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1. introduction

Hydro expansion
of QGP or hadron gas
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1. introduction:Properties of charmed mesons

(1) For D mesons, producedat T =T,
(2) For / /Y or bottomonium,

they can be produced inside QGP with T > T, due to larger binding energies
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(3) For B, B7 20

I, J, P need confirmation.

Quantum numbers shown are quark-model predictions.
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(4) For X(3872)
tightly bound tetraquark/charmonium-like(2P) states ?
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2. Heavy quark dynamical evolution

d 22 c-quark, T-matrix (U-pot.)
p DS(ZTCT) — 5 o - - -c-quark, pQCD (,=0.4)
— _np _I_ € _|_ f - = c-quark, lattice, Ref.[35] _

g 35} e c-quark, lattice, Ref.[36] .
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Langevm + Instantaneous coalescence model ( LICM ) falPRL 2012
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2. Heavy quark dynamical evolution

(1) initial distribution

R 1rI11t1alpTl splectrlllml o —- _ NUCleUS'B
charm quark = = final py-spectrum, Dg(21T)= 57 NUCleUS A
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charm initial spectrum: FONLL model Charm initial positions:

Proportional to the N,,;; (X7)
Corrected by shadowing effect (EPS09)

(2) Charmonium coalescence at the hadronization temperature
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» gy = 1/12 Vector meson degeneracy factor from color and spin 6
> fo/ (X.,4,): Wignerfunction. (%,,q,)in the center of mass frame of ¢ — ¢




3. charmed hadron production

Wigner function: encodes the information of formed states
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relative momentum of two particles.

Give consistent formation conditions on the

The width ¢ in the Wigner function
is connected with the internal structure of the formed state

Hadron Spectrum in heavy-ion collisions
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3. Heavy quark polarization in magnetic field

® Landau-Lifshitz-Gilbert (LLG) equation  arXiv:1805.01776 (2018)

as Y [Sx(H + Hy)] ———L— Sx[Sx(H + Hyp)]
— = - X — X[S X
dt 1+ a? th)1 1 + a2 th
C _ =/1=2 (a) A (b)
S =5 stochastic dynamics of a spin in the B AH
Unit vector medium with magnetic field S x dS/ds
Polarization of heavy quark is induced by: ds/dr ds/dr

spin-magnetic field interaction
+ particle-particle interaction

_ Electric charge

_9l0|
- 2m

noise term

14 gyromagnetic ratio

<H.L (t)>=0
Damping factor th (L)

4aT
@=0.1 (to be determined later) < Hupi(OHy;(t) > = y2 6;;6(t —t)
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3. Heavy quark polarization in magnetic field
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‘Compare with the reference (PRB 83, 134418, 2011)


https://link.aps.org/doi/10.1103/PhysRevB.83.134418

3. Heavy quark polarization in magnetic field

Polarization rate: T dependence:
020+ 020+
I Mass = 1.5GeV = a=0.05 | : Mass = 1.5GeV = 1 =02GeV 1
T = 0.2GeV 1 eB = 20m7, T =0.3GeV
| eB=20mi = a=0.1 | | a=0A1 - =Vu. e |
0.15+ q=(2/3)e = a=0.2 8 0.15F q=(2/3)e == T =Dbjorken temperature

——

0 2 4 6 8 10
Time (fm/c) Time (fm/c)
Zhiwei, Anping, Baoyi, in progress

> Damping factor alpha do not affect the equilibrium value, only affect the rate.
» Higher temperature -2 smaller polarization
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3. Heavy quark polarization in magnetic field

Mass dependence:

1
0.8+

T 0.6; Yy = m=0.1GeV
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> Larger Quark mass
| » Higher B field

— smaller polarization
— larger polarization

B dependence:
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'PRB Volume 737, 7 October
| 2014, Pages 262-266
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https://www.sciencedirect.com/journal/physics-letters-b/vol/737/suppl/C

3. Heavy quark polarization in magnetic field

In the changing systems:

020
f Mass = 1.5GeV - b=42

T =0.2GeV
| a=0.1 = b=90 |
0.15¢ q=(23)e = b=10.2 1
, B ,
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+ (/) Preliminary -
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Further improvement:
'LLG + Spin-coalescence-model

Heavy quarks may hadronized in this time
iscale (where LLG equation stops)

The polarization of HQ may be partially
. preserved in charmed hadron.

