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— Hadronization in heavy ion collisions
— The coalescence model
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INnfroduction

— Normal hadrons
: Mesons and Baryons

— Multiquark hadrons

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

i) Hadronic molecules & multi-quark states

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

— Normal hadrons
: Mesons and Baryons

— Multiquark hadrons

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

i) Hadronic molecules & multi-quark states

X (3872) Belle (2003) — DD",DD",qgct
D,,(2317) BaBar (2003) — DK, CS, qQcCs
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— The purpose of this work

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

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

— We focus on hadron production yields

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

i) Many aspects of the heavy ion collision experimental results can
nicely be explained by the coalescence model
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The statistical model YoM :
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— Hadron vield ratios at RHIC
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— The thermally equilibrated system
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1) The hadronization temperature and the chemical potential
are determined from the experimental data

i) We expect the statistical model to play its important role
again in describing the expected multiquark hadron yields
produced at heavy ion collision experiment
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adronization in heavy ion collisions yoxse
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— The fragmentation picture

i) A parton spectrum relates
the probability for a parton

to hadronize into a hadron,

carrying a fraction z<1 of
the momentum of the
parent parton.

i) The puzzle in antiproton
/pion ratio
Requires a rescaling for @
fraction z for all hadrons

QWG2011, 8th Infernational
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— Coalescence vs. fragmentation

I) There must be a competition
. A fragmentation dominates at large transverse momenta and
a coalescence prevails at lower fransverse momenta

h h
Frag __ pT Coal __ pT
T — 7 VS. p
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n

— The coalescence picture

i) The quark number scaling of the elliptic flow of identified hadrons

i) The yield of antihyperons recently discovered in heavy ion
collision at RHIC
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The coalescence model

UNIVERSITY

- Yields of hadrons with n constitfuents
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i) Wigner function : Coalescence probability function
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ii) Covariant phase space density
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— The coalescence model can

I) consider the internal structure of hadrons
N  (4rc”)*"?
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i) explain both the quark and hadron coalescence
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— Final results
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— The quark coalescence
: Reference hadrons - A(1115), A,(2286)

— The hadron coalescence

: The relation between the binding energy and the roof
mean square radius

2 2 3
B.E.~ f > <r2>;a—° W =

2 1,
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Results

— Summary of (heavy) exoftics considered

Particle ( P»-EV ) 9 T Jr 2q/3q/6q 4q/5q/8q Mol. (\'ﬁ\;"] Crlti;:;:;

Mesons

fo(980) 980 1 0 0" qq,ss (L =1) qqss KK 67.8(B) w7 (strong decay)
ao(980) 980 3 1 0" g3 (L =1) qqss KK 67.8(B) nm (strong decay)

K (1460) 1460 2 1/2 0~ qs qgqs KKK 69.0(R) Kmm (strong decay)

D.(2317) | 2317 1 0O 07 cg (L=1) qgcs DK 273(B) D.m (strong decay)
TV 3797 3 0 I — qqce DD~ 476(B) Ko+ Kt 47

X(3872) [ 3872 3 0 17,27 % ez (L=2) qqce DD~ 3.6(B) J/mr (strong decay)

ZT(4430) %] 4430 3 1 0 ¥ — qgcz (L =1) | D:D* 13.5(B) J/ym (strong decay)

75 1 7123 1 0 0t — qqch DB 128(B) Kto~ + Kt~
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— Estimated exotic hadron yields at RHIC
and LHC

RHIC LHC
2q/3q/6q | 4q/5q/8q Mol. Stat. 2q/3q/6q | 4q/5q/8q Mol. Stat.
Mesons

fo(980) |3.8, 0.73(s3)] 0.10 13 56 |10, 2.0 (s5)| 0.28 36 15

ao(980) 11 0.31 40 17 31 0.83 1.1 x 107 46

K (1460) — 0.59 3.6 1.3 — 1.6 9.3 3.2

Ds(2317) | 1.3 x 1072 |21 x 1073 1.6 x 107% |5.6 x 107 2| 8.7 x 1072 |1.4 x 10~* 0.10 0.35
T " — 40 % 107724 x 107" 4.3 x 107* — 6.6 x 107*| 4.1 x 107* |7.1 x 1073
X(3872) | 1.0x107% |40 x107°|7.8 x 1074 (20 x 107*| 1.7 x 107 |6.6 x 107 %] 1.3 x 1072 [4.7 x 107®
Z*(4430)Y — 1.3 x 1077 2.0 x 1077 |1.4 x 107° — 2.1 x107%] 34 x107* (2.4 x 107*
TS 1 — 6.1x107%]1.8 x1077[6.9x 107" — 6.1 x107%] 1.9 x 107" [6.8 x 107°
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— The loosely bound exotic hadron
molecules are more produced

