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1. Introduction

heavy ion collisions & charmed hadrons

2. Production of charmed hadrons: D, X(3872), B,, J/y

D meson spectrum (c — g)

J /¢ spectrum (c—20) flows V4 3 3

B, production (c — b)
X(3872) as a tetraquark: c+c+qg+ g — X(3872) in QGP @Q

Tetraquark

as a meson molecule: c+ g - D, D% + D** - X(3872) in hauruing yas

3. Summary Ah
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®Different from pp collisions, AA collisions produce an extremely hot
de-confined medium:

significant color screening + parton inelastic scatterings

Light hadrons: produced at the boundaries of QGP phase transition T=Tc

Charmonium/bottomonium: primordial production + coalescence inside QGP (T>Tc)
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1. Properties of charmed mesons

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

they can be produced inside QGP with T > T, due to larger binding energies

J/p x. v Ds Di D° D*

V=F 142 - - 1.14 1.10 1.10 1.08
V=U 309 130 1.24 2.50 198 2.35 1.80

Tsinghua Group, Chin.Phys.C 44 (2020) 8, 084101

(3) For B, Bt 1(JP) = 0(07)

C I, J, P need confirmation.

Quantum numbers shown are quark-model predictions.

States of B, | 1S | 1P | 2S

Ty/T. (V =U)|3.27|1.59|1.41

T;/T. (V = F)|1.51] -

Liu, Carsten, etal, Phys.Rev.C 87 (2013) 1, 014910
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BYC, Zhao,

(4) For X(3872) Phys.Lett.B 772 (2017) 819-824

tightly bound tetraquark/charmonium-like(2P) states ? Molecular states?
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2. Heavy quark dynamical evolution

Temperature (GeV)

dﬁ N 5 jg | —— c-quark, T-matrix (U-pot.) = = ]
— - — [— = -c-quark, pQCD (c,=0.4) ]
—— = —hnp + f DS(ZnT) 40F w  cquark, lattice, Ref.[35] .
dt 351 e c-quark, lattice, Ref.[36] N
) 30 _—-—-D-meson ____________ _
n=x/(2TE) kD, = 2T g 250\ :
200 ]
DSI K: 15_- ‘\‘ 4
Spatial and Momentum Diffusion coefficients 12{ \’\M
0 0i6 . Ot8 I 1f0 ‘ 112 I 1f4§l 116 ‘ 118 ‘ 2.0
‘ Langevin + Instantaneous coalescence model (LICM) |etalPRL 2012
0.6 ] T
5.02 TeV Pb-Pb — cent.0-20% Charm
0.5 lyl<0.9 - - - cent.20-40% T>T (Langevin equation)
A ¢ |
04 | v — = cent.40-60% | (|c|v|)’ \
\ | C.harrr.m """" cent.60-80% cC — ]/¢ g l Tc
031} o diffusions - _
ccqq — X(3872) cq— D (ICM)
cb - B_.g
0.2 j ¢
T, D meson diffusions
0.1 D meson ] in hadronic medium
diffusions free streaming {Langevin)
O ! ! ! ! ! !
0 2 4 6 8 10 12 14 16 18 Tfreeie—out
Time (fm/c) (ICM) Molecule X(3872)



2.

d’°N/dydpt (GeV/c)!

Heavy quark dynamical evolution

randomly generate heavy quarks in Pb-Pb collisions

L
10! L charm quark — initial py-spectrum j Nucleus-A Nucleus-B
= = final pp-spectrum, Dy(2TtT)=5 ]
100 | = , = final pp-spectrum, Dy(2TT)=2+

+ final pp-spectrum, Dy(2TT)=1]

107 L ]
102 £ ]
sk LT~ LT ] . i, B}
TP =17 antest b b

a0 ] o Ty (X7 — _)TB(xT 5)

104 E Lo 3 de 2
0 2 4 6 8 10
pr (GeV/c)
charm initial spectrum: 5.02 TeV pp collisions in Charm in_itial positions: .
central rapidity |y|<0.9 via FONLL model produced in parton hard scatterings,

