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1.Introduction Quarkonium:

ces Hydro expansion
Initial state of QGP or hadron gas Freeze-out
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Preequilibrium

Color screening

T

etc; heavy quark potential  Fragmentation, Hadronic scattering recombination
Rotations of QGP heavy quarkonium
EM fields
200000000 ———— state Ne | J/V | Xeo | Xer | Xe2 | ¥

mass [GeV] | 2.98 | 3.10 | 3.42 | 3.51 | 3.56 | 3.69

AFE [GeV] | 0.75 | 0.64 | 0.32 ] 0.22 | 0.18 | 0.05

200000000 }—Pp—
(a) s-channel Flavor (b) t-channel Flavor Satz h h/0512217
atz, nep-p
T ~ 1/(2m.) ~0.06 fm/c QGP local equilibrium: 7. ~ 0.6 fm/c

Charmonium bound state formation:

Creation of charm pair,
Ty = 1/(AE) ~ 0.3 fm/c

with a tight wave package
Quark Heavy quarkonium as a probe of the early profiles of QGP 3



2.Schrodinger-type models

Previous studies:
(1) X. Guo, S. Shi, P. Zhuang, et al
Time-independent relativistic Schrodinger PLB 2012, PRD

(2) P. Gaussian, R. Katz, et al
Schrodinger-Langevin equation Annals Phys. 368 (2016) 267-295
Hamiltonian includes a white noise term and a damping term, which affects the expansion

and contraction of the wave function

(3) A. Rothkopf, Y. Akamatsu, et al,

Stochastic Schrodinger equation PRD 97 (2018) 1, 014003

Potential includes stochastic terms, wave function decoherence to dissociate quarkonium
states

(4) M. Strickland et al,
Time-dependent Schrodinger, with complex potential Phys.Lett.B 2020
Bottomonium suppression with real and imaginary potential

And many other references.......



2.Schrodinger-type models

Radial Schrodinger equation: Only Singlet states
_ha (. £) h? 62+L(L+1)+V( OO )
in—y(r,t) =|— T, T,

8t¢ [ 2my, 0r4  2my,r? I
r: relative distance between cand ¢ Wavefunction of eigenstates:
m, = m,./2: scaling mass >
¢(: . c/ c Yiim (1) = Ry ()Y (0, @)
T’ =) em(t)e P Ry (r)
m

Numerical form: Crank-Nicolson method
I g1 YR 207 Y

i~ =l A +Vi'gf h(r,1)
L Whoagiyn ns()= (R0 = [ Rl -1
© 2m, J (AJ.’L‘)Z = VT '

Tee <01 fm Ty <To(~0.6 fm)
Pre-equilibrium QGP evolution (hydro) time
—
} V.z(r,T) = Lattice (F,U)
Time-dependent Schrodinger equation
cc dipole ’

| Vee(r) = Cornell
T = 0 TO
(Pb-Pb)



2.Schrodinger-type models

2.5 SUR B P B B e N

i Static Mediunl T=2T, |V =F(,T) ] i Static Mediur{ T=1T, | V=F(T)

2.0 15, 25 — =0 . 2.0¢ — =0 g
R a e ] - - — t=1.0 fm/c i
= - l t=1.0 fm/c . = 5 - pot ]
= 1.5 —-t=2.0fm/c ] w 1.57 t=2.0 fm/c ]
= t=5.0fmic | = | =50fmie
=1.0" ] = 1,00 ]
£ ] T ]
0.5- - 0.5F -

i - i
O-O’HHmHmHHmHmHHxHH 0.0 HlmHHxHHmlumu_:x_x_xr-

0O 05 1 1.5 2 25 3 0O 05 1 15 2 25 3

radius (fm) radius (fm)

Snapshot of the cc wavefunction at different time

Imaginary V: transition from
singlet to octet and scattering

states. At high T, wavefunction expand outside, J/{ — (25)

At low T, wavefunction contracts, ¢(25)— J/¥
This is due to the radius dependence of the potential
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2.Schrodinger-type models

