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Physics Potential — some examples

* Heavy-flavor and quarkonia

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

O Yc12 States
Hadron formation from

deconfined QGP

U

o Ultimate precision on B mesons at low p;
o X, Y, Zcharmonium-like states (e.g. X(3872))

e Low-mass dielectrons

Chiral symmetry restoration

o Precision measurement of the thermal dilepton
p-al sector

continuum, 0 < m < 3GeV

Real soft photons
o down to 50MeV/c

QGP Radiation
unchartered phase space region

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

Test of soft theorems

¢ 8§ ¢3¢

o dedicated small forward spectrometerat 3.5< |n| <5)

L. Musa (CERN) —5SQM, Bari, 10-15 June 2019 11

L. Musa (CERN), Strangeness in Quark Matter 2019, Bari, June 10-15
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— Relativistic heavy ion collisions

s e final detected
Relativistic HQGVY-IOH Collisions particles distributions

Kinetic
freeze-out _
"

Hadroniz .
Initial energy et |

density

|

S5 %, A2

~

RUE
equilibrium enie hudrodunatnics
_ dynamics viscous hydrocynamics | free streaming

collision evolution

t~0fm/c t~1fm/c t ~ 10 fm/c t ~ 1015 fm/c
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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)

3* Baryons R. A. Briceno, H.-W. Lin, and D. R. Bolton,
jltosont 2 Phys. Rev. D 86 094504 (2012)
o SEPI®MbeEr 7th 2019 {d) HaPhy-CENUM joint workshop :
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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)'

_a 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%

N TCC (chg) Mesons T\ 3797 (0, 1)

S. Cho et al. (EXHIC Collaboration), Phys. Rev. C 84, 064910 (2011)
S. Cho et 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 et 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)

September 7th 2019 HaPhy-CENuUM joint workshop :
Pukyong National University, Busan The future of Lattice-QCD in Korea



— Intfernal structure of X(3872) mesons

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

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

B =
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 + Py + Por + Pers k = pir + Prp + Dot + Pers
T = Ml — MuPpp 7 mpPip — My Py
1 — 3 '] =
Ty + g ! my + my
- me(Pir + Pip) — (mu +mp) Py iy = MePyp — MePer
2 my + mjp + Mg ' me+me
° SepTe - ?n‘f(ﬁT + f"}T +;3:;T) — [:?n.!g + my + ﬂlc)f%? 7 (m'c + m‘é)(ﬁT + ?5}]") - (m'l + m‘f)(ﬁfc'l" + ﬁ;‘T) 'Y
Pukyo k3 = tA2) kg = :

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



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)
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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
September 7th 2019 Pr(@eV0)

Pukyong National University, Busan

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 flow of the J/y

E. Abbas et al, Phys. Rev. Lett. 111, 162301 (2013)
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— Charmonium states in heavy ion collisions s’

1) The nuclear modification factor ratio between the J/p and the g’

V. Khachatryan et al, Phys. Rev. Lett. 113, 262301 (2014)
M. Aaboud et al, Eur. Phys. J. C 78, 762 (2018)

& _I T TT | TTTT | TTTT | T I TT | TTTT | TTTT | TTTT TTTT | I__ ] = _| TTT | TTTT I TTTT | TTTT | TTTT | TTTT I TTTT TTTT |
"L 3[-CMS PbPb & pp {5,y = 2.76 TeV + 2 1L ATLAS 7
= | ®3<p <30GeVic,1.6<[y|<24 Cent. 1 S F [ PoePbys5,=502Tev, 042 nb’” ’
@, [ we5<p <30GeVrc, ly| <16 T 0%-100%] a 14 pp. (5=502Tev, 25pb" ]

2250 geoclL T [ g<p_<40GeV, [y <2 .
zZ O ® T ] , C T ]
= s + - 1.2 .
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— Multi-charm hadron production N/

R

1) Yields in statistical hadronization models

> 103 E ! o —

= Ny — - : O aale o . [e = 3
k=) N 'Eﬁ“% Au-Al "ENN=2C0 GeV | ] -2 g Pb pb \ Sun 2.76 TeV E
=B | RRE N L E
2% E 2 F e -
o el i = )8 ;
5 | L i R s :
§ 10 E s ¢ & = E 1 E =
E 4 — E o 3

F Ll B i ]

@ 107 e =

] | Data Ehan i E E

O ISTAFR b ('@5 10-%— E

1 :PHENIX: ] L m Data, ALICE, 0-10% ;

- S _

otk B BRAHMS S J 10 E | Statistical model 3
F——iThermal imodel fit, y2/N,=358/12 | i 3 y L —— FitiT=156 MeV,} . 0 MeV, V=5380 7 s