Final spectrum: obtained via Langevin equations ~ Proportional to the Neoy; (X7)
in Pb-Pb collisions
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2. Heavy quark dynamical evolution

coalescence via ICM model

® Charmonium coalescence at the hadronization temperature

. L L APy A, ANy dPNp
Povc G i) = O | diad8s 5 5 o A G )

X1+X>

X5(3)(5M —P1 — 132)5(3)(9_5M i )

» gy = 1/12 Vector meson degeneracy factor from color and spin
d?Nq 2N,
dxX1dp4 dx,dp;

» ¢+ ¢ = YP+g, the gluon momentum has been neglected to get the relation
Pu = D1 + D>
> fo (X.,q,): Wigner function. (X,,q,)in the center of mass frame of ¢ — ¢

- anti-charm

A\

: one test particle distribution (represent charm);

» Wigner function: the Weyl transform of the hadron wave function
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3. charmed hadron production

Wigner function: encodes the information of formed states

~Ccm ~Ccm

X v = _

W - - _ r 2 2 X, = x1 xz

f]/¢ (xr; QT) = 8exp [_ F —0 qr] L Zvlcmﬁfm — ESmpem
\ / i == g
,  4(my+ ms,)> 5 Give consistent formation conditions on the
=3 m2 + m2 ST 2M | relative distance and
5 _ ) relative momentum of two particles.
<r®>;y=054fm

The width o in the Wigner function determined by the wave function
Wave function plays a crucial role.

Hadron Spectrum in heavy-ion collisions
(ANCI%A 2
Aym

d’N d
Y > 4P v, D
o = | A G < Perey Gt ) >evenss

-

" . . b . b doss |
AN = [ dirTCir = DTGy +3) 52 Re(b #r)bvee

cc
dopp _ 1.165 mb Shadowing factor. It reduce around 30% of charm g)airs

5.02 TeV: 5
y at 5.02 TeV Pb-Pb collisions




3. charmed hadron production: D meson

® D meson coalescence
dp, dp, dNydN, W
- _ - (3) - 2=
PCZ{—)DO(pM) - I_IC—>D0 (27_[)3 (27_[)3 dﬁl dﬁz fD (CIT)X6 (pM P1 pZ)

2 AA
= = cg—»DO\PUM) “events ™ "y
dyudpr 21 Aym
» H.,p0=9.5% (20%): Charm turning into direct D? (D*°) at Tc
dN . . .
> dﬁlz charm momentum distribution
1
dN, .. . .
> E . light quark momentum distribution: Fermi.
2
10! e Cent0-10% 13
iy D% meson  ® Cent.30-50% |
§ 10° A Cent60-80% 3 ® We take the ratio of prompt D° over charm:
3 5.02TeV Pb-Pb N(DO)/ch = 399,
= 107 1y1<0.9 4 :
= ; ALICE pp, arXiv:2105.06335
ﬁ 102 + @ Different thermalization: Dy (2mT) = 5 (solid line)
> 03 > ] and D, (21tT) = 2 (dotted-dashed line)
ST e TEEes
107 -
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3. charmed hadron production: J/vy

1L L
10 ms /Y | D(21T)=5 3
\—Ii ]
= e /Y, Dy(2NT)=2
; « ALICE Data (inclusive J/¥) A Theoretical bands:
3 102 L 5.02 TeV Pb-Pb - With/without
: Cent.0-20% ] the shadowing effect.
D_‘ _
o
2 3
~~ 10_ F -
& .
o
0 1 2 3 4 5 6 7 8
. pr (GeV/o) Dominate J /1y production at high pT
Experimental data: : A ‘
inclusive production = primo'rdial + B-'decay + ¢ — C coalescence
Dominate at low pT and total yield
Theoretical calculation: c — C coalescence
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3. charmed hadron production: X(3872)

dN/dy

> 9x(3872) = 1/432

with X(3872) spin J=1
> Root-mean-square radius of tetraquark:< r? >, = 0.30 — 0.54 fm?