1. cc internal Initial wavefunction:

Taken as quarkonium eigenstates
(neglect the pre-equilibrium effect)

Yee(T =Tg) = P1s525(T)

Initial direct yields

P s 1) — 068 :1:0.10

2. The initial momentum and spatial distribution of the center of cc dipole
fu(p,x[b) = (27)°6(2) Ty (x7)Ta (X1 — b)
do¥
X Rg(ﬁl&'g, UF, XT — b) d3ppa
\ b
Shadowing effect from EPS09 NLO

The initial momentum of cc dipoles in pp,
(neglect the mass difference)

y Including Cronin effect
AN/ (n—1) A _ i
— 1+ L da¥ 1 a—q%"l do¥
2rprdpr 7r(n - 2)(29%“)1017[ (n - 2)<p52r>pp] d3if - TagNl /d2qTe - dTp;
a,y = 0.15(GeV /c)?
n=32 (P3O =P}y =0[1-(——)?] "

max 7
Y \ﬁln(\/sNN/m\p)



2.Schrodinger-type models

» The initial yields of charmonium eigenstates

Nis (X7, p7|b,Y) = nee(x7, pr(b) X [(Rpms(r)|¢o(r))]

PT2
ems (t = O[b)[? = / dxr / dpr T (7, pr|b)

PT1

2

» Charmonium direct R 5, with hot medium effects,
- t)|%)
Rdlrect nl) = <|cnl( en
pa - ) = e (t0) P
o AN,

B fdx\pdp\ﬂcnl(t,xqfap‘l’)' dxydpw

dNY
f dx\pdplli |Cnl (t()a X0, p\IJ)|2 dx\ygg\ll

an <|Cnl (t)|2>en ;anl—h]/ip cc dipoles move inside QGP
an <‘Cnl (tO) |>2>en g’ngnl%J/zp Ree(7+ A7) =Reg + Vee - AT

RpA(J/¢) —



Heavy quark potential

Is color screening important in small system?

Weak color screening
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Heavy quark potential

Brief discussion about the real part of the potential (color screening):

4 —mpr .
Voo (r) = —3Q C O [r + or ,7 < Rsp DX, Liu, Rapp,
00 ~%a,e™"[r+ oRsg ,r > Rsp PLB 796 (2019) 20-25
1.2 ‘ , 1.2 . :
T 1.2 — 2T
08| K=5 0s | K=5 08| K=5
S04 06 | <3
¢ 302 3 02 | g
=2 0 O o > 02 |
>0 >0l -0.4 | T=400MeV ¢:=0.05
06 | T=194MeV 0=0.05 o6 | T=258MeV 0=0.05 06 T=400MeV best fit
08 | —— T=194MeV best fit o8| | — T=258MeV bestfit -0_t13 i | | | | |
1 -1 ' 0 02 04 06 08 1 12

02 04 06 0.8 1 1.2
r [fm]

Extract real part of potential from bottomonium

0 0.2 04 06 0.8 1 1.2
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o

r [fm]

other references Tsinghua Transport:

Bottomonium with V=U

Liu, Chen, Zhuang, PLB 697 (2011) 32-36 temperature regions in

small collision systems
See also Prof. Shuzhe Shi’s talk: Vpyy : k

time-independent Sch. reening at T (~ 200 MeV) close to Tc; a bit

stronger color screening at higher T
» Distance dependence: weak color screening at small radius, significant effect at Iarglée r



Normalised Gw(zs)/ Oy

3. Charmonium in pp 13 TeV

Ratio of charmonium suppression in pp 13 TeV

[LHCbI, JHEP 05, 243 (2024)

1.6
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Co-mover model

« Charmonium has been suggested as
a probe of the early stage of HIC before.
* relative suppression 2S/1S:

not affected by the effects before the formation of cc

Vp = —%+ar in pp (pA)

iV T

[ iRl J(I T T
S =S N N I i A J

00 02 04 06 08 10 12 14 0.0 02 04 06 08 10 12 14
7 (fm) r (fm)

