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— Relativistic heavy ion collisions
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: XNU
— Charmed hadrons, SU(4) Negass”
2 cram=+ 2PN T 1) Charmonium states :

Uuc-p%z® Charm = +1 r]C, J/LlJ, XC, LIJ’

2) Charmed baryons
and mesons : D, D¥,

o- esons F Baryons D,, D.*, A.(2286), A.(2595),

A. De éﬂjulc, H. Georgi, And S. Glashaw, mh /\C(2625) / ZC(2455) / ZC(2520) /

Phys. Rev. D 12, 147 (1975) N =.(2470), =.(2578), =.(2645),
=t Grarm e 12 Q_(2695), Q.(2770)

weny cam=+1 3] DoOubly and friply
charmed hadrons,
exotfic hadrons : =, =*

(e(e = (CC”

E:’.‘:harmﬂ} QCC' Q*CC' QCCC', TCC' X(3872)

1- Mesons 3* Baryons R. A. Briceno, H.-W. Lin, and D. R. Bolton,

2 Phys. Rev. D 86 094504 (2012)
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1) Charmonium states :
nc, J/y, xc, @’

2) Charmed baryons
- = and mesons : D, D¥,
0- Mesons T"E: ciaryons DS' DS*' /\C(2286), /\C(2595)'

L A.(2625), T.(2455), T.(2520),
=_(2470), =_(2578), = (2645),
Q.(2695), Q.(2770)

weny cam=+1 3] DoOubly and friply
charmed hadrons,
Jwst" exofic hadrons @ =, =* ...
onarm =0 Qcc' Q*cc' Qccc', ch' X(3872)

R. A. Briceno, H.-W. Lin, and D. R. Bolton,
Phys. Rev. D 86 094504 (2012)
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— Recent measurements of a doubly
charmed baryon in 2017

PRL 119, 112001 (2017) PHYSICAL REVIEW LETTERS 15 SEPTEMBER 2017

5

Observation of the Doubly Charmed Baryon Z}*

R. Aaij er al.”

(LHCb Collaboration)
(Received 6 July 2017; revised manuscript received 2 August 2017; published 11 September 2017)

Particle m [MeV] (a.J%

- T.. (ccag) mesons o 019

S. Cho et al. (EXHIC Collaboration), Phys. Rev. C 84, 064910 (2011)
S. Cho ef al. (EXHIC Collaboration), Prog. Part. Nucl. Phys. 95, 279 (2017)
J. Hong, S. Cho, T. Song, and S-H. Lee, Phys. Rev. C 98, 014913 (2018)

— X(3872) mesons [xGar2) ISPy =0T

Mass m = 3871.68 = 0.17 MeV
J. Beringer ef al. (PDG), Phys. Rev. D86, mx(3g72) — My = 175 = 4 MeV

010001 (2012) Mx (3872) — My(25)
Full width ' < 1.2 MeV, CL = 90%

S.K. Choi et al. [Belle Collaboration], Phys. Rev. Lett. 90, 242001 (2003)
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— Intfernal structure of X(3872) mesons

1) Possible structures of X(3872) mesons, 3 independent relative
coordinates »

D. M. Brink and Fl. Stancu,
Phys. Rev. D 49, 4665 (1994) 9 4

2) The relative coordinates and momentum of X(3872) mesons

mi17T1 + mara + mars + mary

R =
m1 +ms2 + m3 + my
Fl =71 — 7
o T+ maly
2 M + Mo
L, MT] +moTy +mary
T'B = — T4
my + mo +Mms
. = — — — T
k = pir + Prr + Pt + Pers k = Pir + Prr + ot + Dot
T = Ml — MuPpp 7 mpPip — My Py
1 — 3 'l =
Ty + g ! my + my
- me(Pir + Pip) — (mu +mp) Py iy = MePyp — MePer
2 my + mjp + Mg ' me+me
o WA e + Bl + Blr) — (mu + g+ me )iy r_ (me 4 me) (@ + D) — (mu + ) (Per + Per) o5
Virtua ks = - t2) kg = :

my + mp+ Mme + Mg my + myp+ M, + mg



Physics Potential — some examples

* Heavy-flavor and quarkonia

Multiply Heavy Flavoured hadrons. e.g.: =, Q., Q..