L T=162 M@V, u 5 24 MgV, V=p100 fin® T ] 107 . T=164 MeV, it = 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 et al. [ExHIC Collaboration], Prog. Part. Nucl. Phys. 95, 279 (2017)

RHIC LHC RHIC LHC
Stat. Coal. Stat. Coal. Stat. Coal. Stat. Coal.
Zee |1.0x 1072 (1.3 x 1073[2.8 x 1072[4.9 x 1072 Qeee|1.1 x 107|1.1 x 107%]4.0 x 107*|5.3 x 10~°
=5, 16.4 x 1073(9.0 x 107%[1.8 x 1072(3.3 x 1073 T.. |89 x 1074|5.3 x 1075 (2.7 x 10~3|1.3 x 10~*
Sep Nece|2.8 x 1072(2.5 x 1074[8.0 x 1073]9.0 x 107* X [5.7 x 107 (5.6 x 107*|1.7 x 1073|1.7 x 103 ;o
Puk 0 ]1.5 x 1072[1.6 x 107*[4.3 x 1072[6.0 x 10~* X4 [5.7 x 107#[5.3 x 1077{1.7 x 1073|1.3 x 107* @




Hadron production

by quark coalescence

— 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.
N oal — it L, p) FY (X, X Dy,
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
3
in -do; i F(x, p) =N,

(272')3 E. HcltPhy—CENuIv\ joint workshop :
! The future of Lattice-QCD in Korea

September 7th 2019
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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|

September 7th 2019
Pukyong National University, Busan




2) The fransverse momentum spectra

@? _'-"l"-'rj{ 6 v ﬂ? :—""'l'rg

2 2
1 b0 A — J d“p11d-pat
(?L'l]T TirRIig 2l"'lT lv,|=Ay/2

1

|.:|'1 | = ;1.1'.."2

: , 1 |
x 8P (pr—pi1—p21)O (5;;—1( PiT— DzTJ—I[I{ myr—mor)>— (my—my)*]).

QT 1

f:a.,f{.":'l...":'g P1.D2)= ﬁ{ﬁ}(ﬁi—{xl—xﬂz)

2(AA,)

A

charged hadrons @ 200 GeV
=== recombination+fragmentation
-—- fragmentation ]
-------- recombination

P ]
1 1 , L 107
XOA, ——pi1—p2) +Ami—my)7). &
Zo4 4 =107
o
O
and 2 10
dN d’RP - u(R d’q o~
- 3M: Hf 3( ) 1’3 {104
d’P s (27) (27) o)
4 p \ - ; p _ - 10° ¢
X“'ﬂ(RLE_([){D_M(([)‘H'E,(R::-F(I)
) ! ) - ! 1.4
o 12
= 1.0
Py lq) = f @royr. q) Zos
5 0.6

li‘.

O (r = | &' —iq1’ f,_l_) * f,_i) D-g:
M. q) = re Par| L 5 | P 1 7 :

September 7th 2019 '- / 00,
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Transverse momentum
distributions of charmed hadrons™

— Charmonia production by recombination

S. Cho, Phys. Rev. C 91, 054914 (2015)

1) Coalescence production of charmonium states
&g d°p
(21 )3E, (2m)3E;

Ny =gy / Pe - doepe - doz fe(respe) fe(re, pe) Wy (re, 2: pe, De).

The transverse momentum distribution of the charmonium yield

d.‘.l,\'-rw g'tlt" 3 2 2 d.'.h\'r d.‘.h\'r_ -+
! =22 | BFdprd* 5erd® (Pr — por — P Wy (7 k
T / Perd Perd ” (Pr — Per — Per) P57 i (7 k)
7 _ 2 _k2g2 . 16 /1 . | e 3
We(F k) =8~ 77707 Wy (7, F) = = (’—4 — 2 + 5 — 20%K2 + ok
‘ - 16 712 16 . 2 g2 g g =
iy — | — 212 —":?J-—k - 2 12 2
I’ifp(!_, ) = ( 3 (;r? 8 + 3 a .It )E _Q_I_zkz +—1(F k)z)ﬁ_ﬁ_'kzg .
September 7th 2019 HaPhy-CENuUM joint workshop :
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2) Integration of the Wigner function over the spatfial
coordinates

/ d37Wy (7, k)
((2/mo)3e* v I/
%{Qﬁcr)se_kzgz a?k? tﬁf; Xe
_ ] 22vRe)e e (o2~ 3) uhiiu(29)
64T oo Vs b
| 8mad Sl Y5 0(25)

