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— Relativistic heavy ion collisions
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t~0fm/c t~1fm/c t ~ 10 fm/c t ~ 1015 fm/c

U. W. Heinz, J. Phys. Conf. Ser. 455, 012044 (201
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Charmonium states
INn heavy ion collisions

— Quarkonia

1) The bound states of a heavy quark and its anti-quark
The measured stable charmonium:
the 1S scalar nc and vector J/y, three 1P states xc (scalar,
vector, and tensor), and the 2S vector state @’

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 Kc v v Xe v

H. Satz, J. Phys. G.

| | 32, R25 (2006)
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J/y suppression and Debye screening \/

T. Matsui and H. Satz, Phys. Lett. B178 416 (1986)

1) At T>T. color charges are Debye screened in QGP

1
Vo 3% Ly 8% AE T
3 3 ' s

Compared to the Bohrradius I, the Debye screening prevents
the formation of the bound states when I > 4,

2) The measure for the effect of the quark-gluon plasma on the J/y
suppression : the nuclear modification factor
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— Regeneration of charmonium states

1) The nuclear modification factor of the J/p and @(2S) meson

Jon-Are Saetre (Univ. of Bergen), Quark Matter 2022, Krakow, April 4-10
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03 r ( (S, = 2.76 TeV), centrality 20%:-40%, 2.5 <y < 4.0 ;‘KNU l;::
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3) Recent measurements of elliptic flow of charmonium states, ©
the J/p and @(2S) meson at LHC by CMS Collaboration

PbPb 1.6 nb™ (5.02 TeV)
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G. Bak [CMS Collaboration], Strangeness in Quark Matter 2022, Busan, June, 13-17
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Transverse momentum distributiorsw
and yields of charmonium states

— 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.
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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
_[ P °d0i
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— Production of charmonium states by
recombination

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

1) Coalescence production of charmonium states

¢°p. &P
B"T?..'L‘: [ cd c'E'dE
b= / Per G0cbe 019 03, (2nE,

felrespe) fa(res pe)Wop(re, 72 Pey De).-

The transverse momentum distribution of the charmonium yield
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2) Gaussian Wigner functions for different charmonium states
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4) Integration of the Wigner function over the spatfial
coordinates

/ dPFWy (7, k)
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5) Transverse momentum distributions of charm and light
quarks

RHIC ap aj a as aj as
PT = PO 0.69 1.22 1.57
dN, {(fo exp [—a; pr] Pr < Po pr=po 108 304 071 379 202 348
d2pr | ao exp[—mp;?] +u3(l + ])1;4)—05 PT = Po LHC a0 a a a3 a4 as
Pr = po 1.97 0.35 2.47
pr=po 795 349 359 87335 05 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)

S. Cho and S. H. Lee, Phys. Rev. C 101, 024902 (2020)
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: XNU
6) Transverse momentum distributions and yields of charmoniu <, s
states in midrapidities at RHIC and LHC

J. Adam et al. [STAR Collaboration], Phys. Lett. B 797, 134917 (2019).
S. Acharya et al. [ALICE Collaboration], Phys. Lett. B 805, 135434 (2020).
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/) The dependence of fransverse momentum distributions anc
yields of charmonium states on
the internal structure, or the wave

function distributions
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Elliptic and friangular flow
of charmonium states

— Flow harmonics of charmonium states

vn(pr) = {cos(n(¥ — ¥n)))

[ dibcos(n(v— W ))% o, = L tan~! ( (pr sin(ny)) )
= N ) n (pr cos(ny)) /-
[ dpe= G

1) Transverse momentum distribution of charm quarks with flow
harmonics

2N, 1 dN,
dp?,  27mper dper

(1 + Z 20ne(per ) cos(n(o. — 1Ifn))) .

n=1

2) Event plane averaged flow harmonics
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3) Charm quark flow harmonics from POWLANG

: Pade approximation of charm
quark flow harmonics
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A. Beraudo, A. De Pace, M. Monteno,
M. Nardi andF. Prino, JHEP 02, 043 (2018).
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4) Elliptic flow of charmonium states at RHIC
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L. Adamczyk et al. [STAR Collaboration], Phys. Rev. Lett. 111, no. 5, 052301 (2013).
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5) Elliptic and friangular flow of charmonium states at LHC
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Vo (P7) (10° GeV2)

6) The dependence of elliptic flow of charmonium states
on the infernal structure, or the wave function distributions
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Conclusion

— Charmonia production in heavy ion collisions

1) The production of heavy quarks hadrons, or charmonium states
can be understood in the coalescence model.

2) The transverse momentum distribution and yield are dependent on
the internal structure of the hadron

3) The enhanced transverse momentum distribution of @(2S) mesons,
compared to that of J/y mesons, is originated from intrinsic wave
function distributions between @(2S) and J/@ mesons.

4) The elliptic and triangular flow of charmonium states are also
affected by wave function distributions of charmonium states.

5) Studying charmonium states in heavy ion collisions will help us to

understand many aspects in heavy ion collisions experiments.
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Thank you for your attention!
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