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1. Introduction

X(3872), X(3940), Y(4260), Z(4430)*, ... Y, , Z,, ...

Why are they exotic?
- unusual decay widths and branching ratios
- mass difference from ct in quark model (~100 MeV)

X(3872) Y(4260) Z(4430)* (Z,) T 1

ccC

DD* (ctun) molecule ccg hybrid ccud (bbud) ccud
Tornqvist (1991) S. L. Zhu (2005) really tetraquark really tetraquark

\ \ \ \

DD* threshold ? gluon dynamics ?  new correlation ? diquark correlation ?




1. Introduction

X(3872), X(3940), Y(4260), Z(4430)*, ... Y, , Z,, ...

Why are they exotic?
- unusual decay widths and branching ratios
- mass difference from ct in quark model (~100 MeV)

X(3872) Y(4260) Z(4430)* (Z,) T 1

ccC

DD* (ctun) molecule ccg hybrid ccud (bbud) ccud
Tornqvist (1991) S. L. Zhu (2005) really tetraquark really tetraquark

What states are allowed as solutions of QCD?
Can we construct effective theories from QCD?




2. Symmetry and dynamics
of heavy quark hadrons

35150 200

1500 S 4700 [I\/IeV]

ud s Ageo

Chiral Symmetry
SU(3), x SU(3),

i, K as Nambu-Goldstone bosons
Chiral multiplets (p-a,, N-N7, ...)
Nucleus formed by tensor force

Hypernuclei as g.s. of QCD matter
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2. Symmetry and dynamics
of heavy quark hadrons
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i, K as Nambu-Goldstone bosons
Chiral multiplets (p-a,, N-N7, ...)
Nucleus formed by tensor force

Hypernuclei as g.s. of QCD matter
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Heavy Quark Symmetry

D% meson (cu
1865 MeV
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2. Symmetry and dynamics
of heavy quark hadrons

35150 200

ud s Ageo

i, K as Nambu-Goldstone bosons
Chiral multiplets (p-a,, N-N’, ...)
Nuclei formed by tensor force
Hypernuclei as g.s. of QCD matter

Chiral Symmetry j‘> Symmetry
SU(3), x SU(3), SU(2).... x SU(N,)

1500 S 4700 [IVIeV]

C

Heavy Quark

spin

D-D* (Zc-Zc*, =cc-=cc*) mass
degeneracy (heavy quark sym.)

More exotics? (like Tcc with no
pion decay)

Charmed nuclei ?



3. New exotic hadrons and nuclei

D and nucleon

tetraquark T_!




3. New exotic hadrons and nuclei

D and nucleon

KN interaction

K N

K N

One pion is absent.
(short range force)

Weinberg-Tomozawa

D(B)N interaction

D(*) N B(*) N

@-la ) FC) -la >
_______ . _______?

DX} N B*) N

One pion is present.
(long range force)

One pion exchange potential
(OPEP)

S.Y. and K. Sudoh, PRD80, 034008 (2009)
Y. Yamaguchi, S. Ohkoda, S. Y., A. Hosaka, arXiv:1105.0734



3. New exotic hadrons and nuclei

D and nucleon

D(*) N Heavy Quark Symmetry G. Burdman and J.F. Donoghue (1992)

M.B. Wise (1992)

L.ug =9 trHaHb%%Aga T.-M. Yan, H.-Y. Cheng, C.-Y. Cheung,
G.-L. Lin, Y.C. Lin and H.-L. Yu (1997)
@1’)_- 14 . . \
? Ha — T [P;,u’yu — Pa75] with Ha — WOHJL’YO
vector + pseudoscalar P=D, B
D(*) N
n-exchange pot. S. Y. and K. Sudoh, PRD80, 034008 (2009)
P
g9=NN_ 1 p [—»(/\)T S f }4 .
Ven _pen = — g o C(r; )+ S, T'(r; TP T
PN—P*N \/§me4W3 (75 1) (M) (rsp)| TP TN
99NN 1m2{~ﬁ. L
Vp-N_p:N = = AT-G C(r;mg)+S T’r;mﬁ}f,—.f,—
T ( )+STT( )| TP TN
w and p-exchange pot. Y. Yamaguchi, S. Ohkoda, S. Y., A. Hosaka,

arXiv:1105.0734



3. New exotic hadrons and nuclei

D and nucleon

1(J°)=0(1/2')  DN(3S,,,), D*N(?s,,,), D*N(*D,,)