Wen, Du, Shi, BC, CPC 46 (2022) 114102
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3. Charmonium in pp 13 TeV

y (fm)

Initial conditions in pp:

£0

Proton size: Pp
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* |nitial momentum distribution of charm dipole
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3. Charmonium in pp 13 TeV

Initial conditions in pp:

P0
14 e(r—rp)/ap

Proton size: Pp = r,=0.9fm, a, =0.1fm

1.5 0.30 Employ relative suppression of charmonium
1.0 0255 2S/1S to extract the initial hot medium
. 0.5 0.20 @
E 1.8——mm————
£ 00 0.15 - -
> o5 i pp 13 TeV .
-0 0.10 L ]
-1.0 0.05\3 1.6F \\ To = 0.2 GeV b
LN ]
= LN ~ .
205 10 -0.5 00 05 10 15 . | § 1.4F - N To = 8.§5GGeV _'
B TN To = eV
Smooth hydro profile 9 19 [ ‘H:é\\:\l\\\ e Result of N£Y,
- SS RN .
from MUSIC, pp 13 TeV % I “_H'@ Tes A Migrated from Npy
0301 £ 1.0p----------- m}ﬁ T
s = By wm-
=0.25 pp13TeV ] I ~SL 0 Te=all
g 0.8 _— \\s§_~ ]
9 u 1 1 I e
e 1 2 3 4
“3% Lifetime around 1.5 fm/« Ntrack/ (Ntrack)
0.4 0.6 0.8 1.0 1.2 1.4 16 -

Time (fm/c) Bai, BC, EPJC 84 (2024) 1193



3. Charmonium in p-Pb 5.02 TeV

From pp to p-Pb collisions: | ®

-® A bit larger collision system

Include Cold-Nuclear-Matter effects:
1 (anti-)shadowing: EPS 09 NLO

2.03<ycms<3.53 p-going direction

vvvvvvvvvvvvvvvvvvvvvvvv

2.03<ycms<3.53 p-going direction ]
5.02TeV p-Pb 0<py<15GeV/c

0| 5.02TeV p-Pb

F(r,T)

L Cronin effect:

<pi>+agy-L

Weak color screening
(V> Vc+
inelastic collision)

1Wen, Du, Shi, BC ;
. 1CPC 46 (2022) 114102

Real part: free energy
(strong color screening)

Vr,T)=Vg +V,

—_ —ge_mDT _|_ L(l —

e—mDr)
T mp
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3. Bottomonium in 5.02, 2.76, 0.2 TeV

® Initial momentum distribution in pp

T
dN,,

(n—1)

d¢prdpr

® Direct yields of bottomonium states at 5.02 TeV

a m(n — 2)(pF) pp

1+

P

(n — 2){(p7)pp

]—n

< p% >=(80,55,28)(GeV/c)"2

n=2.5

At 5020, 2760, 200 GeV

Medium temperature
(b=0)

State | Y(1s)|xs(1p)|Y(2s)|xs(2p)|Y(3s)| T(5.02TeV)=510 MeV
Oexp(nb) | 57.6 | 33.51 | 19 |29.42 | 6.8 T(2.76TeV)=484 MeV
O girect (D) | 37.97 | 44.2 |18.27| 37.68 | 8.21 | T(200GeV)=390 MeV
~ _______ Thisratio between different states are
30 T l | also used in 2.76 TeV and 200 GeV
- Band 1 1
I Band 2 T , ‘T ]
l ] ]
N i l
~ | H | l ..+ | Two kinds of imaginary potential are fitted
=1 - | gt 1 ® Smaller band: fit the central value and shifted upward
@ .Ii' ' ﬁ KR slightly to consider partial uncertainty.
Op ~==#%% ?Tf il | i { ® Larger band: one sigma uncertainty is included.
- + J_ L] 4
-l_—..A1.“1...1..,1.1..Jj>...}|..,—-
0.0 0.2 04 06 08 10 12 14
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3. Bottomonium in5.02, 2.76, 0.2 TeV