Y12 States -
Hadron formation from

deconfined QGP

4

Ultimate precision on B mesons at low py
X, Y, Z charmonium-like states (e.g. X(3872))

* Low-mass dielectrons

Chiral symmetry restoration

Precision measurement of the thermal dilepton
p-al sector

continuum, 0 < m < 3GeV

L]

Real soft photons
down to 50MeV/c

QGP Radiation
unchartered phase space region

.

Real ultra-soft photons
Very low p; photons: 1MeV/c < p;' < 100MeV/c

dedicated small forward spectrometer at 3.5< |n| <5)

§ 8§ ¢3

Test of soft theorems

L. Musa (CERN)} — SQM, Bari, 10-15 June 2019 11

L. Musa (CERN), Strangeness in Quark Matter 2019, Bari, June 10-15

I Parallel Session - Heavy flavor IV (16:20-18:00)

-Conveners: Tserruya, Itzhak (Weizmann Institute of Science (IL))

time [id] title presenter
17:20 [232] LHCbh measurements of the exotic tetraquark candidate X(3872) in high DURHAM FOR THE LHCB
multiplicity pp and pPb collisions COLLABORATION, John

Matthew (Los Alamos
National Laboratory)

17:40 [517] Observation of X(3872) in PbPb collisions with the CMS detector LEE FOR THE CMS
JUIy 4Th, 202 COLLABORATION, Yen-Jie

;i (Massachusetts Inst. of JM Workshop @ 8
Virtual Work: Technology (US)) P



Ratio of X(3872) to w(2S) Yields in pp and PbPb

c c (2 1.7 nb™' (2018 PbPb 5.02 TeV)
(Corr) / N( or1T) E
R p— N = CMS Preliminary pp (7 TeV, CMS)
X(3872)  yw(2S) - <12
" PbPb (5.02 TeV, CMS) ¢ Inclusive
10k |y| < 1.6, Cent. 0-90% pp (8 TeV, ATLAS)

In PbPb collisions: - I Prompt vl <0.75

| e Prompt

© Nonprompt

........................ +

R =1.10£0.51 (stat.) £0.53 (syst.) o 1

Indication of R enhancement in PbPb 107 e o ’
collisions with respect to pp at 7 and 8 TeV P —o— N
10—2IIIIIIIIIIIIIIIIIIIIIIIIIIIII
10 20 30 40 50 60 70
CMS-PAS-HIN-19-005 ‘ pT

Yen-jie Lee (MIT), Quark Matter 2019, Wuhan, November 4-9
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— Recent publications on X(3872) mesons

Deciphering the nature of X(3872) in heavy ion collisions

Hui Zhang,!'* Jinfeng Liao,?* T Enke Wang,!** Qian Wang,’:%: % and Hongxi Xing': ¥
' Guangdong Provincial Key Laboratory of Nuclear Science,
Institute of Quantum Matter, South China Normal University, Guangzhou 510006, China
2 Physics Department and Center for Erploration of Energy and Matter,
Indiana University, 2401 N Milo B. Sampson Lane, Bloomington, IN 47408, USA
3 Theoretical Physics Center for Secience Facilities,
Institute of High Fnergy Physics, Chinese Academy of Sciences, Beijing 100049, China

X(3872) Transport in Heavy-Ion Collisions

Biaogang Wu,! Xiaojian Du,? Matthew Sibila,® and Ralf Rapp!

TCyelotron Institute and Department of Physies and Astronomy,
Texas ALM University, College Station, TX 77843-3366, USA
“Fakultit fur Physik, Universitit Bielefeld, D-33615 Bielefeld, Germany
I Department of Physics & Astronomy, Ohio Northern University, Ada, OH 45810, USA
(Dated: June 18, 2020)

The nature of X(3872) from high-multiplicity pp collisions

Angelo Esposito,! Elena G. Ferreiro,? Alessandro Pilloni,** Antonio D. Polosa,® and Carlos A. Salgado?