6 8 10

'Magnetic field induced polarization &

thermal particle random collisions
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4. charmed hadron production: D meson

® D meson coalescence
—— IS (B — B, — B
(27-[)3 (27-[)3 dp, dp, D (Qr) (Py — P1 — P2)

d’Np J dp, ANAA

Pcc7—>D0 (ﬁM) — Hc—>D0

— <P, o(By) > K e
— cqg-D M events
dyudpr 21 1 Aym
» H_.,po =9.5% (20%): Charm turning into direct D? (D*°) at Tc
dN . . .
> dﬁlz charm momentum distribution
1
dN, .. T .
> e . light quark momentum distribution: Fermi.
2
10! e Cent0-10% 3
- D? meson  ® Cent.30-50%
§ 100 4 cent60-80%y @ We take the ratio of prompt D° over charm:
® 5.02TeV Pb-Pb ] N(D®)/N_ = 39%
- ALICE pp, arXiv:2105.06335
~§ ® Different thermalization: D (2T) = 5 (solid line)
> and D, (2ntT) = 2 (dotted-dashed line)
o
10 L

0 2 4 6 8 10
pr (GeVic) BYC, Jiang,Liu,Liu, Zhao, Phys. Rev. C 105, 054901 (2022)



4. charmed hadron production: J/y

1L — T T T T ]
o B /Y | Dy(21T)=5"
S s /Y, D,(21T)=2 ]
> « ALICE Data (inclusive J/¥) Theoretical bands:
S 102 ¢ 5.02 TeV Pb-Pb With/without
: Cent.0-20% ] the shadowing effect.
o i
o
B 103
= 10™ ¢ -
& 3
o
0 1 2 3 4 5 6 7 8

pr (GeV/c)
Experimental data:

Dominate J /Y production at high pT

[ \
inclusive production = primordial + B-decay + ¢ — ¢ coalescence |

Dominate at low pT and total yield

Theoretical calculation: c — ¢ coalescence
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4. charmed hadron production: X(3872)

> Root-mean-square radius of tetraquark:< r? >,= 0.30 — 0.54 fm?
» diquark (cq ) is formed firstly, then two diquarks form a tetraquark state.

1 . e
v S Molecule state with potential model
10° ¢ ~@- Tetraquark ,/(r?) ,=0.54 fm3 V —_ V _I_ V _I_ V + V
10! L —4~ Tetraquark /(r?) ,=0.30 fm | mole n w i p
S A ‘ 055 0555 056 0.565 0.57 0575 0.579
> 1072 | E—
z BE.(keV) | 1600.3 10985 698.4 3944 1806 512 3.3
-3 | E——
% 07— (r)(fm) 247 285 341 431 601 1052 22.60
= — I I I D I e .
107 ¢ E—— V() @308 359 436 561 800 H14.33 2894
——
107° |
10-6 [ —— ] 10_2? oo b b il—I—||Mloleéulel <r|>x=l3.0 Ifrn_
U 0 — Tl s
0 10 20 30 40 50 60 70 80 3 ule <r>,=9.0 fm 3
. [ —a— ]
T 55
> 10°F —a——a— 1
» Tetraquark yield is around © 0} —
40 times smaller than J /Y 107 ——
10-8;_ Il L | L 1 L 1 L 1 L 1 L | L 1 L | _;
» Tetraquark yield is controlled by UAR R ?(’;’ 419 (ff) B0
. entrality (%
both spatial and momentum part -
of the Wigner function Bands:

Volume dependence in freeze-out
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4. charmed hadron production: X(3872)

> Root-mean-square radius of tetraquark:< r? >,= 0.30 — 0.54 fm?
» diquark (cq ) is formed firstly, then two diquarks form a tetraquark state.