1.2 T T AL T T T T
VSyn=5.02 TeV Pb-Pb ° 2 1.2 I S B RSN B
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Vp=F

Flat tendency in R4, (p7)
suggests weak/no regeneration

® Clear sequential suppression pattern is observed when using V=U 16




3. Bottomonium in 5.02, 2.76, 0.2 TeV

2.76 TeV Pb-Pb l 200 GeV Au-Au
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VSyn=2.76 TeV Pb-Pb A CMS-Y(1s) VSyn=2.76 TeV Pb-Pb A CMS-Y(1s) Vo= 200 GeV Au-Au A STARY(1s) lyl<05 Vo= 200GeV AuAu A STARY(Is) lyl<05
CMS: pT<20 GeV and |y|<2.4 4 CMS-Y(2s) CMS: pT<20 GeV and |y|<2.4 A CMS-Y(2s) A STARY(1s) |y|<1.0 A STARY(1s) |y|<1.0
" tential with I Y(1s) 1 1.0 " tential with S Y(1s) b I 1.0 complex potential with O STARY(2s) ly|<1.0 7 1.0 complex potential with O STARY(2S) |y|<1.0 ]|
complex potential wi = Ye9) complex potential w = ves) Vg=U =3 v(1s) Ve =F = vas)
Vr=U £ Y(3s) VR=F Y(35) 71 Y(25) \ Z3 Y(25)
B 0.8 - I T Y(3s) R 0.8

\ <ol | N <
\\\\‘ 0.6 N X | I~ 0.6
4
\\‘k\; 0.4 041
&
'I"" 02 | - 0.2t
IA"’%" |
0.0 . . . ‘ n h : 0.0 . . . \ . . : 0.0 . . . . ! . 0.0 . . . . . ; :
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 I ] 50 100 150 200 250 300 ] 50 100 150 200 250 300 350 400
Npart Npart Npart Npart
1.0 ey 1.0 e I 1.0 : . : : . . 1.0 . : ; . . ;
VSyn=2.76 TV Pb-Pb 4 Qus-v(ls) VSun=2.76 TV Pb-Pb 4 Qis-v(ts) Vo= 200GeV Au-Au 4 STARV(S)IYI<05 Vown=200GeV Au-Au 4 STARY(IS)[YI<05
) A CMS - Y(25) ) A CMS - Y(25) A STARY(1s) |y|<1.0 A STARY(1s) lyl<1.0
ok CMS: pT<20 GeV and |y|<2.4 < Y(1s) 1 08l CMS: pT<20 GeV and |y|<2.4 1 Y(1s) ] 08| complex potential with o STARY(25) lyl<1.0 | 08| complex potential with 0 STARY(25) lyl<1.0 ]
complex potential with T2 Y(2s) complex potential with 2 Y(25) Vg=U £ Y(1s) VR=F 3 Y(1s)
Ve =U 70 Y(3s) Ve =F 70 Y(3s) 2 Y(2s) 2 Y(2s)
R= R= 7 Y(3s) = Y(3s)
0.6 1 0.6 - b 0.6 |- B 0.6 B

N

0.4 0.4

0.4 N 4

02 . o.zJ—; g
LIT7 77> ANANANNNNNNN
A S
00 b koo 0.0 bomeedevicn e b
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18 00 2 4 6 8 10 12 14 005 2 4 6 8 10 12 14
PT PT Pr Pr

j%
Raa
Raa
Raa

Sequential suppression pattern in all collision energies by taking strong V
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3. Bottomonium in 5.02, 2.76, 0.2 TeV

1.2 T T T T T T
VSyn= 2.76 TeV Pb-Pb A CMS-Y(1s)
1.0 CMS: pT<20 GeV and |y|<2.4 A CMS-Y(2s)
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helps to constrain the heavy quark potential via deep learning methods,