! Theoretical Particle Physics Laboratory (LPTP),
Institute of Physics, EPFL, 1015 Lausanne, Switzerland
2Instituto Galego de Fisica de Altas Enercias — IGFAE,
Universidade de Santiago de Compostela, E-15782 Santiago de Compostela, Galicia-Spain
3 Buropean Centre for Theoretical Studies in Nuclear Physies and related Areas
(ECT*) and Fondazione Bruno Kessler, Villazzano (Trento), [-38123, Italy
S Jul YINFN Sezione di Genova, Genova, I-16146. Italy 10
Virt 5 Dipartimento di Fisica and INFN, Sapienza Universita di Roma, Piazzale Aldo Moro 2, 1-00185 Roma, Italy



Charmed hadrons
IN heavy ion collisions

— Charmonium states

T. Matsui and H. Satz, Phys. Lett. B 178 416 (1986)

1) J/w suppression and Debye screening
At T>T_ color charges are Debye screened in QGP, and the Debye
screening prevents the formation of the bound states

2) The different charmonium states melt sequentially as a function
of their binding strength;
the most loosely bound state disappears first, the ground state last

‘ ‘ ‘ T<T, | | l T~1.1T,

W Xc ITAd W Le v

H. Satz, J. Phys. G.
32, R25 (2004)

o JUly 4th, 2020 ‘ 1 T~Te | | | T>>Te ond CENUM Workshop @11
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— Regeneration of J/p mesons

1) The nuclear modification
factor of J/y mesons

B. Abelev et al, (ALICE Collaboration),
Phys. Rev. Lett. 109, 072301

0.3

" @ ALICE (Pb-Pb s, = 2.76 TeV), centrality 20%-40%, 2.5 <y < 4.0

02

04 global syst = + 1.3%

0 1 2 3 4 5 6 7 8 9 10

GeV/c
July 4th, 2020 Py (Gevic)
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1.4
m ALICE (Pb-Pb 5,,,=2.76 TeV), 2.5<<4 global sys.=+ 12%
1.2 o PHENIX (Au-Au |5, =200 GeV), 1.2<[y|<2.2 global sys.=+9.2%
o PHENIX (Au-Au |5, = 200 GeV), [v|<0.35 global sys.=+ 12%
1

E% Eﬂm$ f
#

04 45 @ g,
02 ® # 5 @
0650 100 150500 250" 800 850 400

(N

2) Elliptic flows, v, of the J/y

E. Abbas et al, Phys. Rev. Lett. 111, 162301 (2013)

2nd CENuM Workshop ® 12



Multi-charmed hadron productiofn.,:
. . g NSguss
IN heavy ion collisions

— Yields of hadrons in the coalescence model

V. Greco, C. M. Ko, and P. Levai, Phys. Rev. C 68, 034904 (2003)
R. J. Freis. B. Muller, C. Nonaka, and S. Bass, Phys. Rev. C 68, 044902 (2003)

"1 p-do d’p.
NCoaI: [ [ 'fX-, _ fW X, oo XD Dyyeee
g[{l;[gi o £ p.)} (%% Pyyes Py)

1) The Wigner function, the coalescence probability function
fW(X11""Xn Py pn)
— d _epiyi * X —|—£,'“,X +h X _h’...,x _h
j];[ yl 4 [ 1 2 n 2 jlﬂ( 1 2 n 2

2) A Lorentz-invariant phase space integration of a space-like
hyper-surface constraints the number of particles in the system

d3p.
in°d0i 5 i f(xi, pi) =N,

3
( 7[) Ei 2nd CENuM Workshop ® 13
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— Hadron production by recombination Negass/

: Transverse momentum distributions of hadron yields

1) The puzzle in antiproton/pion ratio

V. Greco, C. M. Ko, and P. Levai, Phys. Rev. Lett. 90, 202302 (2003)
R. J. Freis. B. Muller, C. Nonaka, and S. Bass, Phys. Rev. Lett. 90, 202303 (2003)

originated from a competition 18
between two particle 4

. . 1.2
production mechanisms e |

. . -

: A fragmentation dominates £
at large fransverse momenta < .t

2o

and a coalescence prevails 0.4
at lower transverse momenta 0.2 f

Au+Au@200 AGeV |

(central)

