D. T. Son, A.
Starinets, JHEP 09, 043 (2002)

Fyn = OpyANy — ONApm
* Radial gauge and Fourier transform
d4p —ip-x
A@' = 0 A#(X, () = W&’ A'u(p, ()
° Current-current correlation

52ZQFT . 522gravity
§ADSAD 54540

5|0;Aa(p. )]

0A,(p, ()
Au(p0)=0

([J#,J"]) = D" x D" (p) = limg“g"* Q)




General equations

AdS-ike bulk geometry  ds® = g, dx*dx’ + grdl?

A [Q(C)g° g™ O,

° Equation of motion

o | QO FM™| =

° Electric fields (three components) —

Ei(p,{) = —poAi(p,{) + piAo(p. Q).

INFN

A, (p, C)]
— paQ(Q)g*" 9" psAu(p, ()

9" pu0cA,(p,{) =0 Constraint equation
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_ pv’f{lf3 (pa C)] - O

" [ qQ(C)gCC] P »

0: Ei(p, ¢)+ O Ei(p, Q)= — Ei(p, Q)+ (Pigou—P0gin)(9cg"") [0c A (P, ¢)] = 0
2nd order / OrAi Do (&’ - )85E;,
Sifferential " Possible mixture between Po P’ _

erential equation different components p‘ y pip’
0:A; ; B~ — O/E;

XLS, Y.-Q. Zhao, S.-W. Li, F. Becattini, D. Hou, arXiv:2403.07522




Current-current correlation INEN | ttto ksl Fika ocrs

Boundary Horizon
Finite value /\ﬁ Incoming wave
on boundary near horizon ~ ~

e Taking a set of basis satisfying incoming wave lim E-(e- 7) =6
condition near horizon and boundary condition —0 gl

e Current-current correlation

D PP\ 1, =
B =T (9‘“"”‘ -3 ) 0Bkl C) | AT

ok 1 ~ L
PV L) | P

pu D" (p) = p, D" (p) =0

XLS, Y.-Q. Zhao, S.-W. Li, F. Becattini, D. Hou, arXiv:2403.07522

Spin alignment?

—0

D" (p) = lim (g“k -
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®* S-matrix element for dilepton production through vector meson decay

(eg., +— - / - T+ 7)

Sff:/d xd'y (f,U|J.(y)GY (x — y)J. ()| i) ) Z(\_

@ Vector meson production in QGP +
at finite temperature QGP Free-
@ Propagation from point to - streaming

(3 Decay to a dilepton pair in vacuum

® Dilepton production rate Momentum of /° el
L o _ M PP /p
/ / Bose-Einstein Gl = TRt md £ imyT
dN _9 d3p_|_ d3p_ distribution Meson'’s retarded/advanced
d4 gﬂﬂl (2?T)3E+ (27T)3E_ np (w) propagators in vacuum

~~~~~ _—
< [pipy +papy = Guw(p+ - p— + mP)GL () oas(p) G (p)

P P P P

In-medium

Coupling between lepton’s mass spectral function

meson and dilepton



Dilepton production INFN e

* Spectral function is related to the imaginary part of current-current correlation

v - ; i v —ip.y | Calculated b
o =~ImD* | D*(p) = [ d'y 6°) (I*(w). SO e Y| (R

models

®* Decomposition on polarization vectors

Q“p (p) - Z Tx'“(/\, p) ?,’*p()l.": p) @}\A’ (p)
A, N =0,%1
Polarization p- e - Orthonormal & complete
T."u' (/\1 p) = ( ) p) np.u't"'#()‘ap)T»’*p(Afjp) _ (s,\,\’

JEXN T .

r NA (i #]1/ 1 L

o y ﬂ|f{w o 2N P (A p) = (1 + p'p /p?)
3-vector in rest frame Invariant mass M = +/w? — p?
* Dilepton production rate from decay of spin- states

L Qgim 2?2 Spin alignment

ny(z,p) = - [ 1 — — 3 1
3(2m)? P ) [ do ] @p ] dizno(z,p)

Poo = fdwfdigpfd'iﬁ? Z/\=0;i1 n)\(l";p)

1m}  p*np(@)in(p)

p? (PP +mi )2 +miIl? XS, Y-Q Zhao, S.-W. Li, F. Becattini,
D. Hou, arXiv:2403.07522

x4 /1-+



Other spin parameters

Angular distribution of decay products

dN

d*pd cos 0*dp* X

3+ Mg

1
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Y.-Q. Zhao, XLS, S.-W. Li, D. Hou,
arXiv: 2403.07468

(1 + Agcos®0* + A, sin® 0% cos 2¢* + Ag,, sin 20* cos ¢*

+ )= sin® 6* sin 2¢* + )\t sin 26 sin ")

P
W

-parameters: related to tensor polarization

0

)\J_

@

. 11— Sp(_]g N — 2R.ep1:_1
1+ poo 1+ poo
_ —2Impy
1+ poo » Top L+ poo

_ V2Re(po1 — po.—1)
1 + poo ,

L _ V2Im(po1 + po,-1)

Spin density matrix for dilepton decay

/

Normalization

factor

297 2m? 4m? 2np(w)

_ < Ml l l pnp

(p) = ———Mu_ [q_ 20 [ 4 i
pax (p) 3(27)°Cn ( p? ) p? (p?+ m?w)2 .l mi{l 2 9AA (p)

A
‘ !
N
Meson’s vacuum
mass and width