101 ; ; :

== J/Y
10° ~@~ Tetraquark /(r?) ,=0.54 fm?3
10-1 L S —4~ Tetraquark /(r?),=0.30 fm |
10-2 [ | —
T e — E—
107 | e
107 |
1076 | ‘

0 10 20 30 40 50 60 70 8
Centrality (%)

» Tetraquark yield is around
40 times smaller than J /Y

» Tetraquark yield is controlled by
both spatial and momentum part
of the Wigner function

Molecule state with potential model

A ‘ 0.55 0.555 0.56  0.565 0.57 0.575 0.579

BE.(keV) | 1600.3 10985 698.4 3944 180.6 51.2 3.3
(r)(fm) 247 285 341 431 601 1052 22.60

VD (fm) | 308 359 436 561 800 1433 2894

0.1 —————————

[ molecule Potential ]
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(7] 0r
9, L |
. -0.05 |- b
= L i
g -0.1 . b
” ol Bind=100 keV |
oo L
0 2 4 6 8 10
10—2 E T I [flu] T T T T T T

T T T T T T T T
HEBH Molecule <r>;=3.0 fm 3
103 L @ Molecule <r>,=5.5fm ]
P e 3

E +—4&— Molecule <r>,=9.0 fm 3

L
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S 10°k ———
zZ : E
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3. charmed hadron production: X(3872)

d’N/dydpt [(GeV/c)]

> 9x(3872) = 1/432

with X(3872) spin J=1
> Root-mean-square radius of tetraquark:< r? >, = 0.30 — 0.54 fm?

10 . . .
= J/4
10° ¢ ~@~ Tetraquark /(r?) ,=0.54 fm?3
10-! —4~ Tetraquark /(r?),=0.30 fm |
[E—
% 10-2 {E——
; 103 [ o —
10! T T
=3 X(3872) : Molecule'
02 L W 0 X(3872) : Tetraquark
kel F—o—i SHe, 2.76TeV, 0-20%
158 L —=— {H, 2.76TeV, 0-10%
2 —— d, 2.76TeV, 0-10% 3
104
107 3
106 F "5.02 TeV Pb-Pb ' N
Cent.0-20% Pt-spectrum ;
10-7 . I ] . | . I

0 1 2 3 4 5 6 7 8

pr (GeV/c)

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) 2.47 2.85 3.41 4.31 6.01 10.52  22.60
w/(ﬂ)(fm) 3.08 3.59 4.36 5.61 8.00 14.33 28.94
0.1 —————
[ molecule Potential ]
0.05 - B

; Viot = VitV tVptVgtVy
(<7} 0
S H l
— 2005 .
= | ]
s -0.1 . e
" oish Bind=100 keV |
0.2 U B R
0 2 4 6 8 10
-2 —rHmb—T— T T T T T T T 1
107 ¢ HEH Molecule <r>,=3.0 fm_
103 _ ’ —@— Molecule <r>;=5.5 fm_;
E = +—4&— Molecule <r>,=9.0 fm 3
T ]
% E — e E
= 105 ] y
Z : :
S el — -
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- : ]
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0 10 20 30 40 50 60 70 80
Centrality (%)

Bands: Volume dependence in freeze-out temperature



3. charmed hadron production: X(3872)

dN/dy

> 9x(3872) = 1/432

with X(3872) spin J=1

> Root-mean-square radius of tetraquark:< r? >y= 0.30 — 0.54 fm?

10!

Molecule state with potential model

m J /Y A ‘ 0.55  0.555 0.56 0.565 0.57 0.575 0.579
10° ¢ ~@~ Tetraquark /(r?) ,=0.54 fm?3
o Tetraquark /(%) —0.30 fn BE.(kéV) | 1600.3 1098.5 698.4 3944 180.6 51.2 3.3
107" b x=4 ]
[ (r)(fm) DAl 2.85 341 431 6.0l 1052 22.60
1072 | e V2 (fm) | 308 359 436 561 800 1433 2894
10-3 [ ——— [— 01 E—
—_—0— 0.05 B molecule Potential ]
1074 L O »;\ UL Viot = Vit VgtV + VgtV
—_—— v 0r
105 | <) I ]
. -0.05 .
O E o 1 N
> DinA—=1NN LLA\/ 1

Our tetraquark yield ~1072 is qualitatively consistent with cho. Prog.Part.Nucl.Phys.

