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INnfroduction

— Multiquark hadrons o 8 0; (980), a, (980)

Robert L. Jaffe, Phys. Rev. D, 15, 267 (1977)

@ .= @ «(800)
1) H dibaryon and scalar tetra
quark (1976) f,(980) ® . (600 ‘! g

KK hadronic molecule state
http://en.wikipedia.org/wiki/Exotic_meson

2) Hadronic molecules & multiquark states

X (3872) Belle (2003) — DD",DD",qgct
D, (2317) BaBar (2003) = DK, CS, qqcs
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— Exotic hadrons discussed

Particle m(MeV) ¢ I JP 2q/3q/6q 4q/5q /8q Mol. ol (MeV) Decay mode
Mesons

f0(980) 980 1 0 0+ qq.ss(L =1) qqss KK 67.8(B) m (Strong decay)
ap(980) 980 3 1 0+ qgg(L=1) qqss KK 67.8(B) nm (Strong decay)
K(1460) 1460 2 172 0~ q5 qqqs KKK 69.0(R) K (Strong decay)
D.(2317) 2317 1 0 0+ cs(L=1) qgcs DK 273(B) D, (Strong decay)
T!® 3797 3 0 1" — ggcc DD* 476(B) K'n 4+ K'n +n~
X(3872) 3872 30 17,2°¢ cc(L =2) ggcc DD* 3.6(B) J/Wwmm (Strong decay)
ZT(4430)° 4430 3 1 0~ — ggee(L =1) D,D* 13.5(B) J /rm (Strong decay)
Th® 7123 I 0 0+ — qqch DB 128(B) K*tn~+K*n~
Baryons

A(1405) 1405 2 0 1/2- qggs(L =1) qqqsq KN 20.5(R)-174(B) 7 X (Strong decay)
OF(1530)° 1530 2 0 1/2%¢ — gqqqs(L=1) — — K N (Strong decay)
KKN® 1920 4 172 172F — gqqss(L=1) KKN 42(R) Kn X, mnN (Strong decay)
DN*® 2790 2 0 1/2~ — qq9949¢ DN 6.48(R) Ktn~n~+p

D*N*® 2919 4 0 3/2° — gqqqé(L =2) D*N 6.48(R) D + N (Strong decay)
O " 2980 4 172 1;2* — gggse(L = 1) — — A+ Ktm~

BN* 6200 2 0 1/2~ — qqqqb BN 25.4(R) K'ma~+at+p
B*N* 6226 4 0 3/2° — ggqqb(L =2) B*N 25.4(R) B + N (Strong decay)
Dibaryons

H* 2245 I 0 0" qqqqss — EN 73.2(B) A A (Strong decay)
KNNP® 2352 2 12 0~ qqqqqgs(L =1)  gqqqqqsq KNN 20.5(T)-174(T) AN (Strong decay)
19194 3228 I 0 0+ SSSSSS — QQ 98.8(R) AK™ + AK~™

Hi+e 3377 3 1 0+ qqqqsc — E.N 187(B) AK atnt +p
DNN® 3734 2 172 0 — 4449999 q< DNN 6.48(T) K'n +d,K*'nn +p+p
BNN* 7147 2 172 0" — gqqqqqqb  BNN 25.4(T) Ktm~+d.K*tn-+p+p

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



— Observation of the antimatter hyper-  yoxse,
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B. Abelev ef al. [The STAR Collaboration], Science, 328, 58 (2010)
H. Agakachiev et al. [The STAR Collaboration], Nature, 473, 353 (2011)
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H-Dibaryon

—
[u¥]
[=]
=]

S [ Pb-Pb | s, = 2.76 TeV « No signal visible
% 10001— 13.8 million events (0-80% central)
o - ——— data
8 B [ | syst. error :
S 800 ALICE .. — injected signal (m =2.21 GeV/c?) me the non Gbge_watlon we
8 | PRELIMINARY | syst. error (m =2.21 GeVic?) obtain as upper limits:
600 — injected signa [mH=2.23 GeVlic?)
L - 2
B - --.syst errorl[mH 2.23 GeVlc?) For a StangW bound H:
or - dN/dy < 8.4x10% (99% CL)
200/ . )
- For a lightly bound H:
et - dN/dy = 2x10% (99% CL)
3.2 2.1 222 223 2.24 2.25 2.26 2.27 228 229 2.3 -

Invariant mass Apr (GeV/c?)