0 \/gcm.h_ - \/aﬂﬂr

- Grdr NN 1 - 5 -
Vel = 2T - | V3¢, —20C,..  —2T,. |7 -Tn
/2 V2m fr 3

_\/GTIm.— _\/iTm.ﬂ— C“r-n;r.Tr T QTIH-’:.—

I(J°)=0(3/2')  DN(?D,;,), D*N(*S;/,), D*N(*D;/,), D*N(*D;,,)

/ 0 \/ng.Tr _\/§]ﬂm7r '\/gcjm.;;\

pns . 9rdxNN 1 \/ngr C'”f;,— QTmﬁ T‘”f‘-w = =
/32 = /5 3 Y TP * TN
\/Z?N’N f'ﬂ' 3 _\/31_;?3-;—‘— 2Zrzﬁ C"m;,— _Tm?r
\ \/gcjmF TlmW _.Tlm.r _2031;7)

See Y. Yamaguchi, S. Ohkoda, S. Y., A. Hosaka, arXiv:1105.0734, for omega and rho-exchange potential.



3. New exotic hadrons and nuclei

D and nucleon

D*N
A
140 MeV
B*N
45 MeV
............... v —DNI BN
DN bound state
B.E. 2 MeV BN bound state
|(JP)=O(1/2_) B.E. 22 MeV

1(JP)=0(1/2)

S. Y. and K. Sudoh, PRD80, 034008 (2009)

Y. Yamaguchi, S. Ohkoda, S. Y., A. Hosaka,
arXiv:1105.0734



3. New exotic hadrons and nuclei

D and nucleon

A

140 MeV

4 , ,
D*N =
J20Mev & 37 -
—_— . O
DN resonance o 2 E,. = 2919.09 Me\
=17 MeV ; | [ =17.72 MeV
i - — —
1(JP)=0(3/2" e-
(JF)=0(3/2) 0 DN(2D3{2)
0 100 200 300
DN Eommymp MV

Y. Yamaguchi, S. Ohkoda, S. Y., A. Hosaka,
arXiv:1105.0734



3. New exotic hadrons and nuclei

D and nucleon

A

140 MeV

A
D*N |\
¢2o MeV
—_—
DN resonance Feshbach resonance
(=17 MeV
1(JP)=0(3/2)

Y. Yamaguchi, S. Ohkoda, S. Y., A. Hosaka,
arXiv:1105.0734



3. New exotic hadrons and nuclei

D and nucleon

A

140 MeV

D*N
¢2o MeV
| —
DN resonance
=17 MeV
1(JP)=0(3/2") B*N
. 18 MeV
45 MeV resonance
on o Me I r=013MeV BN

1(J?)=0(3/2)

Y. Yamaguchi, S. Ohkoda, S. Y., A. Hosaka,
arXiv:1105.0734



3. New exotic hadrons and nuclei

D and nucleon

D*N
4 320 Mev
—_—
DN resonance
140 MeV =17 MeV
1(JP)=0(3/2") B*N
= 18 MeV
45 MeV resonance
| DN © I r=013MeV BN

1(J?)=0(3/2)

1(JP)=0(1/2) bound state

1(JP)=0(3/27) narrow resonance state

heavy quark mass dependence is very interesting!

Y. Yamaguchi, S. Ohkoda, S. Y., A. Hosaka,
arXiv:1105.0734



3. New exotic hadrons and nuclei

DN state BN state
6263 MeV
296 MeV _ pyy zommememee
6217 MeV
T -
H dibaryon
_2255MeV. 2807 MeV
e
-------------- AN
2230MeV
N\(1405)
_1433MeV N
-------------- n2

1330 MeV



3. New exotic hadrons and nuclei

DN state BN state
6263 MeV
2936 MeV sy ZzoTTomomoo B*N
6217 MeV o
H dibaryon
_2255MeV. 2807 MeV
E— AN Charm/Bottom nuclei
2230MeV
A(1405) Hypernuclei
_1433MeV  rN
P Koo
-------------- n2

1330 MeV



3. New exotic hadrons and nuclei

| Strange Nuclei ) =U | Normal Nuclei)

. Strangeness

Hyperons (A, Z, =, ...)
K meson cf. A(1405)

neutron

proton
Norml Nucleus

1U : unitary transformation SU(3), for some rep.



3. New exotic hadrons and nuclei

| > = U | Normal Nuclei)

/o

neutron

proton

Norml Nucleus

1U : unitary transformation SU(3), for some represetation
BB system8x8=1+8_+8_ +10 ++@ Lr}opulzjf;‘gl (2010)



3. New exotic hadrons and nuclei

| Charmed Nuclei ) # U | Normal Nuclei)

Charm

/’.