R e Molecule state with potential model
10° ¢ ~@- Tetraquark ,/(r?) ,=0.54 fm3 V —_ V _I_ V _I_ V + V
10-1 —4~ Tetraquark /(r?) ,=0.30 fm | mole T w i p
S A ‘ 055 0555 056 0.565 057 0.575 0.579
> 102 | — ]
z BE.(keV) | 1600.3 1098.5 698.4 3944 180.6 512 3.3
-3 E——
7 W0 —— ; (r)(fm) | 247 285 341 431 601 1052 22.60
q€ . , . , . , . VD (Em) | 308 359 436 561 800 14.33 28.94
I ' ' =S X(3872) " Mblecule' ]
— N ]
! 2 [ W [ X(3872) : Tetraquark] 12— ————T——T
O i 1o He, 2.76TeV, 0-20% e o
% 10-3 :_ iH’ 2.76TeV, 0-10%_: v -— ——— +—A— Molecule <r>i:9.0 frn_
) i d, 2.76TeV, 0-10% 3 104 |
Nl C N > Eo = ]
— 10%E § 10° £ —a——a— .
= ) ——
o 105 L ; e =
>§ 10—7 3 E 3
= ‘ : ; —
Z 10_6 E 502 TeV Pb‘Pb ___ 10’8? [ T SR S S R R SR R
S E Cent.0-20% Pt-spectrum 0 10 20 30 40 50 60 70 80
1077 —_ Centrality (%)
0 1 2 3 4 5 6 7 8 B d
anas:
ptr (GeV/c) _
Volume dependence in freeze-out
BYC, Jiang,Liu,Liu, Zhao, 16

Phys. Rev. C 105, 054901 (2022)



4. charmed hadron production: X(3872)

dN /dy

> Jx3s72) = 1/432

with X(3872) spin J=1
> Root-mean-square radius of tetraquark:< r? >, = 0.30 — 0.54 fm?
» diquark (cq ) is formed firstly, then two diquarks form a tetraquark state.

10! . . .
== J/Y
~@- Tetraquark
—4— Tetraquark

10° ¢ (r2) ¢=0.54 fm

10! L (r?) v=0.30 fm |
1072 L
107° |
1074k

107° ¢

1076 |

Molecule state with potential model

A ‘ 0.55 0.555 0.56 0.565 0.57 0.575 0.579

BE.(keV) | 1600.3 1098.5 698.4 3944 180.6 51.2 3.3
(r)(fm) 247 285 341 431 601 1052 22.60
V@) (fm) | 3.08 359 436 561 800 14.33 28.94

% T 2 T ¥ T 5 T
- Molecule <r>;=3.0 frni
@ Malecule <r>.=55 fm

10~2E1'I'|'1'|

Our tetraquark yield ~1072 is consistent with cho. Prog.Part.Nucl.Phys. 95,279-322 (2017);
when taking same coalescence temperature

Relations between tetraquark and molecule production:
ours is consistent with rate equation model _Rapp EPJA 57, 122 (2021) ;

different from AMPT model: Zhang PRL 126, 012301 (2021) ;

— maybe due to its different formation conditions. ‘[

1YIJde IV Ve v AU ) VI T IJ AL \ Tl

5fm < relative distance < 7fm
2Mp < pair mass < 2Mp-




4. Mesonic molecule production: T,

> T, includesT®,, T}, T¢H DO — D*0, pO/+ — p**+/0 p+ — p*+
> Wigner function is determined by the < r? >,

in preparation...