Thermal model prediction is dN/dy=3.1x10-3 - thermal model would need
to be wrong by a factor ~10
Benjamin Donigus, [ALICE Collaboration], Quark Matter 2012 presentation
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— Statistical model

1) The hadronization temper-
ature and the chemical
potential are determined from
the experimental data

A. Andronic, P. Braun-Munzinger, K. Redlich, and J. Stachel, arXiv:1210.7724
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— Coalescence model

H. Sato and K. Yazaki, Phys. Lett. B 98, 153 (1981)
Carl B Dover, Ulrich. Heinz, Ekkard Schnedermann, Jozsef Zimanni, Phys. Rev. C 44, 1636 (1991)

1) Yields of hadrons with n constituents

"1 p-do, d°p.
NCoaI: | | L f X, P fW X, oo X .
gj{lill L@ E T p.)} (% % P Py)

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

fW(Xl’“"Xn : pl’“" pn)

- - d _epiYi * X +ﬁ”x _|_h X _L’...’X _hj
IH yl 4 ( 1 2 n 2 jl/j( 1 2 n 2

. Wigner function, the coalescence probability function

The 4th Asian Triangle

Heavy lon Conference Nov 17 2012 @8



Exotic hadrons

S. Cho et al. [ExHIC Collaboration], Phys. Rev. Lett. 106, 212001 (2011)
S. Cho et al. [ExHIC Collaboration], Phys. Rev. C 84, 064910 (2011)

1. ; 2.3 . 4 Ty 02 : 5 1.2
Sungtae Cho,” Takenori Furumoto,™” Tetsuo Hyodo,” Daisuke Jido,” Che Ming Ko,” Su Houng Lee,
Marina Nielsen.® Akira Ohnishi.” Takayasu Sekihara.>’ Shigehiro Yasui.? and Koichi Yazaki®”

(ExHIC Collaboration)

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
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— Exotic hadrons discussed

Particle m(MeV) ¢ I JP 2q/3q/6q 4q/5q /8q Mol. ol (MeV) Decay mode
Mesons

f0(980) 980 1 0 0+ qq.ss(L =1) qqss KK 67.8(B) m (Strong decay)
ap(980) 980 3 1 0+ qgg(L=1) qqss KK 67.8(B) nm (Strong decay)
K(1460) 1460 2 172 0~ q5 qqqs KKK 69.0(R) K (Strong decay)
D.(2317) 2317 1 0 0+ cs(L=1) qgcs DK 273(B) D, (Strong decay)
T!® 3797 3 0 1" — ggcc DD* 476(B) K'n 4+ K'n +n~
X(3872) 3872 30 17,2°¢ cc(L =2) ggcc DD* 3.6(B) J/Wwmm (Strong decay)
ZT(4430)° 4430 3 1 0~ — ggee(L =1) D,D* 13.5(B) J /rm (Strong decay)
Th® 7123 I 0 0+ — qqch DB 128(B) K*tn~+K*n~
Baryons

A(1405) 1405 2 0 1/2- qggs(L =1) qqqsq KN 20.5(R)-174(B) 7 X (Strong decay)
OF(1530)° 1530 2 0 1/2%¢ — gqqqs(L=1) — — K N (Strong decay)
KKN® 1920 4 172 172F — gqqss(L=1) KKN 42(R) Kn X, mnN (Strong decay)
DN*® 2790 2 0 1/2~ — qq9949¢ DN 6.48(R) Ktn~n~+p

D*N*® 2919 4 0 3/2° — gqqqé(L =2) D*N 6.48(R) D + N (Strong decay)
O " 2980 4 172 1;2* — gggse(L = 1) — — A+ Ktm~

BN* 6200 2 0 1/2~ — qqqqb BN 25.4(R) K'ma~+at+p
B*N* 6226 4 0 3/2° — ggqqb(L =2) B*N 25.4(R) B + N (Strong decay)
Dibaryons

H* 2245 I 0 0" qqqqss — EN 73.2(B) A A (Strong decay)
KNNP® 2352 2 12 0~ qqqqqgs(L =1)  gqqqqqsq KNN 20.5(T)-174(T) AN (Strong decay)
19194 3228 I 0 0+ SSSSSS — QQ 98.8(R) AK™ + AK~™

Hi+e 3377 3 1 0+ qqqqsc — E.N 187(B) AK atnt +p
DNN® 3734 2 172 0 — 4449999 q< DNN 6.48(T) K'n +d,K*'nn +p+p
BNN* 7147 2 172 0" — gqqqqqqb  BNN 25.4(T) Ktm~+d.K*tn-+p+p

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



1) Study the production yields of exotic hadrons for all
possible structure configurations

. It wass expected that the probability to combine n quarks into
a compact region is suppressed as N incCreases

UNIVERSITY

2) The internal structure of hadrons produced is considered

N (47Z-Ji2)3/2

s-wave i — ~ 0.360

g; V(1+2uTc?)