T T T
A STARY(1s) lyl<0.5

1.0
1.0 7




3.HQ potential at finite uz

Introduce baryon chemical potential in HQ potential
47TNC Nf
m T, B =T 1 —
VR(I‘, T, /J/B) = _%e—mdr + mi(l _ e—mdr) d( (27 ) \/ 3 O!( + 6 )
‘ 3Ny KB \?
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3.HQ potential at finite uz

Introduce baryon chemical potential in HQ potential

o o (T, up) T\/4”NC (1 4 Nf)
—_ — mg s UB) = o —
Ve(r, T, up) = ——e ™" + — (1 — e ™") 3 6
8 CrT . 2N + Np)w2\3T /)
Vi(r, T, ug) = —lg24F f(®, (2N; + Ny)m
" 1.3
- % z sin(z?) (J/Snn) = '
=2 — = |1- B (A/SNN
1@ ./0 az (22 + 1)? [ ZF ] 1 4+ 0.28./syn
CPC42,013103 (2018)
27— 1 T 1 T T ]
Correction from pp not evident. : Ti12tc  V(MB/T=LO) oo :
1, with V, V(u/T=3.0) - - - -
R V(kg/T=6.0) —-=-~ 1
. .. . . 0.8 I~ St 7
* Charmonium evolution in Bjorken medium o f "l |
= o060 S b
With a fixed pug /T ! \tg; ]
T(t) (to)1/3 E :
T(@t) \t/ 02 [ 25 ]
0 :__ﬁ_—cr"“'.""lm | |

0 0.5 1 1.5 2

* The effect of ug on charmonium suppression
Is weak at ug/T = 1.0

time (fm/c)

Tong, BC, PRC 106 (2022) 034911



Regeneration: Heavy quark coupled with QGP

N o BL > Rotational QGP: HF are strongly coupled with the
" rotational QGP.

HF carry the collective motion, and their spin
polarization affected by the vortical field ?

HQ detect the transverse profiles of QGP, via
sizablevy, vy, v3

— n
reaction plane

spectators o
participants

Charm directed flow:
Phys.Rev.Lett. 120 (2018) 19, 192301 s(70, %, v, 1) = So{aNeon + (1 = @)[Njarf 1 (1))

+ Nparef — ()] 1 (1)
(Il = ’70|)2)

6
T l T T l
Au+Au@200GeV,b=8.3fm, nr = 3.36

- ‘i".‘ . 4—qn’x’y=0](Ger,',n3)—9 — B f(m|) — €Xp <—6(‘7]| - ’7|(|))

262

>,

- (
- 0 n < —Nr
\ 1l I, - -]
before | - '.l The “firestreak’ I _ N+
collision v initial state _s_l MlleIC | l l_ f+ (;7”) o < W —Nr S ”H S fr
-4 -2 o
ooz |1 n > nr
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Regeneration: Heavy quark coupled with QGP

| — -
reaction plane

spectators o
participants

Charm directed flow:

Phys.Rev.Lett. 120 (2018) 19, 192301

v
| §=d V.
| LN
i
’

The “firestreak”
initial state

before \ -
collision

> Rotational QGP: HF are strongly coupled with the

rotational QGP.

HF carry the collective motion, and their spin
polarization affected by the vortical field ?

HQ detect"

BC, Hu, Zhang, Zhao,

I

-v= ((2S), pr>4GeV/c ]

=¥= Y(28), pr>0
- J/y, pr>4GeV/c
-®-J/y, pr>0

-©—- light hadrons

PLB I802 (2020)1135271
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S
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3
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n

Rapidity-odd distribution
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Regeneratlon Heavy quark coupled with QGP

> Rotational QGP: HF are strongly coupled with the
rotational QGP.

HF carry the collective motion, and their spin
polarization affected by the vortical field ?