[}f_ﬁ|||I||||I||||I||||I||||I|

July 4th, 2020
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— Multi-charmed hadron production pass’
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1) Yields in the statistical hadronization model

> 103 E ! o —

=> Fi 5 - - ] K®) E wille mlila - [e! = E
S [ Ab AU-AL {[5/,4200 GeV | | = Po-Pb sy=2.76TeV 3
Z 1 - _
© 102_ - 2 102 ? e E
g1 o3 E S f o T T E
= ] o 10¢ w =
£ B 1 £ = f
=5 ‘Ei'__',_LA = - —
S 10F RE = 1L -
n —— — ] g [ o §

F i ] B .

I & A ] 107 - E

1 L Data Ehey - E -

F O ISTAR & P i3 102 E

[ [ PHENIX ]  m Data, ALICE, 0-10% ]

I A - ) S —

107k £ BRAHMS S J 10 E | Statistical model 3
F——iThermal inodel fit, 2/ ,=358/12 o 3 y L —— FitiT=156 MeV,} . 0 MeV, V=5380 7 1'""' 3

L T=162 M@V, u 5 24 MgV, V=p100 fin® T ] 10 ... T=164MeV,y = 1 Mev +_§

T KKpPAREEQO ddKE AR Tr KKKKY ppAZZaQd3HHA

A. Andronic, P. Braun-Munzinger, K. Redlich and J. Stachel, Nucl. Phys. A 904-905, 535c (2013)
J. Stachel, A. Andronic, P. Braun-Munzinger, and K. Redlich, J. Phys. Conf. Ser. 509, 012019 (2014)
S.Cho and S. H. Lee, Phys. Rev. C 101, 024902 (2020)

RHIC LHC RHIC LHC

Stat. Coal. Stat. Coal. Stat. Coal. Stat. Coal.
o 1.0 x 102 13x107°  28x1072  49x 107 Qe 1.1 x107* [.1x 107  40x107* 53x107°
ZF 64x107°  90x107%  18x102  33x1073 Te 89x 107  53x10  27x107  1.3x107
Qe 2.8 % 1073 2.5 % 10~4 8.0 x 1073 90x 107 Xz 5.7 x 107 5.6 x 107* 1.7 x 1073 1.7 x 1073
Q' 15x107  1.6x 107 43x10°  6.0x 104 X 57x107%  53x107  1L7x107  13x 107




Transverse momentum distributions.:
of multi-charmed hadrons

S. Cho and S. H. Lee, Phys. Rev. C 101, 024902 (2020)

1) Multi-charmed hadron Yields in the coalescence model

: &g Pp.,  dPp.
Nz, =g=.. -/pl doipe, - dOc,Pey - A0y o—7+ (27)3E, (2’!{)3}},31 (Z?T)SEE:Q filre,pi) fey (Tey s Pey )

X fcg (rcj '.'ng )FL&;_-:_. (T'I'_l TE‘-I 3 ng H pE ) pcl H pc‘.g )
. &p dPpp PP dp
*'I\'IX = gx /pf ) dﬂ-{'pf ) dgf_.pf ) d‘gcpﬁ ) dgf (QW)BEE (Q?T)SEI (Q?T:]SEC (2?{)3}‘:5

xff(rhpf)fE_{Tf:pf)fC(TE:pE)fE{TE:pE) I'IIIX(T‘E:TI_! TC:TE;pf:pi_:pC:pf)
2) Transverse momentum distrioutions

dg :'\"TE g= — dz A'TI
dszjfc = UE‘C /dg d T‘gd pgTd pclezqué{ }(PT — DT — pci chT)dgﬁET
dg_\rﬂl d’N

X B5 pojﬂzw(# 7., 7, k1, ko, k3),
1 Ca

|_|.

