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INnfroduction

— Normal hadrons
: Mesons and Baryons

— Multiquark hadrons

1) H dibaryon and scalar tetra quark (1976) f,(980)
KK hadronic molecule (1990)

2) Hadronic molecules & multiquark states

X (3872) Belle (2003)
D,,(2317) BaBar (2003)
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INnfroduction

— Normal hadrons
: Mesons and Baryons

— Multiquark hadrons

1) H dibaryon and scalar tetra quark (1976) f,(980)
KK hadronic molecule (1990)

2) Hadronic molecules & multiquark states

X (3872) Belle (2003) — DD",DD",qqct
D,, (2317) BaBar (2003) = DK, CS,qqcs
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— Exotic hadrons considered in this work

Particle m(MeV) g 1 JF 2q/3q /6g 4q/5q /8qg Mol. ol (MeV) Decay mode
Mesons

0(980) 980 1 0 ot qq,ss(L=1) qqss KK 67.8(B) 7 (Strong decay)
ap(980) 980 3 1 ot gg(L=1) qgss KK 67.8(B) nm (Strong decay)

K (1460) 1460 2 1/2 0~ qs qqqs KKK 69.0(R) Kmm (Strong decay)

D (2317) 2317 1 0 ot cs(L=1) ggcs DK 273(B) D.m (Strong decay)
T!h 3797 3 0 1" — gqcc DD* 476(B) Ktm~+K'm~+m~
X(3872) 3872 3 0 1,2 cc(L = 2) ggcc DD* 3.6(B) J /Y (Strong decay)
Z*(4430)° 4430 3 1 (U — ggee(L =1) D,D* 13.5(B) J /yrm (Strong decay)
Th¢ 7123 I 0 0t — gqch DB 128(B) K'm~+K'n~
Baryons

A(1405) 1405 2 0 1/2~ qggs(L =1) qqqsq KN  20.5(R)-174(B) m X (Strong decay)
G1(1530)° 1530 2 0 1/2+* — gqqqs(L = 1) — — K N (Strong decay)

K K N¢ 1920 4 1/2 1/2F — gqqss(L=1) KKN 42(R) Km X, mnN (Strong decay)
DN* 2790 2 0 1/2° — qqqqc DN 6.48(R) K'mn 4p

D*N¢© 2919 4 0 @ 3/2° — qqqqié(L =2) D*N 6.48(R) D + N (Strong decay)
O " 2980 4 1/2 1/27 — qqqsc(L = 1) — — A+ KT~

BN* 6200 2 0 1/27 — qq9qqb BN 254(R) K'man~4+nmn"+p
B*N¢ 6226 4 0 3/27 — qqqqb(L =2) B*N 254(R) B + N (Strong decay)
Dibaryons

H* 2245 1 0 0t qqqgqss — =N 73.2(B) A A (Strong decay)

K NNP 2352 2 12 07*  ggqqgs(L=1) gqqqqqsGg KNN 20.5(T)-174(T) AN (Strong decay)
Q- 3228 1 0 0t SS558S — QQ 98.8(R) AK™ + AK™

H2>+e 3377 3 01 0t qqqqsc — EN 187(B) AK mtnt +p

DN N* 3734 2 1)2 0~ — 499999 q¢  DNN 6.48(T) K'n-+d,K'nmn +p+p
BN N* 7147 2 1/2 0~ — 9999qq gb BNN 25.4T) K'nm4+d,K"n~+p+p

*Undetermined quantum numbers of existing particles.
PParticles that are not yet established.
“Particles that are newly predicted by theoretical models.



— The purpose of this work

1) To estimate the possibility of observing predicted exotics
with/without heavy quarks in heavy ion collision experiment

2) To find a possible solution to a problem of identifying hadronic
molecular states and/or hadrons with multiquark components

— We focus on hadron production yields

1) Normal hadron (light quark hadrons) production yields are well
described by the statistical model

2) Many aspects of the heavy ion collision experimental results

have been explained by the coalescence model
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Statistical model

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

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

o0

v G p“dp 7
Ni _VH 272_2 'gyi_leEi/TH +1 Ei — \/ml T pi

Take the incomplete strangeness and charm equilibration into

account
Ne +Ng e[,uBnB + U Ng ]