Charmed
Baryons (Ac, 2c, =cg, ...)
Mesons (n,, J/W, D, ...)

neutron

proton

Norml Nucleus

No unitary transformation



3. New exotic hadrons and nuclei

Carlson, Heller, Tjon (1988)

o o «“ . Silvestre-Brac and Semay (1993)
tetraquark T, ,explicitly” exotic Manohar and Wise (193]
Lee, SY, Liu and Ko (2008)
T1 Lee and SY (2009)
CC ﬁo D*

Spin-color int. 3-B? (a=1,..,8) induces

C o — —
Hipp = Z - S5 S5 Chg = UO)\z"/\j@(T@‘j))
1>]

1(JP)=0(1%)

mimj

tcpair 1/my? <= further suppressed

tupair 1/my! <= suppressed

ud pair 1/my? <— dominant attraction (3, 3;, s=0)



3. New exotic hadrons and nuclei

Carlson, Heller, Tjon (1988)

o o «“ . Silvestre-Brac and Semay (1993)
tetraquark T, ,explicitly” exotic Manohar and Wise (193]
Lee, SY, Liu and Ko (2008)
T1 Lee and SY (2009)
DO D*-

1(JP)=0(1%)

oo >< 00 00

No strong decay

Spin-color int. 3-B? (a=1,..,8) induces

How =3 - 5.5, Oy = vode-As(3(rs)))

i>7 T 5

tcpair 1/my? <= further suppressed

tupair 1/my! <= suppressed

ud pair 1/my? <— dominant attraction (3, 3;, s=0)



3. New exotic hadrons and nuclei

tetraquark T_?!

1
ch

1(JP)=0(1%)

»explicitly” exotic

DO

Carlson, Heller, Tjon (1988)
Silvestre-Brac and Semay (1993)
Manohar and Wise (1993)

Lee, SY, Liu and Ko (2008)

Lee and SY (2009)

D*-

No strong decay

><% 00 00

Binding energy of T_,,,* [MeV]

udce USCC dscc

T -74.9 4.3 4.3
D°+D* ., D*+D |D°+ D |D” 4+ D"

udbb usbb dsbb

Tk -123.8 61.4 61.4
Bt 4+ B* B** + B"|B" + B*| B + B

-> T are stable as 3; multiplet of SU(3)..



3. New exotic hadrons and nuclei

D and nucleon V

\‘
ete collisions

pp (pp*?) collisions
heavy ion collisions

raquark T ! V




4. Experimental researches

Exotic hadrons from heavy ion collisions at RHIC and LHC
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Exotic hadrons from heavy ion collisions at RHIC and LHC

QG
P
Nucleus

Nucleus



4. Experimental researches

Exotic hadrons from heavy ion collisions at RHIC and LHC

Hadron phase

P, N\, ...

T, K, ...

> fo, dg, .-
STAR (2003)

3H
A T STAR (2010)

Exotics?
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Hadron phase

P, N\, ...

T, K, ...

> fo, dg, .-
STAR (2003)

3H
A T STAR (2010)

Exotics?



4. Experimental researches

Yields of exotic hadrons at RHIC and LHC
S. Cho et al. (the ExHIC collaboration), PRL106, 212001 (2011)

RHIC LHC
2q/3q/6q | 4q/5q/8q Mol. Stat. 2q/3q/6q | 4q9/5q/8q Mol. Stat.
f0(980) |3.8, 0.73(s3)|  0.10 13 5.6 10, 2.0 (s3)| 0.28 36 15
ao(980) 11 0.31 40 17 31 0.83 1.1 x 107 46
Ds(2317)] 1.3 x 1072 |21 x 107 °[1.6 x 1072 [5.6 x 107 ?[ 8.7 x 107 ? [1.4 x 10~ 0.10 0.35
X (3872) 4.0x 10°°[7.8 x 10 *|2.9 x 10 * 6.6 x 10°*| 1.3 x 10" % [4.7 x 10?
A(1405) 0.81 0.11 1.8—8.3 1.7 2.2 0.29 4.7-21 4.2
KKN — 0.019 1.7 0.28 — 5.2 x 1072 4.2 0.67
DN 2.9 x 10 %[4.6 x 10 % [1.0 x 10" 2.0 x 102 0.28 6.1 x 102
KNN | 50x107% [5.1 x 107"]0.011—0.24|1.6 x 107%| 1.3 x 1072 |1.4 x 107?|0.026 — 0.54[3.7 x 10~ ?
DNN — 29x107°[1.8 x 1072 7.9 x 107° — 2.0x 1071 9.8 x 1072 [4.2 x 107*