[asrw (k) =]z )|

M. Hillery, R. F. O'Connel, M. O. Scully and E. P. Wigner, Phys. Rept. 106, 121 (1984)

dN, ¢ dN, dN_ |~ -2
v = 2 [ P AP S(By — Per — Per) =&~ (K
dl_j-r V _‘- ch ch (pT ch ch) dp.CT drjﬂ l//( )‘
September 7th 2019 HaPhy-CENuUM joint workshop : 017
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3) Transverse momentum distributions

of charmonium states

R IWG

e y(2s)°

144 (a)
' —x— y(2s)°

120 /N —e—In©

0] 1 * —x—y.(1p)° s,,"*=200 GeV |
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i \ 1.00 — i
8] Il' \ I w(28) 1|
61 '- | — ]
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— Production of mulfi-charm hadrons by
recombination

1) Coalescence production of multi-charm hadrons

. &’p dPp. d*p.
‘N - g'—'m" /pf dgfpfl dgflpfz dJCE {QW]SEI (21‘1')3}1{:(-1 (ZW)SE:CEf(Tf:pE)fﬂl (TC:[ 'rpi‘-l)

X fey (Teys Pey )Wa, (P13 Tey s Teys PU Pey s Pey)
dS_—* dS_—*_ dB — dS —*
Nx =gx [PI - doypy - dogp - docpe - doe (2m)3E; (2m)3Ep (2m)3E, (2m)3E,
X fi(re, po) fi(rps pp) fe(res o) fe(re. pe) Wx (1i, 7y ey T2 PUs PEs Pes Pe)
2) The fransverse momentum distributions

dgi\'r: = — — — dgiﬁﬁ
dﬂ;;c — g;g /dS Erad*pird pclezpczTﬁ NPT — PiT — PeyT —PEQT)m
N, &N, DR
= =2 W= (7. ’F’ a9, k1, ko, k3),
dgpcl‘]’ d pCET Sipp ( 1 2. 3‘) g
d?N ax . d*N; dQN-

=33 [dg 1 d*Pod* Fad? pirr P prrd® Per d*per 6 (Fr — Pir — Brr — Per — Per)

 BNe PN
° S€I dEP T dﬂch HaPhy-CENuUM joint workshop :
PUkyUI 1Y INUNOIIUI UTIVEISITY, DUSUI The future of Lattice-QCD in Korea

d*pr dszT dQPfT
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3) Transverse momentum distributions of charm and light

quarks
dN. _ [agexp[—ap7]
d2pr
d2N; V

=g — e
d2pr ‘ﬂ(Q?rJQ' T

Pr = Po
ao exp [—a1 pF] +(.'3(l + ]);4)—05 PT = po

—mr/[Tesyp

o

f=
(2o
2l XNU 3

|

a -/
+ -
\”’f L ?;L’f*/

RHIC

PT = P0
PT = Po

LHC

PT = Po
Pr = po

ap
0.69
1.08
ap
1.97
7.95

aj a; as as as
1.22 1.57

3.04 0.71 3.79 2.02 3.48
aiy a as as as
0.35 247

349 3.59 87335 0.5 14.31

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)

RHIC LHC (2.76 TeV)

Sc. 1 Sc.2 Sc. 1 Sc. 2
Ty (MeV) 162 156
Vy (fm?) 2100 5380
g (MeV) 24 0
s (MeV) 10 0
Ye 22 39
Y 4.0 x 10’ 8.6 x 10°
Te (MeV) 162 166 156 166
Ve (fm?) 2100 1791 5380 3533
N, =N, 320 302 700 593
N, =N; 183 176 386 347
N: =N: 4.1 11
Ny = N; 0.03 0.44

e September 7th 2019
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] —»— Coal.+Frag. —+— STAR
10+

0 2 4 6
P, (GeV)

—x— Coal.+Frag. —+ — ALICE

2 4 6
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).
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5) Transverse momentum distributions
of multi-charm hadrons
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6) Transverse momentum distribution ratios Ngqas”
a) Baryon/baryon (ccc/ccq, ccc/ccs, ccqg/ccs, and ccqg/cqq)
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b) Baryon/baryon (ccc/cqq, or ccs/cqq)
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c) Meson/baryon (ccqq/ccq or cc/ccq)
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— Dependence of the transverse momenturrt
distribution on internal relative coordinates
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— Comparison with results from statistical

hadronization model
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Conclusion

— Production of multi-charmed hadrons in
heavy ion collisions

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

2) Transverse momentum distributions of charmonium states are
affected by their intrinsic wave function distributions

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 : the momentum of the heavy quark
hadron is mostly carried by the heavy quark

4) The transverse momentum distribution is also dependent on the
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