V=7c

2) The hadronization temperature and the chemical potential
are determined from the experimental data
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3) The temperature obtained from the analysis of the yield
ratios reflects the stage of the freeze-out
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A. Andronic, P. Braun-Munzinger, and J. Stachel, Nucl. Phys. A 772, 167 (2006)
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Coalescence model

— Yields of hadrons with n constitfuents

1 p,-do, d°p.
NCoal_g |: ' ! (Xi,pi):|fW(X,°";Xn:pi'“!pn)
I i1 i (277) E, : 1

describe the dynamic process of converting constituents to a
bound state in the presence of a partonic matter

1) Wigner function, the coalescence probability function

fW(Xl’“"Xn : pl’“" pn)

= nd.eIoiyi x+£~ x+ﬁ X—L---,X —ﬁj
“_1[ Y l//( 5 2)‘”( X

2

depends on Lorentz-invariant combinations of the relative
coordinates between the particles and parametrizes the overlap

integral between the particle wave functions
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2) Covariant phase space density involves a Lorentz-invariant
phase space integration of a space-like hyper-surface,
which counts the number of particles contained in the system

d*p, _
I p,-do; (27) E f (X, ) =N,

: The hyper-surface for the spatial infegration is the same for all
particles involved in the coalescence process.

— Hadron and quark coalescence

1) Confirmation of hadron mechanism, quark recombination or
quark coalescence is one of the evidences of the formation of
quark-gluon plasma in relativistic heavy ion collisions
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— Hadron coadlescence
YONSEI

IINITVERSITY

PHYSICAL REVIEW C VOLUME 44, NUMBER 4 OCTOBER 1991

Covariant coalescence model for relativistically expanding systems

Carl B. Dover
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973

Ulrich Heinz and Ekkard Schnedermann
Institut fiir Theoretische Physik, Universitdt Regensburg, D-8400 Regensburg, Germany

Jozsef Zimanyi
Central Research Institute for Physics, H-1525 Budapest 114, Hungary
(Received 1| March 1991)

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

2) The cluster distribution factorizes for arbitrary parent rapidity
distributions : Coalescence is basically a nonrelativistic
phenomenon  dN dN. dN

S L 2 NC = CNlNZNov. 28 -Dec.22011 g,
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3) Momentum spectra of the clusters are studied to find
YONSEI

UNIVERSITY

I. whether the transverse mass spectra of the clusters can
still be thermally parametrized if one starts with thermal parent
distribution

ii. how the longitudinal momentum distribution of the clusters is
influenced by the longitudinal expansion

4) Some details

I. A free parameter in Gaussian wave packets for the coalescence
factor is proportional to the inverse size of the cluster to be formed

ii. The coalescence rate is proportional to a volume factor which
for small clusters approaches the ratio (cluster volume/reaction
zone volume) : this dependence can be used to determine the
reaction zone volume from the coalescence yield
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— Hadron production by quark recombino’ricYONSEl
Or COOlescence UNIVERSITY

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)

1) Fragmentation picture

. A parton spectrum relates i AU+AU@200 AGeV ]
the probability for a parton I (central) ‘-
to hadronize into a hadron, o "¢ ]
carrying a fraction z<1 of E

the momentum of the e 081

parent parton 2,06}

0.4 f
I. The puzzle in antiproton 02 |
/pion ratio 0

Requires a rescaling for a

fraction z for all hadrons
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Ii. There must be a competition between two particle
production mechanisms
. A fragmentation dominates at large tfransverse momenta and
a coalescence prevails at lower fransverse momenta

h
Frag pT VS pCoaI pT
T ) T o
Z n

2) Quark number scaling of the elliptic flow

Denes Molnar and Sergei A. Voloshin, Phys. Rev. Lett 91, 092301 (2003)
2

_ _ dps
v(pr) = (c0520), =
dpr
Assumption : partons have elliptical anisotropy

dN dN
@« _ 1 . [1+ 2v2,q(pT)cos(2go)]
prdp;de 27 p;dp;
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Coalescence model predicts
2V2,q ( pT /2)

1+2v,,(pr /2) . Vo (Pr) =NV, (E ij
. 3\/Z,q(pT /3) +3V2,q(pT /3) 4
Vo8 (Pr) =

1+6vZ, (p; /3)

Vowm (pT) =

[].2 | | | | |
3) The coalescence model parton —

also nicely explains the yield 15 |- B0 == .
baryon - o

of antihyperons recently

discovered in heavy ion 0.1

collision at RHIC

STAR Collaboration, Science 0.05
328, 58 (2010)