10! 3 T | | I | T T 3
[ 5.02 TeV Pb-Pb [y|< 2.4 — T,/ < 2> =3.0 fm]

EDS(ZTIT)=5(QGP) == Tee, ¥ <> =50 fm
10! £Ds(21T) = 8 (Hadron gas) -

—cc>

100
® c > (D° D)

® Shadow factor =0.65

® Molecules are produced at

1=0.12 GeV

<1?> =0.5 fm}

Three states are included in the results.

| | | | | |

0 50 100 150 200 250 300 350 400
Npart

® N, large: N..(b = 0)~35 per rapidity at 5.02 TeV Pb-Pb, (N.z)?* & N.&(N.s1)/2

® N_..small: T,.is more suppressed than X(3872), like at peripheral collisions.
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4. Mesonic molecule production: T,

» T,

D° — D*° p° — p** Dt — p*!
> Wigner function is determined by the < 7% >,

1.60e-05
1.55e-05
1.50e-05
1:45e-05
? 1.40e-05
*
& 1.35e-05
A 1.30e-05
=¥
1.25e-05
1.20e-05
1.15e-05

1.10e-05

Coalescence probability per one D and D*

. —— 3.5e-05
| 5.02 TeV Pb-Pb |y|< 2.4 pa ]
D,(2MT) = 5 (QGP) _ =be05i
" D,(2nT) = 8 (Hadron gas) = i
I s(2nT) =8 ( g )// i 25005
J<r’>=3.0fm i* i
o = 1 2.0e-05
*
;2
A 1.5e-05
ol A
1.0e-05
. 5.0e-06
— b=0.0fm
-+ b=78fm ] 0.0e+00
i L | L L L | L L | L
0.12 0.13 0.14 0.15
Coalescence temperature (GeV)
2309.02987

5.02 TeV Pb-Pb |y|< 2.4
Dy(2nT) =5 (QGP) 7]
Dy(21tT) = 8 (Hadron gas)

o, .< > (fm)



https://arxiv.org/abs/2309.02987

4. charmed hadron production: B,

0.0 L~

| /Suy =5.02TeV Pb-Pb
V<rz>g: =0.5 fm
- 722 Dy(2nT) =5.0

77 ® CMS,6<pr<11GeV/c & 1.3<[y|<23 ]
PEEFERTEE ,::::I...I. PRI SRS

| 2 Ds(2nT) =4.0
I £~ Dg(2nT)=7.0

Geometry size

35

3.0
25

<20
o
15

0.5

0.00..

7

1.0}

JSnyn =5.02TeV  Pb-Pb

4/<r2>BE~ =0.5fm —

=3 Dg(2nT)=5.0 1
® CMS,13<|y|<23 |
B CMS,|y|<2.3 p

Centrality 0-90% .

P TS SRR | TN VDTN [

15 2@ 28 =d @5
pt (GeV/c)

[ XX

0 50 100 150 200 250 300 350 400
Np

O.CC
PP — 1165 mb
dy

B, :spin0

fig: B.(1s)+ B.(2s->1s)

bb

0.
PP = 475 ub

dy

Bc

ovp _ (151.9 — 79.3) nb
dy

BYC, Wen, Liu, arXiv: 2111.08490

1) Bc final production is evidently enhanced,
due to a large number of c and b quarks in QGP.

c+b->B.+g

2) RAA>1 at central collisions:
QGP signal
RAA<1 at peripheral collisions:

absence of initial production
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4. charmed hadron production: B,

Geometry size

35

3.0
25

<20
o
15

0.5

0.00..

1.0}

JSnyn =5.02TeV  Pb-Pb

4/<r2>BE~ =0.5fm —
/; =3 Dg(2nT)=5.0 1
: ® CMS,13<Jy[<23 |
: B CMS,|y|<2.3 p
- Centrality 0-90% —
¢ ©& 1o 15 280 95 38 35

pt (GeV/c)

Different thermalization

2.5 Sy =5.02TeV  Pb-Pb ;
20} 73 D¢(2nT)=5.0 .
<15¢ -
o ; I
(T WA AT AN et acm BB
05} Z ]
[ ® CMS,6<pr<11GeV/c & 1.3<|y|<2.3
0.0>:'::}:::'}::':|....I::::|:'::}::::I::':I::
2'5;' (72 Dg(2nT) = 4.0 ]
5o £ DM =70
<15] [ <K
“ol MR
L o2 NS IS A LM AT A o)
10} 5%, ‘o 75555
05[ ) ]
[AoXane 1
OO0 e e 1
0 50 100 150 200 250 %300 350 400
Ci
doy:
dy
do,

By taking spatial diffusion coefficient D,(2nT) = 4 and 7

BYC, Wen, Liu, arXiv: 2111.08490

1) Bc final production is evidently enhanced,
diie tn a laroce niimher nf c and h nanark< in QGP,

+9

of charm and bottom quarks on B, production,
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5. Summary

® We study the heavy quark polarization in magnetic field.