N, (4no))** 2| 2uTo;
M\ ve = — |~ 0.093

0, VA+24T0o7) 3| A+24T07)

N,  (4roi)”" 8 2T of 2 ~0.029
d-wave g V(@1+24To2)15| 1+24Tc?) |

1 1 1 1

O, =—F7— L — m + [
] . g i i+1
The 4th Asian Triangle MV Z mj
J
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— Estimated exotic hadron yields

RHIC LHC

2q/3q/6q dq /5q /8q Mol. Stat. 2q/3q/6q dq /5q /8q Mol. Stat
Mesons
fo(980) 3.8, 0.73(s5) 0.10 13 5.6 10, 2.0 (s5) 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 %107 2.1 x107° 1.6 x 107 5.6 x 1072 8.7 x 107 1.4 % 1072 0.10 0.35
T!® — 4.0 x 107> 24 x 1073 43 x107* — 6.6 x 107* 4.1 x 107 7.1 x 1073
X(3872) 1.0 x 107# 4.0 x 107> 7.8 x 107# 29 x107* 1.7 x 1073 6.6 x 107* 1.3 x 1072 4.7 x 107
Z+(4430)° — 1.3 x 107 2.0 x 1072 1.4 % 107° — 2.1 x 107# 3.4 x 107* 2.4 x 1074
T9® — 6.1 x 1078 1.8 x 1077 6.9 x 1077 — 6.1 x 10°° 1.9 x 107> 6.8 x 107>
Baryons
A(1405) 0.81 0.11 1.8-8.3 1.7 22 0.29 4.7-21 42
et — 2.9 x 1072 — 1.0 — 7.8 x 1072 — 23
KKN? — 1.9 % 1072 1.7 0.28 — 5.2 %1072 4.2 0.67
DN*® — 2.9 x 1073 4.6 x 1072 1.0 x 1072 — 2.0 x 1072 0.28 6.1 x 1072
D*N*® — 7.1 x 107 4.5 x 1072 1.0 x 1072 — 4.7 x 1073 0.27 6.2 x 1072
(S — 59 x 107 — 7.2 x 1073 — 3.9 x 1077 — 4.5 x 1072
BN*® — 1.9 x 107 8.0 x 107 3.9 x 107° — 7.7 x 1074 2.8 x 1073 1.4 %1073
B*N*® — 53x10°° 1.2 x 107* 6.6 x 1077 — 2.1 x107* 4.4 %1073 24 x 107
Dibaryons
H*" 3.0 x 1073 — 1.6 x 1072 1.3 x 1072 82 x 1073 — 3.8 x 1072 32 x 1072
KNNP® 5.0 x 107 5.1 <107 0.011-0.24 1.6 x 1072 1.3 x 1072 1.4 %1073 0.026 — 0.54 3.7 x 1072

2Particles that are newly predicted by theoretical model.
®Particles that are not yet established.

Production Yields of hadrons strongly depend on their structurel!
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— The scalar meson f,(980)

Robert L. Jaffe, Phys. Rev. D, 15, 267 (1977)

. the tetraquark state or KK hadronic molecule state

1) The STAR Collaboration has

a preliminary measurement 10 F——————————— ———
P 4 101; o 2q/39/6q
for f,(980) ol ? X * 4q/5q/8q
SN =8 oL T <
P. Fachini [The STAR Collaboration], “ 10-2;. X
Nucl. Phys. A 715, 462 (2003) D 10°F ° X
.
o il g 3
: The measured yield does § 1.} ]
not seem to support the T 7 ~ X
- ? —_ =) - ~N 8
tetra-quark state oy 88§ 5 g A
110(-)10r N ::uo z |Dw. 1 ‘_I._o;<|’ -'RI./ 1 N 1 N °||_ R
0 1 2 3 4 5 6 7 8
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The X(3872) meson

- The X(3872) meson

X(3872) 1G(JPCYy = 0?27 +)
Quantum numbers not established.
J. Beringer et al. (PDG), Mass m = 3871.68 + 0.17 MeV
Phys. Rev. D 86, 010001 (2012) ey I 775 & 4 MeV