0
0 1 2 3 4 5 6
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Production yields of exofic ‘
hadrons in heavy ion collisions s

1) Evaluate the yields of exotic hadrons for all possible structure
configurations
; normal hadrons, multiquark hadrons, hadronic molecules

1 p,-do;, d°p,
N coal — ' ' X:, . fw Xo, oo X 1Py,
gj{ [ 2 £ 10 p.)} (X 1%y T Py Po)
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Production yields of exotic
hadrons in heavy ion collisions &

1) Evaluate the yields of exotic hadrons for all possible structure
configurations
; normal hadrons, multiquark hadrons, hadronic molecules

cC

2) It was expected that the probability to combine n quarks info
a compact region is suppressed as N increases
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3) The internal structure of hadrons produced is considered

N (472_Gi2)3/2

s-wave ! -~ ~0.360
g, VA+24Toy)
23/2 2
p-wave N, _ (4mo;) > 2| __2Hlo — [~ 0.093
0; VA+2uTo7) 3| 1+24To;)
2\3/2 2 2
B ave N. (4zo)) : 8| 2uTo _| ~0.029
0, VA+2uTo )15 1+2uT0o;)

4) Final results

o N T (Ae?)¥? @ [ 2uTe?
Ny =gl |11

0y V @+ 24T of) (21 + )1 @+ 24T o)
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— Free parameters

1) Quark coalescence :
: Reference hadrons - A(1115), A.(2286)

Stattotal Stat Stat Stat
NAC (2286 ~ NAC(2286) T NZC(2453 + NZC (2520

+0.67x Niia(tzeza = N/c\:z?;’tzogg)l (@,)
— @, =519MeV, . =385MeV

2) Hadron coalescence
: The relation between the binding energy and the root mean
square radius

3
7’ =~
B.E.=~ 2;5a§ ) 3 — Paaaos 2#A(1405)<r2>/\(1405)
<r2>:a_0 W = 2y<r2> = 20.5MeV
-2
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— Results

1) Summary of exotic hadrons considered (Mesons & Baryons)

Particle m(MeV) g [ JP 2q/3q /6q 4q/5q/8q Mol. ol (MeV) Decay mode
Mesons
fo(980) 980 1 0 0* qq.ss(L =1) qqss KK 67.8(B) mm (Strong decay)
ap(980) 980 3 1 0" gg(L =1) qqss KK 67.8(B) nm (Strong decay)
K(1460) 1460 2 1/2 0~ qs qqqs KKK 69.0(R) Kmm (Strong decay)
D.(2317) 2317 1 0 0" cs(L=1) ggcs DK 273(B) D, (Strong decay)
Tlh 3797 3 0 1" — ggcc DD* 476(B) Ktn=+K'm~ +n~
X(3872) 3872 3 0 1t,27¢ cc(L = 2) ggcc DD* 3.6(B) J/Ymm (Strong decay)
Z1(4430)° 4430 3 1 o — ggce(L =1) D,D* 13.5(B) J /W (Strong decay)
The 7123 1 0 0t — qqch DB 128(B) K'm~+K'm™
Baryons
A(1405) 1405 2 0 1/27 ggs(L =1) qqqsq KN  20.5(R)-174(B) m % (Strong decay)
O®*(1530)° 1530 2 0 1/2+@ — gqqqs(L = 1) — — K N (Strong decay)
KK N¢ 1920 4 1/2 1727 — gqqss(L =1) KKN 42(R) KmX, mnN (Strong decay)
DN* 2790 2 0 1/27 — qgqqqc DN 6.48(R) K'mn +p
D*N*© 2919 4 0 3/2° — qqqqi(L =2) D*N 6.48(R) D + N (Strong decay)
O," 2980 4 1/2 1727 — qggqsc(l = 1) — — A+Ktm™
BN*¢ 6200 2 0 1/2~ — qqqqb BN 254(R) Ktmm~4+nma*+4p
B*N°¢ 6226 4 0 3/2° — qqqqb(L =2) B*N 25.4(R) B + N (Strong decay)
Zimanyi Winter School Nov. 28 - Dec. 2 2011
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2) Estimated exotic hadron yields at RHIC and LHC