95,279-322 (2017);

Relations between tetraquark and molecule production:

ours is consistent with rate equation model

our molecule production is a few times smaller.

Rapp EPJA 57, 122 (2021) ;

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

- maybe due to its different formation conditions. -[

5fm < relative distance < 7fm

2Mp < pair mass < 2Mp-



3. charmed hadron production: X(3872)

® Estimate the R , of X(3872) at low Pr Wigh:etgaiua’k Osginl?fio
an r y— U. m

» In pp collisions: NX(3872)/N¢(ZS) 0.1 p— N§§,3872)/N]/¢ ~ 8x1073

pp
at low multiplicity pp 8TeV collisions, l
LHCh: PRL 126, 092001 (2021) RXG872) gV . 2.8
in central Pb-Pb 5.02 TeV
® x(3872) at high py |
) 1.7 nb™ (2018 PbPb 5.02 TeV)
1 CMS Preliminary pp (7 TeV, CMS) NX(3872)/N¢(2S) 0.3
i Iyl <12 .
[ PbPb (5.02 TeV, CMS) ® |Inclusive
CF e o o Enhanced compared with pp
« 1_ ________________________ 1..___..._.___..__f__._N_fT_‘fff’_T.‘f‘_ ........
v 5!:*%:% We can also extend above calculation to
T T T T the T .. production: in progress...

10—2 [ |
10 20 30 40 50 60 70

Pr T..: D°D*
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| [ Dg(2nT) =4.0
£ Dg(2nT)=7.0

Y0 750 100 150 200 250 300 350 400
Np

3. charmed hadron production: B, / Geometry size

31 JSan =5.02TeV‘Pb-Pb ]
2.5 / =7 Dg(2nT) =5.0 ;

F ® CMS,13<|y|<23 |
520- mCMS,Jy|<2.3 :
L5F Centrality 0-90% .
1.0f ] . .
0.5L :
0.0:....|,...|... el g0 v By ey el

& 5 18 15 20 25 3 55
pt (GeV/c)

fig: B.(1s)+ B(2s->1s) States;
all spin states are included

Event-by-event c(b) quark
realistic Brownian motion

O-CC
PP — 1.165mb
dy
bb

dv

dO.BC
0 _ 475 ub d_;p = (151.9 — 79.3) nb

BYC, Wen, Liu, PLB 834, (2022) 137448

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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3. charmed hadron production: B,

/ Geometry size

I 21 Dy(2nT) = 4.0 ] 1.0t
£ Dg(2mT) =7.0 ’

EERE U R T wg [ Gy ha o Ra & & "I |
3.5 I JSNN =5.02 TeV
3.0} V<r¥>g: =0.5fm
257 =7 Dg(2nT) =5.0 ;
: ® CMS,13<Jy[<23 |
$2.0¢ = CMS,|y|<2.3 :
2« o i
15¢ Centrality 0-90%

Pb-Pb

2.0 \ ] i ]
NI\ 05! LI IIIIIIE
5' } N Ne 0.0:.‘..|‘...\....|....|....|,...1..H|:
A T S GRBHD. VS 0 5 10 15 20 25 30 35
oslh pr (GeV/c)
2% jis'o 100 150 200
BYC, Wen, Liu, PLB 834, (2022) 137448
fig: B (1s)+ B(2s->1s) Statys; 1) Bc final production is evidently enhanced,

all spin states are includ

due to a large number of c and b quarks in QGP.

doy, Different thermalization
;1? of charm and bottom quarks on B, production,
—d§ By taking spatial diffusion coefficient D.(2nT) = 4 and 7

dy



3. charmed hadron flows: J/Y v{; v, V3

Input: Due to the fluctuation of nucleon positions in event-
Different initial energy density by-event collisions,