N _Coal

i,molecule
2 <

NiStat
— Normal hadron zone
N_Coal

I,normal
0.2< D <2

— The exotic multiquark hadrons become
suppressed

N Coal
i,multiquark
Stgt < 02
|\li
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— Comparison to experimental data

I) Fortunately, STAR Collaboration has a preliminary measurement

for f (980 P. Fachini [STAR Collaboration], Nucl. Phys. A 715, 462 (2003)
0
Nf0(980) ~ O 2 102 T T T T T T v T T T U T Y T
N . 101 é_
Lo 1002_
i) Can we say whether 107 f
. 2T
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. O 107 F
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— Comparison to experimental data

I) Fortunately, STAR Collaboration has a preliminary measurement
for fO (980) P. Fachini [STAR Collaboration], Nucl. Phys. A 715, 462 (2003)

N f,(980) 0.2
—N :

Po

i) Can we say whether
f,(980) is a tetraquark
hadron or a hadronic
KK molecule?

Hadron Yields

. At lease, ,(980) must
not be a tetraquark
hadron

—> N g9 =8

QWG2011, 8th Infernational
Workshop on Heavy Quarkonium
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i) More fortunately, CMS Collaboration has a measurement

for X(3872)

—> R =
v (2S)

Iv) We can say that the
X(3872) is may not be
a hadronic molecule

7.83x107" < Ny 357
=1.12x107° <1.45%x10°°

QWG2011, 8th Infernational
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Hadron Yields

CMS Physics Analysis Summary, [CMS Collaboration],
CMS PAS BPH-10-018, 2011/04/19

N
— XG5 _ 0,087 +0.017(stat.) £ 0.009(syst.)

2q/3q/6q

| X @ ¢

> = < o
g ¢ 3 5§
. 2T 3 88 I i
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1 2 3 4 5 6 7 8
Mass(GeV)

4-7 October 2011 GSI ® 19



Conclusion

— Exotic hadrons in relativistic heavy ion collisions

1) The yields of exotic hadrons are large enough to be measurable
iIn experiments : Relativistic heavy ion collisions can provide an
opportunity to search for exotic hadrons

i) The probability to combine n quarks info a compact region is
suppressed as n increases

i) The yield of a hadron in relativistic heavy ion collision reflects its
structure : Therefore, yields can be used to discriminate the
different pictures for the structure of exotic hadrons

QWG2011, 8th International
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— Time evolution of quark-gluon plasma

12
'

AN T = A/ e

‘ L, ydrodynamic Phase
1111
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Region of \ ‘

Region o;f y
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
i) 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)

i) Time evolution of the DsJ(2317)

meson abundance in central
Au+AuU collision at ¥Sw=200 GeV

i) The yield of the Ds)(2317) meson %o
increases during the hadronic g
evolution in the coalescence 0
model <

i) The yield decreases or remains
almost unchanged depending
on whether the DsJ(2317) meson

IS a two-quark or a four-quark meson

QWG2011, 8th Infernational
Workshop on Heavy Quarkonium
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— Quark coalescence
: Reference hadrons - A(1115), A.(2286)

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

Stat Coaltotal
+0.67xNJ (2629 = Nix_ (2289 (@)

—> @, =519MeV, @, =385MeV

— Hadron coalescence
: The relation between the binding energy and the root mean

square radius 3
K2 —> W) (1405 =
-~ 2
B.E.=~ 2;5615 . 3 2:“1\(1405)<r >A(14o5)
<r2>; azo 2ﬂ<rz> =20.5MeV
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— Summary of all exotic hadrons considered