RHIC LHC

2q/3q/6qg 4q/5q/8q Mol. Stat. 2q /3q/6qg 4q/5q /8q Mol. Stat.
Mesons
fo(980) 3.8, 0.73(s5) 0.10 13 5.6 10, 2.0 (55) 0.28 36 15
ap(980) 11 0.31 40 17 31 0.83 1.1 x 10° 46
K(1460) — 0.59 3.6 1.3 — 1.6 9.3 3.2
D (2317) 1.3 x 1072 2.1x 107 1.6 x 1072 5.6 x 1072 8.7 x 1072 1.4 x 1072 0.10 0.35
TCL D — 4.0x% 1077 2.4 x 1077 43 x 107* — 6.6 x 107 4.1 %107 7.1 x 1077
X(3872) 1.0 x 107# 4.0x 107 7.8 x 107 2.9 x 107* 1.7 x 107 6.6 x 107 1.3 x 1072 4.7 x 1073
Z(4430)" — 1.3 x 1072 2.0 x 107 1.4 x 1073 — 2.1 x 107 3.4 x 107 2.4 x 107*
T;}, n — 6.1 x 1078 1.8 x 1077 6.9 x 1077 — 6.1 x 107° 1.9 x 1073 6.8 x 1077
Baryons
A(1405) 0.81 0.11 1.8-8.3 1.7 2.2 0.29 4.7-21 4.2
ety — 2.9 x 1072 — 1.0 — 7.8 x 1072 — 2.3
KKND — 1.9 x 1072 1.7 0.28 — 5.2 x 1072 4.2 0.67
DN D — 2.9 x 1077 4.6 x 1072 1.0 x 1072 — 2.0 x 1072 0.28 6.1 x 1072
D*N T — 7.1x107% 45%x107° 1.0 x 107* — 4.7 x 1073 0.27 6.2 x 10°°
A, P — 59 x 107 — 7.2 x 107 — 3.9 x 10~ — 4.5 x 1072
BN T — 1.9 x 1077 8.0 x 1073 3.9 x 1077 — 7.7 x 107* 2.8 x 1077 1.4 x 1077
B*N 1 — 53 x 10°° 1.2 x 107 6.6 x 1073 — 2.1x 10~ 44 %107 24 x 1077
Dibaryons
H? 3.0x 1077 — 1.6 x 1072 1.3 x 1072 8.2 x 107 — 3.8 x 1072 32 x 1072
KNN?V 5.0x 1073 5.1 x 107 0.011-0.24 1.6 x 1072 1.3 x 1072 1.4 x 10~° 0.026%:x0.54 3.7 x 1072
QQv 3.2 x 1077 — 1.5 x 107 6.4 x 1077 8.6 x 1077 — 4.4 %107 1.9 x 107
Hf+ 1 3.0 x 107 — 3.3 x 107 7.5 x 107 2.0x 1077 — 1.9 x 1073 42 x 107
DNN P — 29 % 107 1.8 x 1077 7.9 x 1073 — 20x 107 9.8 x 10~ 42 % 107*
BNN T — 23 x 1077 1.2 x 107 2.4 x 1077 — 9.2 x 10°° 3.7x 107 7.6 x 10°°




3) The loosely bound exotic hadron molecules are more

produced Coal
2 < i,molecule

Stat
N.™

Coal. / Stat. ratio at RHIC

Normal hadron zone

i | 3222232 2 £ 2 3
0.2 < —bnormal o 2§3.53: ¢ ¢ 3 i
NStat 2 Sk 2EES E . s Z
i 10° ¢ LM MITNMAA @/Q = m m
The exotic multiquark & 0! | Xb L %/U | \
! |
hadrons become TSZ 0 Doy i : 1
SUppreSSed ?Z 107+ a }:T_J* Sfﬁ} A2 L‘A s o8, Jf )
Coal .l — $ 6 Y S ©
i,multiquark O=107"! NG B
’ <0.2 | ‘
N-Stat 2! /I/A ]\ i //
| 10 TR PRR T o @ @ oL
g383388& 2 ¢ § 2g/3g/6q
I3eitif e S 4 ¥ 4q5q8q
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3) The loosely bound exotic hadron molecules are more

