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— Time evolution of quark-gluon plasma Neguss”
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Charmonium states

— 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 W Xe I

H. Satz, J. Phys. G.

| | 32, R25 (2006)
T-Te L | T>>T. May 16th 2015
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— J/p suppression and Debye screening epass”

| =

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

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

1
vz—f%—w:—fﬁe‘”% Ao = N. N
3T 3 or

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

1 dNJ /Py o dNST Jdp;

s Neon dNJp/pt///dI_jT Neon dO'JpFw/dro
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Hadron production N/

— Statistical hadronization

P. Braun-Munzinger, J. Stachel, J. P. Wessels, N. Xu, Phys. Lett. B344, 43 (1995)
P. Braun-Munzinger, J. Stachel, J. P. Wessels, N. Xu, Phys. Lett. B365, 1 (1996)

1) In a chemically and thermally equilibrated system of non-
interacting hadrons, the particle production yield is given by

N; =V, 2?;2 T ._p_de E. =\/mi2 + pi2

with the chemical potential
th = ugB + 1y Ly + 1S, + 1 G
safisfying V> nB =Ny, VY nly; =1 >'nS =0 and » nC =0

2) The hadronization temperature and the baryon chemical

potential should be determined from the experimental data
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3) Particle yields ratio at RHIC
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A. Andronic, P. Braun-Munzinger, and J. Stachel, Nucl. Phys. A 772, 167 (2006)
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4) Particle yields ratio at LHC \ jM/
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— Coalescence production of hadrons

1) Covariant coalescence

C. B. Dover, U. Heinz, E. Schnedermann, and J. Zimanyi, Phys. Rev. C 44, 1636 (1991)

I. A covariant coalescence model for relativistically expanding
fireball formed in high-energy nucleus collisions is developed
and applied to predict the formation rate of hadrons like
deuteron, or pentaquark

ii. Coalescence is basically a non-relativistic phenomenon
The cluster distribution factorizes for arbitrary parent rapidity

distributions : Particle type Ratio
3__I.r3
dNC le sz §iﬁ_H 0.49 + 0.18 + 0.07
=C No =CN;N, “Fe/he 0.45 + 0.02 + 0.04
dy dy dy 2H /He 0.89 + 0.28 + 0.13
iii. Observation of the antimatter 2HPHe 0.82 + 0.16 + 0.12

hypernucleus

B. Abelev et al. [The STAR Collaboration], Science, 328, 58 (ZOIJ/\O(}1y 16th 2015
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2) The puzzle in antiproton/pion ratio \,y

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)

A competition between two particle production mechanisms

: A fragmentation dominates e ]
Au+Au@200 AGeV
at large transverse momenta 1.4 central) ]
[ centra

and a coalescence prevails . 2 5 ]
at lower transverse momentc & |
IE’; 0.8 f
'a 06 ¢
h 0.4
Frag __ pT Coal __ pT i
pT _ VS. pT Ju— 0.2 _
Z n N
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3) Quark number scaling of the elliptic flow eaass”
Denes Molnar and Sergei A. Voloshin, Phys. Rev. Lett 91, 092301 (2003)
d’N
. )_Id¢COSZ¢ dez qu B 1 qu [1+2V (p )COS(Z(D)]
- d¢d2|>| p;dp;de 27 p;dp; U
dp;
Coalescence model predicts 0.2 . | | | |
' parton —
2V, 4(Pr 12) 015 | IWESOI - 1
vV = - 2 Ao
M (pr) 14+ 2V22,q (p, /2) Lyon ______________________
v (p) < Maa(P /9 +30,(pr 13) s ‘
=AM 1+ 6V22,q ( P; /3) 0.05

1
V2,h(pT) - an,q(E pT] X
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4) Yields of hadrons \ &/

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. W
NCoaI_ ' LE(x, p ) [FY (X, -, X 1.,
gj{ [ "G & p.)} (%o =2 % T Pyyeeey Py)

with the Wigner function, the coalescence probability function
fW(Xl’”"Xn : p11'”’ pn)

N nd_epiYi X-I—h- X-I-h X—h- X_hj
“—1[ Y, w( ) ZJW( > ;

I. A Lorentz-invariant phase space integration of a space-like
hypersurface constraints the number of particles in the system

[p-do (Z‘jz)p' f(x,p)=N,
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i. The fransverse momentum spectra
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Charmonium states
IN heavy ion collisions

— Statistical hadronization of J/w mesons

P. Braun-Munzinger and J. Stachel, Phys. Lett. B490, 196 (2000)

1) All ¢C pairs are produced in direct, hard collisions. Charmed
hadron production proceeds through a state of chemical equil-

librium near or at the phase . o4
boundary __zg [
vV os [
i. The yield of directly | '
produced charm is slightly oz | P
larger than that produced * I
if charm is in full chemical 0.1 [ ot oot " v A TIY
equilibrium 5| e
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— Charmonium production in heavy ion collis: ™"

1) Charmonium production ratios versus statistical predictions

Ratio VY g /) k)

H. Satz, J. Phys. G. 32, R25 (2
Experimental 0.23 1.06 1.50 Safz, J ys. G. 3 5( 006)
Statistical 0.045 0113 0.148

2) The production yield ratio between the J/p and the g’

T 160 170 180
dN 1y /dy 0.0111 0.0106 0.0103
Ny /Nypy 0.031 0.037 0.045

A. Andronic, P. Braun-Munzinger, K. Redlich, and J. Stachel, Phys. Lett. B 571, 36 (2003)
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3) Stafistical Hadronization of charmed mesons Nogaas/
N; =V, 29.2 _‘- 1 pEi/TIHD_|_1 Ve = 6.40
Towyi € *
S. Cho et al, (EXHIC Collaboration), Phys. Rev. Lett. 106, 212001
N
2S
v (29) =0.040
N | Iv(2s) T 0-603Nw(23) + 0'348Nm + 0'198Nzc2

4) The production yield ratio & afcMSPopbappancoteTev | T -

between the J/y and the ' &, & L m o te T orero0sd
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V. Khachatryan et al, gi 151 + B:| .