> X(3872) as a tightly bound tetraquark and a hadronic molecule,
is formed via different processes.
Their production depends on the wave function of X(3872).
Therefore, heavy-ion collisions provide a new opportunity to
study the nature of X(3872), and Tcc

» B, meson is firstly observed in AA collisions,
evident enhancement of R,,: avery clear signal of QGP
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5. Summary

® We study the heavy quark polarization in magnetic field.

> X(3872) as a tightly bound tetraquark and a hadronic molecule,
is formed via different processes.
Their production depends on the wave function of X(3872).
Therefore, heavy-ion collisions provide a new opportunity to
study the nature of X(3872).

Thank You'very much for Yyour
attentlon!
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Vioi(r) [GeV]

Binding energy of X(3872)

» Molecule state based on potential model

Vinote = Ve + Voo + 1 +V,
arXiv: 2107.00969

A 0.9 0.595 0.56 0.565 0.57 0.575 0.579

BE.(keV) | 1600.3 1098.5 698.4 3944 180.6 512 3.3
(r)(fm) 247 285 341 431 6.0l 10.52 22.60
r2)(fm) | 3.08 359 436 561 800 14.33 28.94

Ol 777 — T 0.2 A —
0.05 i molecule Potential ] [ DD molecule state
) i Viot = Vit VitV VetV 1 = 015 <y>=76fm }
-0.05 |- 1= 01r 7
0.1 | Bind=100 keV 1 &= - Bind=100 keV |
0.05 - 7
-0.15 | 7 i T
_0.2 1 1 I 1 1 I 1 1 I 1 1 I 1 1 | 0 / 1 1 1 I 1 1 1 I 1 1 1 I
0 2 4 6 8 10 0 5 10 15

r [fm] r [fm]
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1. Properties of charmed mesons

B(B} — /¢ utv) = (2.37 — 4.54)%
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3. Heavy quark polarization in magnetic field

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

as Y [Sx(H + Hy)] ———L— Sx[Sx(H + Hyp)]
— = - X — X[S X
dt 1+ a? th)1 1 + a2 th
C _ =/1=2 (a) A (b)
S =5 stochastic dynamics of a spin in the B AH
Unit vector medium with magnetic field S x dS/ds
Polarization of heavy quark is induced by: ds/dr ds/dr

spin-magnetic field interaction
+ particle-particle interaction

0 7 Electric charge

y=— .. noise term
2Zm
<Hgp(t)>=0

a=0.1 Damping factor _ -l e
(to be determined later) B ch"(t)ch'] ) >=2yT 0;j0(t —t)
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® D meson coalescence
—— IS (B — B, — B
(27-[)3 (27-[)3 dp, dp, D (CIT‘) (Py — P1 — P2)

d’Np J dp, ANAA

cheDO(ﬁM) — Hc—>D0

— = <P .po(py) > X ———
ddepT 27_[ CCI—)D pM events AyM

» H_._po =9.5%: Charm quarks turning into direct D° at the phase transition
dN o

> dﬁlz charm momentum distribution

1
dN, . L
> dﬁzz light quark momentum distribution. See below.
2

> Assume all ¢ = D9 via the coalescence process, neglect the fragmentation.
This simplification works well in low or moderate p; region.

Light qu—.ulp A Ana A e LV R . B . e~e B ae
(loca After coalescence at T, )
. D meson continues diffusion in hadronic medium via Langevin, sark

;3

(with D, (2nT) = 8)
Until kinetic freeze-out T=0.14 GeV
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