HQ detect the transverse profiles of QGP, via
sizablevy, vy, v3

Introduce Fluctuations
in initial energy density

e(x, ‘L'()|b) —> 6(5(3, ‘L'()|b)
¥=(xr /143 cos[3(¢p,—V¥3)],

| I T

V sy =5.02TeV, Pb+Pb, b=6.8fm
L €elx,y] (GeV/fm®)

5 > p———

y (fm)
$

I I

I

» Figure from MUSIC: 1209.6330
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Quarkonium triangular flow v,

0.25 1 {/syy=5.02TeV, Pb+Pb 0-10% sinh(y — Vsuw=5.02TeV, Pb+Pb/" 0-10%
020 Inclusive J/y, 2.5<y<4 |:Cosh(y - 77)87_ 4+ Maﬁ + v - VT f"/) Inclusive J/y, 2-5<Y:‘}'
® ALICE data il ® ALICE data %
90.15- — _afTP + B, ( //
0.10 - 0.050
0.025 -
0051 Due to charm 000
o non-thermal 0150
0201 / distribution. 0.1251
0.100 -
o 0.15 1 £ 0.075 1
0.10 1 0.050 -
0.05. _ i d3pg d3pc d?’pa 025 -
- ~ 2Er | (27)32E, (27)32FE, (2w)32Eé‘1":Z:
02571 ,’I 30-50% Xché¢(3)fc(pcamaT|b)fé(pc‘:ama7_‘b) 125 -
x(2m)*6® (p + py — P — pe)
o 0.15 - // xO(T(x, 7|b) — T.), ("]
0.10 - :050
0.025
0.051 0.000
0.00 7 0 2 6 8

pr (GeV/c)

Zhao, BC, Zhuang, PRC 105 (2022) 034902

4
pr (GeV/c)

Triangular flows Weak dependence

on centrality.

It seems that HQ and quarkonium may be one of promising probes to detect the initial

rotations of QGP. The degree of HQ spin polarization by this QGP rotation deserves
further studies. ’
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V2

V2

V2

Quarkonium triangular ™.

Charm non-thermal distribution
_ given by Langevin

N~ Te=0.16 GeV
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J /¢ polarization

J/ P polarization including both initial production and regeneration:

Zhao. BC.,

Tsinghua transport model

h(y —
[cosh(y —n)0r + w&n +vr - V| fy

— —Oéf¢ + Ba
1 d3p cc
a(p,z,7|b) = 2E7 (27r)329E Wg¢(s)fg(pg,m,7)
g
xO(T(x,7|b) — T¢),
1 &Pp,  dp.  dPpe
blp2,7b) = 55, | @rys2E, @r)p2E, @r)s2E,

X W (8) fo(Per , T|) fo(Pe> , T|b)
x (2m)46™ (p + py — pe — Pe)
xO(T(x,7|b) — T¢),

au(P;U“) =0

Angular distribution of dilepton decay products
W(0,¢) (1 + Agcos® 0 + Ay sin® 6 cos 2¢) (pr)

34+ N
+ gy sin 26 cos ¢),

Eur.Phys.J.C 84 (2024) 8, 875

Significant polarization .

of /1 atlow pr
due to the regeneration
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Heavy quark polarization in B-field

® Landau-Lifshitz-Gilbert (LLG) equation
PRB 83, 134418 (2011)

a5 Y [Sx(H + Hy)] — ——— SX[Sx(H + Hyp)]
—_ 35X — 3 X|[SX
dt ~ 1+a? 11+ a? th
$ = s/|3| Polarlzatlon of.he?vy t.quark |s.|nduced by: © ®»
spin-magnetic field interaction H H
Unit vector + particle-particle interaction S x dS/dt

ds/dr ds/dt

Can be studied with Linear Response Theory s
Tianyang, Anping, Baoyi, released soon..