Phys. Rev. Lett. 113, 262301 (2014) g T
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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
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2) Elliptic flow of the J/y

E. Abbas et al, Phys. Rev. Lett. 111, 162301 (2013)
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— Charmonium production by recombinatior .

1) Coalescence production of charmonia - PYTHIA

2N Number of charmomnia produced from charm-quark coalescence at

- pi - doj d? Pr mid-rapidity in central collisions of Au + Au at /5 = 200 GeV
= =2gum n T E (x1, p1) fg(x2. p2)
(2n)°E Nyjg Nye Ny
-3 = —4 —4
x fau(x1, p1; X2, Pz}ﬁ'; '(pr —pir —por)  PYTHIA 0.8 x 10 05x10 02x10

V. Greco, C. M. Ko, and R. Rapp, Phys. Lett. B 595, 202 (2004)

2) The fransverse momentum distribution of the charmonium yield

¢p. APk
(27)3E. (27)°E.

Ny = gy f Pe - doepe - doe fe(re,pe) fe(re, pe) Wy (re, e: Pe, De).

di"ﬁ\f Iy g’l,;" 3 2 2
?'."" — d 'Td —rC d —rE 6(2} — _ —rc _ —fc
oy V / rd”perd perd' ™ (Pr — Per — Per)

dN,. dN;
d?per d*per

Wy (7, k)

V. Greco, C. M. Ko, and P. Levai, Phys. Rev. C 68, 034904 (2003)
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3) Coulomb Wigner functions s.cho, arxiv: 1408.4756

Wy (7, k) = f g (7 + 3/2)e* T (7 — §/2)

ds_’ YT — T —
— [ S50 Er a2 TTE - a2),

(2m)
~. 16 [! . o 3 6 4
Wy (T k) = —= d 1 — —2i(1-2u)k-7 .—ETC'(?_.I.] ( = + —7 + r )
hrs (7, F) ag/.:. uu(l —u)e € C'(u) C'(u)? C'(u)d
C(u) = (1/af +4u(l —u)k?)'/?
7 I 1 ' 2 2 _—2i(1—2u)k-F 105 210 180 , 80 4 16 4 —2rD(u)
Wors () = g | 0 = e (5ar * D * D+ Dar Dt )°
1 [t 1Rl 15 30 24 . 8 .
R duu(l — 1)e2i(1-2u)k-7 2 3\ _—2rD(u)
Tar J, dwut—we (D(u)7 "D T DwE T D )e
2 ! 2i(1_owks( 3 6 4
= d 1— .—Zz(l—Z’u]k-f‘ - .2 —Q'TD(H.}-
tog ), dunll—uje (D(u)5 D T D )e '
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4) Charmonium wave functions

35,20,16

35,2FR1D
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E. Eichten, K. Gottfried, T. Kinoshita, K. D. Lane, T-M, Yan, Phys. Rev. D 17, 3090 (1978)
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5) Transverse momentum distributions
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6) Integration of the Wigner function over the spatial
coordinates

((2ym0) e v I/
%{Eﬁ }Se_kz o 522 ’l.i"g;?(c
= { 3(2VFa)e T (a2 %)2 Yio; ¥(25)
647 oy visiJ/v
X 8maj Ezgizliﬁ%i L’ESL’{QS)

[d°rw (r, B) = |p(p)]

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

w(r) (fm™%)

w(p)/(2n)* (GeV™?)

4 T T T T T
| 2.0 : ~
3 ' — J ——Jly
7 ' 1.5 c
E 15 —e—y(2s)
o + o+
= 1.0
2 E IO
Nh
[ 0.54 +
- .
14 + 'y
Y + *, +
- 0.0+ T4 t
) 1 2 3 4
0 P e e e e
et 1
_1 T T T
0 1 2 3
r(fm)
T T T
3 3 .
- - C
¥ % i —'—Jhp
<} c
= 2 —r—y(25)° -
2] S ¢
= 1
._x _}l
1 NE_ +
i *. ¥ D- +L"T+11tt—44 +
X 0 1 2 3 4
* 5,
* T, .
04 P b B ——
T T T
0 1 2 3

w(r) (fm %)

u(p)/(2x)’* (GeV™")

3 T T T T
2.5
G
~ 20| - r—Jhy
| e | = —w2s°] ]
N“-F- 1.81 +
& < 10{+ |
1. £ o5 {]
00—t ]
0 1 2 3 4 A
0 [
0 1 2 3 4
r (fm)
3 T T T
—~ 20
B A —+— Jly
2 2 15 - G
- = 1 = —west |y
o
a- 1.0
L g +
1 % 0.5 ! 7
- i s
0.0 /. S |
0- T 0 ML NS . 2
'1 T T T T
0 1 2 3 4 994



Conclusion

— Production of charmonium states in heavy ion
collisions

1) Light quark hadron yields are well explained by the statistical
hadronization model

2) Many aspects of the heavy ion collision experimental results
have been explained by the coalescence model

3) The production of heavy quarks hadrons, or charmonium can
also be understood by the coalescence model

4) The enhanced transverse momentum distribution of w(2S) mesons
compared to that of J/y mesons, originated from infrinsic wave
function distributions of w(2S) and J/p mesons, provides a plausible
explanation for the measurement of the nuclear modification

factor ratio between the y(2S) and J/y meson.
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