Full width ' < 1.2 MeV, CL = 90%

1) Discovered by Belle collaboration (2003)
2) Hadronic molecules, multi-quark, and hybrid states

— DD, DD, qgcc,cC
X, (3872)
X, (3872)

A. Abulencia et al, [CDF Collaboration], Phys. Rev. Lett. 98, 132002 (2007)

Only JP¢ —1** 2 states are allowed:

The 4th Asian Triangle
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— Hadronic effects

1) The absorption of X(3872) by pions and rho mesons
X7 — D*D*, Xmn— DD, Xp— DD*, Xp— DD*, Xp— DD, Xp — D*D*

D* D* D* D* D D D D D* D
> D < ; D : > D* < ; D" : : D <
X (a) ™ X (b) T X (c) m X (d) T X (e) P
D* D D D D* D D D D D*
I/ I/
D* D D*
X (f) P X (2) P X (h) P X (i) P X i) p

2) Spin 2 particle polarization

o 1 1
Z Tl—m«'{k}ru_ﬁ{k} — E [gpfx.‘?!e'ﬁ + Gupgva — .Q’pugctﬁ} - m (F?,uctkukﬁ + ﬂyﬁkpkﬂ + F?,uﬁkuku + ﬂka,uk_ﬁ}
pol
1 2 2
+ Efﬂpu + mkpku”g&ﬁ + mkukjj
ncuvy 1011 Collieicrice



. — Cross sections for different X(3872)
meson quantum numbpers

Sungtae Cho and Su Houng Lee, to appear (2012)

1.5 T T T T | ' | '
. . 1-:"Dhar*D*
_‘_T[x_l-:"DbarD
1.0- —«—pX ->D""D A
aF=] P
~ —+— pX ->D""*D* |
%. | —+—pX,->D"D
0.54 \ -
DD § e, - _..__-..T-: ::_ 'I_'.‘_'..'i'. Ginlnw
0.0 0.2 0.4 0.6 0.8 1.0

(a) 5“2-501 2(GeV)
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5. — Thermally averaged cross section of
the X(3872) meson abundances

B jdspidsph fi(pi)fj(pj)aihajkvih

<Gih—>jkvih> =
3 3
jd pdp, T, (p) f;(p;)
; T - T ' ' ' ' ' 400 - . - T - . - . -
(=] r—_— bar
054 —*°*— T[X_I-:"D D* —+— X1-:"D D . E}(E'}DMF*D* e 2':"DbarD
I:IEF '.'-'. -
1™ ——pX->D""D 7 —— pX_->D™*D
044 " D e 300{ . P |
| T X — % pX1-}D D ] —— F)xz':"Dbar*D*
0.3 - - ) —+—px1-:"DhEr*D*— E“ 200 ._._:_‘pxz_}DbarD _
h;ﬁ-‘.’l : * -
0.2- 1 32
vV
1004 . N
% IRV
> | +*+*+**++*++
0.0 ===y t ; ; R D-+4I-+-:-+-!-+1I-+-Ir+4l-4—|++-:-+-:-+-
100 120 140 160 180 200 100 b 120 140 160 180 200
(a) (b)
T(MeV) T(MeV)
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— The coupling constants of X(3872)

Coupling JPC =177 JPC =27
g(NDD+ (3.5%+0.7) GeV 189 + 36
g pu 0.14 = 0.03 (—0.29 = 0.08) GeV~! (0.28 = 0.09) GeV™!

F. Brazzi, B. Grinstein, F. Piccinini, A. D. Polosa, and C. Sabelli, Phys. Rev. D 84, 014003 (2011)

1) The phase space should be same for both cases

Lx,p+p = gx,0+pX{ DD, Lx,p+p = —igx,p+pX4" D}0,D.
200 ———————r——7——7—

2) The coupling constant of 1/ "7 Ox (3872100 |
X(3872) mesons depends on 160'_ |
its masss ; the X(3872) is also 120 1
measured near 3875.2 GeV s

g 80 “‘“"-mﬂ._%,_ﬂ e 7

G. Gokhroo et al. [Belle Collaboration], ::r? 40_' i_

Phys. Rev. Lett. 97, 162002 (2006)
B. Aubert et al. [Babar Collaboration],

0 T T T v T v T ’ T T T
ThPthT% Efgn %ZZ@Q] 1102 (2008) 3872.0 3872.8 3873.6 3874.4 3875.2 3876.0
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— Time evolution of X(3872)

dNx (7) T )
dr — RQGP ‘|_ Z ( Jcc —aX Ueer nc(T}ﬁ""c’(T} —{JGX_,CEJ'E-’,;L}(>'?1RP\"X(T))