Langevin white-noise term
a =0.1 Damping factor
(Htn,i(t)) =0
—g ¢ Electric charge 20T
V=85, — ¢ (Hin,i(t)Hyn5(t')) = ﬁfsijfs(t —t').
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Heavy quark polarization in B-field

. eBy ® Z.F.Jiang, S. Cao, W. J. Xing, X. Y. Wu, C
_ eB1(t) = .F. g, S. , W. J. Xing, X. Y. Wu, C.
In med'.um_ (t) L )2 B. Yang and B. W. Zhang, PRC 105, no.5,
magnetic field eB, 22 42 054907 (2022)
eBy(t,z,y) = ——~ exp(—55 — 5.5/ M. Hongo, Y. Hirono and T. Hirano, PLB
L) 22 20
t Y 775,266-270 (2017)

® G. K. K, M. Kurian and V. Chandra, PRD
106, no.3, 034008 (2022)

5——mm™mMm ™ ™ ———— 7 ® A. Huang, Y. Jiang, S. Shi, J. Liao and P.
—— eBy(t) : Zhuang, PLB 777, 177-183 (2018)
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I ' 5F
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S|
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Liu, et al, BC, PRC110 (2024)034910 28



Heavy quark polarization in B-field

P p— 7\.\ . : 010~ S ~ .
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Spin polarization in RHIC: s and c quarks after movig out of QGP




Summary

® We study the in-medium HQ potentials from small (pp, pA) to
large (Pb-Pb, Au-Au) collision systems with charmonium
observables.
The Color screening effect is expected to be small and imaginary
parts of the potential dominates the quarkonium suppression.

® Heavy quarks strongly coupled with the expanding QGP, and HQ
is sensitive to the initial profiles of QGP energy density, which

makes HQ carry the information of rotational QGP.

® The spin-polarization of heavy flavor is discussed.
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4. J /¢ polarization in Pb-Pb

The angular distribution of the two decay products of J /1 reflects the
polarization of the quarkonium state in dilepton decays,

il
3+ Mg
+ Aoy sin 26 cos @),

W(,¢p) (14 Xg cos? 8 + Ay sin® 6 cos 2¢

0 and ¢ are the polar and azimuthal angles in a given reference frame

Polarization depending on the chosen frame (three selected frames):

() Collins-Soper (CS) frame: the z-axis is defined as the bisector of the
angles between the direction of one beam and the opposite of another
beam in the rest frame of the J/y.

@ helicity frame (HX), z—axis is defined as the direction of the J/y in the
centre of mass frame of two colliding nucleus.

(3) event plane frame (EP), z-axis is defined as the direction orthogonal to
the event plane

32



4. J /¢ polarization in Pb-Pb

polarization parameters (Ae, A¢, /194,) in different frames are connected with

Ny = Ao — 3A, Zhao, BC,
1+A Eur.Phys.J.C 84 (2024) 8, 875
0 )\¢ + A
¢ 14+A
s = Aoy C0820 — (Ag — Ayp)/28in 26
1+ A ’

With A = (\g — \g)/2sin° 6 — Agy/25in 25
And & to be the angle between two polarization axis.

Averaged polarization in total production

Mol = Nini(pr) Ag" (01) + Nreg (1) X (1)
pr Sin ¢ ) Nini(pT) + Nreg(pT)

\/ p2 + E2sinh®y

Mg/ Sinhy )

dCcS—_sHX = arccos
\/ p2 + E2, sinh? y

0HX_EP = arccos (
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Charm dlffusmns

VSNN-s 02 TeV Pb- Pb Teff‘o 16 GeV -
cent. 0-10% Te=0.20 GeV
mLangevin results Te=0.30 GeV
Te=0.40 GeV

0.4 Te=0.50 GeV
Te=0.60 GeV

Pan, et al, BC,
PRC108, 034903(2(

23)

Petrg—p(PD,XD) =

Hydro: 2+1 d ideal hydro
Initial maximum temperature : 510 MeV.

Charm momentum distribution at the
hypersurface of a fixed temperature

5 /dpcdxc dp; dN, dN;
=P ] T(2r)3 (27)3 dpedx. dp;

X5 (pe, P7)0 (P — Pe — Pg);
%03 (xp — x,),

Coalescence process for charm hadronization into D-meson

Final momentum distribution of D-meson
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