d*Nx  gx d’N; d>N;
— > d>Fod> Fad? Prr A Prp A2 Ber d par 82 (Br — Pir — Py — Dot — Do
d2py V3 f rad”pir d”prrd”perd”Per (PT — Dir — Pi7 — Per — PeT) it Py
d?N,. d*N, __. - o o
o V% -Wix (71,75, 75, k1, ka, k3) 2nd CENuM Workshop @ 16

® vir dEP T d’Per



3) Transverse momentum distributions of charm and light

-

f=
(2o
2l XNU 3

|

a -/
+ -
\”’f L ?;L’f*/

quarks
) RHIC ap ajl a as aj as
d N, _ | aoexp [—a pf}f:] PT < o pr<po 069 122 1.57
d2pr ao exp[—mp;?] +(,3(1 + ],‘;4)_”5 PT = PO pr=po 108 304 071 379 202 348
19 AT - LHC ag ap a» as as as
f.i ;\'j" — g I’ 'II'I_T(:-"'_?HT/TEIf ‘ PT < PO 1.97 0.35 247
d2pr 7 (2m)3 pr=po 795 349 359 87335 05 1431
S. Plumari, V. Minissale, S. K. Das, G. Coci and V. Greco, Eur. Phys. J. C 78:348 (2017)
Y. Oh, C. M. Ko, S.-H. Lee, and S. Yasui, Phys. Rev. C 79 044905 (2009)
S. Cho ef al. (EXHIC Collaboration), Prog. Part. Nucl. Phys. 95, 279 (2017)
I I I
RHIC LHC (2.76 TeV) —~ 10°]
& g._“.x o, .
Sc. 1 Sc.2 Sc.1 Sc.2 > ] .-, N
Ty (MeV) 162 156 Q i AN N
Vir (fm®) 2100 5380 e N
ftg (MeV) 24 0 2 . o
i, (MeV) 10 0 Q'_G 107 e
Ye 22 39 5o "o
¥ 4.0 x 107 8.6 x 10° - y °~\,\1
Te (MeV) 162 166 156 166 o} R
Ve (fm?) 2100 1791 5380 3533 5107 S,
N, =N, 320 302 700 593 % Tt
N, = N; 183 176 386 347 N e
Ne = N; 41 1 = 1T e R .
Ny = N; 0.03 0.44 Al ]
10° . . . j
0 2 4 6 8
July 4th, 2020 P (GeV)
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4) Transverse momentum distributions of D? mesons N

S, =200 GeV (a) ;

107 :

< BN

o107 -

--..;O ] "::;\ka:r\h

Z \:\"*ﬁ‘_:

2 1071 > %

— 3 “:::"E:::::-..._

N ] —x—Coal.+Frag.—+—STAR | —x— Coal.+Frag. —+— ALICE

vt B ! "t
0 2 4 6 8 0 2 4 6 8
o, (GeV) P, (GeV)

J. Adam et al. [STAR Collaboration], Phys. Rev. C 99, no. 3, 034908 (2019).
J. Adam et al. [ALICE Collaboration], JHEP 1603, 081 (2016).

July 4th, 2020
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5) Transverse momentum distributions N
of multi-charmed hadrons

1 0_3 1 T T j' T T §
=== s ST s =276 TeV (b) ]
- JE —— o5 *‘.1*"\- NN E
Cu\l> —+—+——:—_+__: —+_____:—_:_‘x %Hﬁ“\:ﬁ*
© 10° 7T e 3
g XR;\:;\-‘—\C\\O&\
10_‘4 %_ T T T [ E \X‘\\j& Q\\?S:Q*\*
-—-t'. . .\o
T, s "?=200 GeV (a) K= N e
E = S NN =107 e S T
L 10°] T 5 T N
> - 3*1};&% S oy *\*&\
(D E MX\Q % Q'—_ 9 -t QCCC \\A\ X
= A8 e, ¥ 210 3 N 3
'_10 3 A N %& ol —es—0) —+—0 * \\
o &R‘x N N ’Sﬂi\% — ] sco sce S ]
B 3 S % % — B —e—= * —x—X 3
= 10 . 11 cc cc 4
o 10 ‘\k_\ kﬁ\ 10 T T T
. 1 —s—0 S 0 2 4 6 8
- cce
k\
E10™%{—+—Q_—+—Q_* N p; (GeV)
SCC SCC \
T d—sx—E —e—= *—x—X ™~
E cc cc 4
10—14 ] RHIC LHC
T T T T T T T 1
0 2 4 6 8 B 4.4 x 107 6.7 x 1073
p, (GeV) B* 2.9 x 107 45 % 1073
Qe 8.6 x 107° 1.3 x 1073
Q. 5.7 x 1073 8.5 x 107*
Qeee 1.7 x 1077 5.9 x 106
Te 2.2 x 105 3.8 x 104
X, 24 x 105 3.8 x 104
X 2.6 x 107* 4.5 % 1073
D° 0.71 6.0
July 4th, 2020 A 0.63 4.0
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6) Transverse momentum distribution ratios Ngqas”
a) Baryon/baryon (ccc/ccq, ccc/ccs, ccqg/ccs, and ccqg/cqq)