produced Coal
i,molecule
2 < N Stat .
Normal hadron zone i Coal. / Stat. Il'atIO atl RHIC
Coal 33% T~z T3
- 22235 538 S 2 ~ 3
0.2 < —iromal 5 ifiggEzr 1 & % f
. N St 102 EEEIN-1) £F 0§ 8 s Z
i 3 « < [alia @/Q < Mm as]
The exotic multiquark & ! Xb L ‘%/ M | \
H |
hadrons become EZ U | 1
3, 100 g ttopal1Lg Ce
SUppreSSed % e {:‘ 4‘* y U 42 o PSS, - 5
Coa AP o o o By
I,multiquark | |
<0.2 | ‘
N.Stat P f A
| 10 _ T T T T T T = GG, Normal i |
i ) TeEEISEE =T @& I 29/3g/6g -
The yield of a hadron in Ig0S%c25 @ Eg Zo8 4?1/5?1/83 .
. . .. S LS A
relativistic heavy ion collision = g ... Mol
; 1l 0 1 2 3 4 5 6 7
reflects its structurell Mass (GeV)
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4) Comparison to experimental data

. Fortunately, STAR Collaboration has a preliminary measurement

for f,(980 P. Fachini [STAR Collaboration], Nucl. Phys. A 715, 462 (2003)
0
N f0(980) —_ O 2 1025 T T T T ' T T T T T g I I I I
N ' 10"k ¢ 2q/39/6q
Po of e 4q9/5q/8q
10 r X  Mol.
1 F _
Canwe say whether 1 ° Stat.__|
107 F 4
f,(980) is a tetraquark S 10°}
hadron or a hadronic > 10*}
KK molecule? 2 10}
®© 10°F =
I i ]
0¥ s B e * I
10°F © 8 o N 1
10°° , 5‘% E 9%7; 88 § ° S ~
o =¥ e FXN g
10' 1 1 . 1 : 1 : 1 : 1 N 1 N
0 1 2 3 4 5 6 7 8
Mass(GeV)
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4) Comparison to experimental data

. Fortunately, STAR Collaboration has a preliminary measurement

for f,(980)

N f5(980) _ 0.2 10% g
——~0. |

Npo 10

10° k

1F

Can we say whether 10

f,(980) is a tetraquark
hadron or a hadronic
KK molecule?

: At least, 1,(980) must
not be a tetraquark
hadron

Hadron Yields

—> N g9 #8

Zimanyi Winter School
on Heavy lon Physics

P. Fachini [STAR Collaboration], Nucl. Phys. A 715, 462 (2003)

| X @ ¢

2q/3q/6q

44/59/8q
Mol.
Stat.

~ — [ J .é
8 ¢ 8 5 3
e = 3 8 I - O
X 0 X N -
1 N 1 " 1 X 1 X 1 1
1 2 3 4 5 6 7 8

Mass(GeV)
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Conclusion
— The models for hadron production yields

1) Normal hadron yields are well described by the statistical model
2) Many aspects of the heavy ion collision experimental results
have been explained by the coalescence model
. antiproton/pion anomaly, quark number scaling of ellipfic flow,
production yield of antihyperon

— Production yields of exotfic hadrons from
heavy ion collisions

1) The yields of exotic hadrons are large enough to be measurable
iIn experiments

2) The yield of a hadron in relativistic heavy ion collision reflects is
sfrongly dependent on its structure
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— Time evolution of quark-gluon plasma

12
'

AN T = A/ e

‘ s ydrodynomic Phase l 2
1111 r
1\- ‘
Region of \ ‘ Region of

non-vanishin non ~ vanishing
baryon numhgr baryon number

Toﬁlf

z
\_"Central plateou”

J. D. Bjorken, Phys. Rev. D 27, 140 (1983)
I. Collision
i. Pre-equilibrium : QGP
lii. Hadronization : Mixed phase

Iv. Freeze-out : Hadron gas
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— Time evolution of exotics : Dsi(2317)

L. W. Chen, C. M. Ko, W. Liu, and M. Nielson, Phys. Rev. C 76, 014906 (2007)

1) Time evolution of the Dsi(2317) g

meson abundance in central _ -- ~clcnal (G'Eqﬁ) '—'cnal (I:E).
AuU+AuU collision at vSw =200 GeV ol -+« » stat (csqq) == stat (cs) |
N =3

2) The yield of the Ds)(2317) meson S | =W=lilmreeeeee
increases during the hadronic — 4 e
evolution in the coalescence o’ —
model < ol

3) The yield decreases or remains - -
almost unchanged depending 6 8 10 12 14 16

on whether the Dsj(2317) meson 1 (fm/c)
IS a two-quark or a four-quark meson
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