Yazaki (YITP and RIKEN), S. Y. (KEK)

ExHIC (Exotics from Heavy lon Collisions) collaboration

S. Cho (Yonsei U.), T. Furumoto (YITP and RIKEN), T. Hyodo (Tokyo Inst.
Technology), D. Jido (YITP), C.-M. Ko (Texas A&M U.), S. H. Lee (Yonsei U. and YITP),
M. Nielsen (U. de Paulo), A. Ohnishi (YITP), T. Sekihara (YITP and Kyoto U.), K.



4. Experimental researches

Hadron molecule vs. multi-quark
Coal. / Stat. ratio at RHIC

22z .3 3
z 2 & = 2 = =
2 £ 15 £ i # J
10 3 L E T 7 a) a\ > _
= 10’ \ \ \ / —;THadron molecule
z ol |
E 10 Lo ) . Normal hadron
O A o
Z 1| M 0.2
10 ’
| / /A : ¢ Multi-quark
10_2 T / Normal |
g 2 Z i Z 2q/3q/6q *
2§ 22 7 49/59/8q ¢
= > g’f E | Mol |
0 | 2 3 4

Mass (GeV)



4. Experimental researches

24

o Anti-Nuclei #
12001 PbPb @\Sy = 2.76 TeV

s 1000 %

5 .

O 800

c performance

S 00

=) r

7]

% 400]

L

=

L)
o
=)

05 1 15 2 25
Rigidity  (GeVic)

3 35 4

~ 2 M Pb-Pb Min Bias events

CERN, 2 Dec. 2010 J. Schukraft



4. Experimental researches

Charm in Pb-Pb

2.0 =g = 4.0 Gavic

4 A

A 0

RL-1:0 ]
1

o

ALICE Perlormuncs
QST T
i) +
O K
PP 0, w s, =2 76 T

A A 40" mwonmbe

Rlnm = 1 . AGGE | B.D03

Signas = 0. 0408 0O ez
Rigniflcames {3 a) 3.4 + A
= (3 o BEE - 270

B i) B40ES o 1559

LA 14 1.8h 7. 19D a e

lrwardand Mase (Fr) [Eavict]

‘Jet gquenching’ with heavy quarks:

Energy loss depends on

- color charge
- mass (light/n

(quark/gluon)
eavy quarks)

3

Eqm:sligw.'.rﬁ
1

5.0 = pt < 6.0 Cavic

b

Pl = 8 Gevis

[significance {3 o) 5.4= 1.3

[
i
T

Erfries | 10 M

2w

o[ Mean =1.87%=0.010
[ Sigrma = 0.0Z0 = 0.0 - !
10 - N
Higmiticcarncs (3 o p 3.7 = 1.9 o -
T |- -
= (A T R A0S .
- E (3o) 5484 = T2 X A = 102 ¢ o.ogn &
[ Sigrma = 0037 .0 b
il o v by by b aalasas METNE N RN R PR E RE T R R B
1.7 +4.m 4.AL 1.8 +.a95 =2 Z.on 1.7m 1A 1.AR 1. 186 =z .0

Entries | & MeVic?

Il Bsee (B} [Eellied]

Invarimant AMea=a=a (K} LL;-\-"T-I:‘.‘]

Pb-Pb-'s=2.76 TeV, 1.7 = 10° events, pf" > b6 GeVic

b-&

ALIC

Significance (2} 3.5 + 1.1

I 1 1 1 1 I 1 I 1 1 1 1
— K omt T

Parfarrmance
AT 2200

Me
3i

=1.876 = D.DDZ
@ = 0006 + 0,002

S(2c)36=11
B B(2n) 69+ 3 ]
= | \ ] \ . L | . | \ \ \ =
1.7 1.75 1.8 1.E5 1.9 1.95 2
Invariant Mass (Krm[Gevic]

CERN, 2 Dec. 2010 J. Schukraft



5. Summary

Heavy quarks have new symmetry and dynamics.

Heavy quark symmetry
D-D* mixing

Many exotic heavy hadrons and nuclei.

TCC1
Z, (1=1)
DbParN bound and resonance states

Searches in e*e’, pp (pp®?') and heavy ion collisions.
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