. . Triangularity is include via a deformation factor
‘l' '] 'o' 'li -
l - —_— ~
U A Vi e(x, 0|b) — €(&, T0|b)
e ! ———— \77/§ _______________ o
E e i With ¥ = (xT\/l + €5 cos[3(¢p — W3)], P, n)
U i | ' ' L
before | [ | - The “firestreak”
collision Vv v initial state The reference angle
6 Y2 = 0 is taken
Au+Au@200GeV,b=8.3fm, nr = 3.36 Y3
4 e[n,x,y=01(Gey/fm3) .
A \s\ss B Longitudinal Alver,et PRC 82 (2010) 034913
E LI 7 rotated medium
< ||
2 \ \ \\ - -
o : - S_Z;](m,h"‘ .
-6 -|4 -Iz tI) z|> )1
! Eo | ]
Rapidity-odd distribution | | ‘ | | N
Transport model for charmonium + hydro for QGP Zhao, BYC, Zhuang, PRC 2022
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3. charmed hadron flows: J/Y v{ vy, v;

Developed by :

Boltzmann-type transport model Pengfei Zhuang, Xianglei Zhu,

from Tsinghua Group Li Yan, Kai Zhou, Yunpeng Liu,
BYC, et al ....
0 inh(y — 0
cosh(y — n) 5 + > (‘3 ) o + v - VT] fv = —aw fo + By
Color screeing
/ + gluon dissociation
o,z 7i0) = i [ o EPEWE (9, (g, 1O (@, 7lb) ),
2Er | (2n)32E, 9%

1 d°p &Bp.  dpe
B\If(pam77-|b) / ( Z

2Er 2m)32E, (2r)32E, (2m)32E;
xWE (5) fe(pe, , le)fc(pc,:v 7|b)
x (27) 45<4>(b\ pg —be — pe)O (T (z, 7|b) — Tv).

Charm dynamical evolution

in the anisotropic hot medium
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3. charmed hadron flows: J/Y v{ vy, v;

' - - - 0.25 1 /sy =5.02TeV, Pb+Pb 0-10% 0.150 | /5—=5.02TeV, Pb +Pb’/’ —
[ [ [ I 1 0.20 4 Inclusiv J/y, 2.5<y<4 0.125 - Inclusiv J/y, 2.5<y<4/l
0.10 =i Jiv, pr>0 - '  DUICE daa ® AUCEdata //
N T 3 Jly, pr>4GeVic 1 ey 0.100 A X
' ] ™ 0.075 -
i _] S
(;) 0'053 ] 0.050
= : 0.025
© 0.00} -
9 ' 0.000
° i
o -0.05¢ — 0.150 -
a 1 0.125
-0.10— -] 0.100
: } } } i T— { s ] &£ 0.0751
010 23 9(28), pr>0 ] 0.050 1
Ny T I y(2S), pr>4GeVic | 0.025 -
[ ] 0.000
3 0.05- .
2 [ ’ 0.150
= [
© 0.00} . 0.125
b : ] 0.100
§ —0.05;— - £ 0.075 1
(m] 0.050
-0.101- ] 0.025 A
L | - | 0.000
-4 -2 0 2 4 i
; 0 2 4 6 8
17 pr (GeV/c) pr (GeV/c)

Weak cent.-dependence

Directed flow: PLB 802 (2020) 135271 Elliptic flow and triangular flow: PRC 105 (2022) , 034902

® Longitudinal tilted distribution: medium rotation
® Elliptic shape of initial energy density: geometry overlap
® Triangular shape of initial energy density: event-by-event fluctuations.
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4. Summary

® We study the formation of charmed hadrons in the QGP.

> X(3872) as a tightly bound tetraquark and a hadronic molecule,
is formed via different processes.

the wave function of X(3872) is crucial for the thermal production .

Therefore, heavy-ion collisions provide a new opportunity to
study the nature of X(3872).

» B, meson is firstly observed in AA collisions, evident
enhancement of R 4,.

Besides, collective flows of X(3872) and Bc are also expected.
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4. Summary

® We study the formation of charmed hadrons in the QGP.

> X(3872) as a tightly bound tetraquark and a hadronic molecule,
is formed via different processes.

the wave function of X(3872) is crucial for the thermal production .

Therefore, heavy-ion collisions provide a new opportunity to
study the nature of X(3872).

» B, meson is firstly observed in AA collisions, evident
enhancement of R 4,.

Besides, collective flows of X(3872) and Bc are also expected.

Thank you'very much for Your attention!
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