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1. Introduction
— Hadron Physics —

e Evidence of Higgs (like) has been observed
Low energy QCD for Hadrons is perhaps least understood

e lLagrangian is simple but not easy to solve

e Long history: Experiments, Models (Empirical rules),
Computer simulations (Lattice QCD, Kei SC@Kobe)

Breakthrough to a new understanding



1. Introduction
— Hadron Physics —

e Evidence of Higgs (like) has been observed
Low energy QCD for Hadrons is perhaps least understood

e lLagrangian is simple but not easy to solve

e Long history: Experiments, Models (Empirical rules),
Computer simulations (Lattice QCD, Kei SC@Kobe)

Yet, recent (last decade) observations have revealed
unexpectedly rich spectrum near thresholds
at KEK, Spring-8, J-PARCBES, RHIC, LHC, ...

Breakthrough to a new understanding




Hadrons are composite

Many resonant states
Particle data book (PDG)
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But all of them seem to have
minimum numbers (2 or 3) of valence quarks

Mesons ™ qq Baryons ~ gqq
2

Then question: why not states such as

e Gluon excitations (glueballs, hybrids, ...)
e Multiquarks, tetra, penta, ...
e Multi-hadron hadrons (hadronic molecules)

Recently observed rich spectrum
with the Heavy quarks



X(3872)
Zc(3900)

Zb(10610)
Zb(10650)

January 2014

Data from KEK, Talk by Bondar

Ys(2175) 217548 58+26 ff, ISR

X(3872) 3871.8420.33 <0.95 Jlypp, Jiye B decay
X(3872) 3872.8 +0.7/-0.6 3.9+2.8/-1.8 D0DO B decay
Z(3940) 392945 29+10 DD ge

X(3940) 394219 37417 DD* Double-charm
Y(3940) 3942417 87+34 Jiyw B decay
Y(4008) 4008 +82/-49 226 +97/-80 Jiypp ISR

Z(4051)* 4051 +24/-43 82 +51/-28 pC,s B decay
X(4160) 4156429 139 +113/-65 D*D* Double-charm
Z(4248) 4248 +185/-45 177 +320/-72 pe.s B decay
Y(4260) 4264412 83422 Jlypp ISR

Y(4350) 4361+13 74118 v'pp ISR

Z(4430)" 443345 45 +35/-18 v'p B decay
Y(4660) 466412 48115 v'pp ISR

Y,(10890) 10889.6+2.3 54.7 +8.9/-7.6 ppT(NS) e*e- annihilation
Y(3915) 3915+4 17+10 Jiyw ge

X(4350) 4350 +4.7/-5.1 13 +18/-14 Jiyf ge

hy(1P) 9898.3+1.5 MM(pp) T(5S) /Y, decay
hy(2P) 10259.3 +1.6/-1.2 MM(pp) T(5S) /Y, decay
Z,(10610) 10608.4%2.0 15.642.5 (T(nS) or h,)p T(5S) /Y, decay
Z,(10650) 10653.2+1.5 14.443.2 (T(nS) or h,)p T(5S) IY, decay

Hadrons@Hirschegg
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Two features

Heavy particles are easy to be bound

Kinetic energy is suppressed

If there is an attractive interaction

Pion exchange between light quarks
open heavy flavors
= Requirement of chiral symmetry

Hadrons@Hirschegg



Charmonium

Y (4664)
Y (4630) Z(4430)7
4.5 ¥(4415)
Y (4360) X (4350)
= Y (4260 Y (‘42)7’4
™ Ry ;,5(41603) \'(4160)_% (41140))
> 4040 ([I[] s0)+ D*D*
threshold : l E— '.v ;;1",7).2__--____- _73‘1“‘5______
p= Xc1(1P) X2(1P) 1 (1p) DD
J/4(1S)
(1S
3.0 - ne(15)
ot 1-— ottt 1t+ o+t qt— 9T JPC |