=N\

\
"I
|

25 T T T T T T T 8 T T T T T T

ng | 7 QccchQsccR ./‘/.-_ (b) | ”:9 1 QcccR’!EccR (C) |
i 209 _,_ Qcch/QSCCL ‘/ 1 :i 6] —.— Qcch"’Ech / '\\. |
— 1 f 1 —_—
a / -
T 15 J K S / \ |
~ / —~ .
Z"” 1 f.f le] 4 _ i
S 1.0 / . 2 / \\
& / = .// ‘
E 05 T ,0/'/ B 7 -?. 2 i ../‘/ N i
G§ P x.__x_‘x__.x--x S . I I T =, S
~ OO T T T E 0 ; ; ;
0 2 4 6 8 0 2 4 6 8
p, (GeV) p, (GeV)
05 T T T T T
(e) o | ez RpR (b)
+04 —F_;(__-; )‘<—'!=~I—§—>< X 7 '\9 3 CCL c|_ |
£ e o X —e—Z% /A N
o o ] —_ cc c ,/ '\
Z'0.3- : Py /
Q /
< B 24 ’ \\ T
’{;_': W.‘j-.\ Z( r’f \.
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-~ L,— L 1 1 -—.—C"'.". --'x'--x-_x..x‘x"' -
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0.0
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b) Meson/baryon (ccgqg/ccq, or cc/ccq) Ngqas”

Y
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— Comparison with results from the statistical “ws.s’

hadronization model

T
3 - }
AR ey -: -
- T . "\“‘;‘H
-~ > L
. 'X.xx "m-x
ER T *oy s :
g
"M—_*M. < e
- ¥ " HH><.“- -
K‘*.\_‘. o g
- ¥\* K
R L Tk X
— g — - s —
X4 X4 T
R L
X.? X2
T T T
0 2 4 6
p, (GeV)

3 X(3872)
- [Fry=5TeV .
E_; T“x Centr. 0-20 % =
-/ \ PE-Pb .
|I.'I.

ir \ [ krr .-
i Q}‘\ BR{X(3872) — Jyr'm) =01 3
=~ EH =
: NS :
® Statistical hadronizaion model e
" dos / dy = shad. = 0Ei2s00eamb .y
0 5 10

p. (GeV)

A. Andronic, P. Braun-Munzinger, M. K. Kohler, K. Redlich and J. Stachel, Phys. Lett. B 797, 134836 (2019).
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Conclusion

— Multi-charmed hadron production in heavy ion
collisions

1) Heavy ion collision experiments provide excellent chances to
study production of multi-charm hadrons as well as exotic hadrons

2) Transverse momentum distributions of charmed hadrons are
directly affected by not only those of charm and light quarks but
also numbers of constituent quarks.

3) Transverse momentum distribution ratios between multi-charm
hadrons and X(3872) mesons, or other combinations between
heavy quark hadrons reflect the distribution of momentum
among constituent quarks

4) Investigation on transverse momentum distribution of various
charmed hadrons as well as those ratios can give us useful information

on the properties of quark-gluon plasma
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Thank you for your attention!
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