ELCC

1) The yield of the X(3872) meson with spin 2 varies drastically
and follows the stafistical model predictions

2) The yield increases or remains T
almost unchanged in both the 591 ::332:?)
statistical model and coales- 0. |

-—

cence model for the spin | ~
state of X(3872) < 3.0-
§L 2.0-

3) Time evolution of the X(3872) =
1.0+

meson abundance is strongly
dependent also on its quantum o0
number and its structure 4 6 8 10 12 14 16 18
The 4th Asian Triangle -a;(fmlc)
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— Time evolution of X(3872)

dNx(T)
dr

— RQG‘P(T} + Z (<Jcc’—>aX Vee' )Ne(T)Ner (T) —{Jﬂx_,ccf'l-’ax>'?1af\"TX(T))

a,c,c'

1) The yield of the X(3872) meson with spin 2 varies drastically
and follows the stafistical model predictions

2) The yield increases or remains
almost unchanged in both the
statistical model and coales- 20) |
cence model for the spin 1
state of X(3872)

5.0 —.—Stat.(2) —-—Coal.(2)-
—+—Stat.(1) —x— Coal.(17) |

(107)

X(3872)

3) Time evolution of the X(3872) =
meson abundance is strongly
dependent also on its quantum o0~
number and its structure 4 6 8 10 12 14 16 18
The 4th Asian Triangle r(fmlc)
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YONSEI

Conclusion

— Exotic hadrons from heavy ion collisions

1) Relativistic heavy ion collisions provide us a perfect environment
to explore the production of various particles

2) The stafistical model & the coalescence model

3) The yield of a hadron in relativistic heavy ion collision is
sfrongly dependent on ifs structure

4) Thermal yields decrease or remain almost unchanged while the
the production yields from coalescence increases during the
hadronic stage of heavy ion collisions

5) Studying both the initial abundances of exotic hadrons at
hadronization and their absorption by hadrons during the hadronic
stage provide a chance to infer their structure and production
mechanism in heavy ion collisions

The 4th Asian Triangle Nov 17 2012 @21
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P. Braun-Munzinger and J
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baryonic chemical potanllal ug [GeV]
. Stachel,

Nucl. Phys. A 690, 119c (2001)
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— Dynamics of relativistic heavy ion YONSEI
collision e

T(r) =T, —(Ty -Te) — -

T- — T,

V(r) = 7|Re +Vo (r—7.) +al 2(r —7.)* [ e

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

200 T I T I T I T I T I T I T I T T 12 T T T T T T T
160 _ 10 i
oy mﬂ 8_ I
120+ 1 E
mD 6_ |
80+ 1 X ]
] = 4- i
g |
40- . 2 i
U T T T T T T T T T T T T T T T T T D T T T T T T T T
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
7(fm/c) 7(fm/c)

. THINY TTHL 7 NI T T Ty NOV]720]2.24
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— Interaction Lagrangians TONSE]

1) The intferaction Lagrangians from the pseudoscalar and vector
mesons free Lagrangians

'IC’ITDD*: :fgﬂﬂﬂ*ﬂ:{{ﬁ‘p' {Daﬂ;ﬂ-_ﬂﬁﬂﬂ-} + H'c"‘ EPD_DZE:EPDD{DTH#D _(':J”DTD } - p'”'._

—_ —_— . . B :_*_ :__ —* -

Lypp=igypp¥™(Dd,D—d,DD). L,pp+=igypsp+[(d,D*'7Dy;—D*"7d,D})- p*
ﬁﬂfD*D*::fgﬂfﬂ:i:ﬂ:!:[l'!f”{H#D$va_D*FEJ#Dj }| -I—{D*p,:'aﬂﬁv_ﬂﬂp*p;_ﬁp}ﬁ*”
(00D}~ 0 3,D}) D +D*(7.5%,DE=F.0,"D%)].

+D*M(y*9,D¥—3,4"D¥)].

2) The interaction Lagrangians for X(3872)

. oy s ; f ¢ ' ¢
B S 71 - S AP v ‘ o o
£X1wp = 10X 4ypt Uuﬁ_pdcrxlm + gkszE“”pgc}H}{#a(dﬂw’gpg - wpdapg).
- L’ N
Lx,p~p = —igx,p-pX5" D;0,D,
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