Particle |\evy ¢ 1 JF 2q/3q/6¢ | 4a/5q/8q | Mol s decay
Mesons
fo(980) 980 1 0 0™ qq,s5 (L =1) qqss KK 67.8(B) w7 (strong decay)
ao(980) 980 3 1 0" g3 (L =1) qgs3 KK 67.8(B) nm (strong decay)
K (1460) 1460 2 1/2 0~ q3 qqqs KKK 69.0(R) Knm (strong decay)
D¢(2317) | 2317 1 O 0™ s (L=1) qges DK 273(B) D¢m (strong decay)
TL P 3797 3 0 1" — qqee DD* 476(B) Ktn~ + Ktn~ 47~
X(3872) | 3872 3 0 17,27 % e&(L=2) qqee DD* 3.6(B) J/dmr (strong decay)
Zt(4430) Y[ 4430 3 1 0~ % — qgce (L=1) | D1D* 13.5(B) J/im (strong decay)
TS T 7123 1 0 0F — qqeh DB 128(B) Ktn~ + Ktn~
Baryons
A(1405) 1405 2 0 1/2™ qggs (L =1) qqqsq KN |20.5(R)-174(B) w3 (strong decay)
e*(1530) ¥ 1530 2 0o 172t — gqqqs (L=1) — — KN (strong decay)
KKN T [ 1020 4 1/2 1/2% — qqqss (L =1)| KKN 42(R) K7, N (strong decay)
DN ) 2790 2 0 1/2° — qqqqc DN 6.48(R) Kta n +p
D*N D 2019 4 0  3/2° — qqqqe (L =2)| D*N 6.48(R) D + N (strong decay)
O P 2080 4 1/2 1/2% — qqqse (L=1) — — A+ Kta™
BN D 6200 2 0 1/2 — qqqqb BN 25.4(R) Ktra 47t +p
BNV | 6226 4 0 3/27 — qqqqb (L =2)| B*N 25.4(R) B + N (strong decay)
Dibaryons
HY 2245 1 0 0™ qqqqss — =N 73.2(B) AA (strong decay)
KNN ¥ 2352 2 1/2 0~ * |qqqqgs (L =1)| qqgqqqqsq | KNN |20.5(T)-174(T) AN (strong decay)
QP 3228 1 0 0+ §85888 — Q0 98.8(R) AK™ 4+ AK~
HIft 1D 3377 3 1 0" qqqqsc — =N 187(B) AK mtnt 4+p
DNN T | 3734 2 1/2 0 — qqqqqqqz | DNN 6.48(T) Ko 4+d, Ktn n 4+p+p
BNN T | 7147 2 1/2 0 — qqqqqqqb | BNN 25.4(T) Kmm+d K'n +p+p 25




RHIC LHC
2q/3q/6q | 4q/5q/8q Mol. Stat. 2q/3q/6q | 4q9/5q/8q Mol. Stat.
Mesons
fo(980) 3.8, 0.73(s3)] 0.10 13 5.6 10, 2.0 (s5)| 0.28 36 15
an(980) 11 0.31 40 17 31 0.83 1.1 x 102 46
K (1460) — 0.59 3.6 1.3 — 1.6 0.3 3.2
D4(2317) | 1.3 x 1072 |2.1 x 107?| 1.6 x 1072 |5.6 x 1072 8.7 x 1072 [1.4 x 102 0.10 0.35
TL D — 40 x107%24 x 1075 (43 x 107* — 6.6 x 1071 41 x107* |71 x 1073
X(3872) | 1.0x 107 [40x 107%|7.8 x 107* 2.9 x 107*| 1.7 x 1072 |6.6 x 107*]| 1.3 x 1072 [4.7 x 1073
Zt(4430)Y — 1.3 107°[2.0 x 107" |1.4 x 107° — 2.1x107% 3.4 x107* 2.4 x 1074
TS v — 6.1x107°[1.8 x 1077 [6.9 x 1077 — 6.1 x 107° 1.9 x 107" [6.8 x 10"
Baryons
A(1405) 0.81 0.11 1.8-8.3 1.7 2.2 0.29 4.7-21 4.2
etd — 2.9 x 1072 — 1.0 — 7.8 x 1072 — 2.3
KEKNTD — 1.9 x 1072 1.7 0.28 — 5.2 % 1072 4.2 0.67
DN T — 2.0 % 107346 x 1072 ]1.0 x 1072 — 2.0 x 1072 0.28 6.1 % 1072
D°N T — 7.1 % 107*[45x107%]|1.0 x 1072 — 47 %1073 0.27 6.2 x 1072
Q. P — 5.9 x 1074 — 7.2x 1073 — 3.9 x107* — 4.5 x 1072
BNV — 1.9 %10 °|8.0x 107" |3.9 x 107° — 77x107* 28x107% [1.4x107®
B*N 1V — 53x 1075112 x 107* 6.6 x 107 — 21 %107 44 %1072 |24 x 1073
Dibaryons
HT 3.0 x 1073 — 1.6 x 107213 x 1072?82 % 1073 — 3.8 %1072 (3.2 x 1072
ENN® | 50x1072 |51 x 107%]0.011-0.24]1.6 x 107%] 1.3 x 1072 |1.4 x 107%]0.026 — 0.54|3.7 % 1072
AL 3.2 x107° — 1.5 % 107° 6.4 x 1073 8.6 x 107° — 44 %107°% (1.9 x 1071
Hft1 [30x10* — 33x 10775 %1074 2.0 x 1073 — 1.9 x 1072 [4.2 x 1073
DNN T — 20 % 107%[1.8 x 1073 |7.0 x 1077 — 20x 107 08 %1072 [4.2 x 10~*
QWG: By —  |23x10712x10°¢|24%x 1077  —  [92x10°¢[37x107° [76 x 10 (711 G5| @24
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— Graphs

Coal. / Stat. ratio at RHIC
£52322F £ ¢ § %
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Coalescence / Statistical model ratio at RHIC
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