January 2014 Hadrons@Hirschegg 8



Charmonium

LS Bng,,

e Sso Y (4664)
V4 — U Y (4630) Z(4430)*
' 4. ¥(4415) _'
‘\ Q 9 9 Q ,/}‘ 4 - 0Y(436()) X (4350)
~ . V(4260 Y (’427;4
~~~~--—----—'7_'~’ _1,;(41((3)0) X (4160) {z“’ )
Y(#008 ) .C-:.L.;w-m X(3872) cax(ePy—————= u-‘-’m“‘“)-"gw{ X
“"'Z::‘%"J____:f::ZPTTf:____DD
Xe1(1P) Xc2(1P) he(1P) DD
B Xe0(1P)
J/4(1S)
_1],._(15)
ot 1-— ottt 1t+ o+t qt— 9T JPC |

January 2014 Hadrons@Hirschegg 9



We expect clusterized multiquarks

Near threshold e W

AV N

ccqq D D

Multiquarks rearrange into heavy hadrons
=» Heavy hadrons interacting by an attractive force
OPEP €& Chiral symmetry



Analogous to

E [MeV|
A

Ground state

12C 0,* Hoyle state

M. Itoh et al, PRC84,054308(2011) "Physics Viewpoint"
(RCNP experiment)

Janual



2. Hadronic molecules
with heavy quarks

(1) DN and BN
cqqqq baqgaq

(2) Z, and related states



(1) DN and BN

Yamaguchi, Yamaguchi, Yasui and Hosaka
Phys.Rev.D84:014032 (2011), D85,054003 (2012)

Ohkoda, Yamaguchi, Yasui and Hosaka
Phys.Rev. D86: 034019, 014004, 117502 (2012)

Hadrons@Hirschegg 13



SD mixing by the tensor force

Yasui-Sudoh, PRD80, 034008, 2009
Yamaguchi-Ohkoda-Yasui and Hosaka, PRD84:014032,2011

Heavy Q symmetry - Coupled channels
D ~D" of DN(S), D*'N(S), D'N(D)

Spin-dependent force . o 5
suppressed —_— — .
my —my ~400 MeV | _ 0 ¢
my —my, ~140 MeV D 120 tm =2 i
My —mpg ~ 45 MeV 2 . 2 .

N N N

Tensor of OPEP

January 2014 Hadrons@Hirschegg 14



Bound and resonant states
Phys.Rev.D85,054003 (2012)

A E DN \ E BN
176.0 — :87.4
5/2%
148.2 — 5.1 +
I L == 3/2
D*N 113.2 — 8.9 58.4 — 124.8
(2949 MeV) 3/2~ o+
B*N 46 318“445/
. 8 — . +
26.8 — i65.7 (6265 MeV) | —=3/2
1/2 6.9 —i0.053/2- 5.8 —i3.0 /4
— O ______________________________________________________________ 0 _____________________________________________
DN | iz BN 12"
(2807 MeV) —&. (6219 MeV) W

DN BN
E, 2.14 MeV 23.0 MeV
20| S1Z€ 3.2 fm 1.2 fm 5




(2) Z,(10610, 10650) and related states

arXiv:1105.4583v1 [hep-ex];

PRL 108, 032001 (2012)
~11 GeV

Talk by Bondar
10860

10653, 10608 [5(JP) = 1*(1*)

Y (3S, 10355) h, (2P, 10259)
{Y(ZS, 10023) h (1P, 9898)

Y (1S, 9460)
\— _J/
(] Y [ ]
Invariant mass analysis
— _
——

Three-body decay

Januar y 2014 Hadrons@Hirschegg 16



Invariant mass of mtY(nS)

TY (1S) Zo1

%‘em - z %~ ’
= =
= <
~ w0 =
b -
o S
| A | k]
q|o_1 10_2 103 104 105 105 107 108 Q|04 1045 105 10.55 106 1065 10.7 10.75

M(Y(1S)x) v (Gev/c?) M(Y(28)7m),.,.» (GeV)

- Zpl
F TYG3S) 4 Inall cases,

twin peaks are observed

(Events/4 Mev/c? )
3
I

L

1%.58 106 10& 1064 1066 1068 107 10.72 10.74
M(Y(3S)7) ../ (Gev/c?) idrons@Hirschegg 17




Characters

e States appear near the thresholds

e Masses of Z,(10610), Z,(10650) are similar

 Heavy spin changing processes occur

aaaaa

Y5BS) > 7, > Tn M
) hytt 4\

HQ forbidden process occurs equally with allowed ones

Explained by BB* molecules

y 2014 Hadrons@Hirschegg
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Z,'s as BU)B") molecules

Bondar et al, Phys.Rev. D84 (2011) 054010
Ohkoda, Yamaguchi, Yasui, Sudoh and Hodaka,
Phys.Rev. D86 (2012) 014004

1. Masses
2. Transitions: Heavy quark selection rules
3. Decays into bottomonium

Coupled channels of
------- - BB, BB*, B*B*

e » @ T ,

ina T, p, w potential model

January 2014 Hadrons@Hirschegg 19



1. Masses, i, p, w potential model
Similar to the model for the DN

10655
B*B* ccccceocee R 10649
(10650) Z,(10653) —
10621 10622
106]7  — —
Z,(10608)
SR D& 10602 e
(10604) 10594
10596 Ohkoda, Yamaguchi, Yasui, Sudoh and
Hodaka, Phys.Rev. D86 (2012) 014004
10566
BB oo
(10559)

IS(JPC)  1%0~) 1+*(1+) 1(1*) 1+*(1~) 1:2*) 1*2~) 0t(1)




2. Transitions: Heavy quark selection rules

M. B. Voloshin, Phys. Rev. D 84, 031502 (2011)
Ohkoda, Yamaguchi, Yasui, Hosaka, Phys.Rev. D86 (2012) 117502
[MeV]

11000

Y (5S) Production

B™)B™) molecules

10500 F

10000 |-

GO EEN NN NN NN N NN NN NN NN BN NN SN NN SN NN SN N Sy,

9500 f

JPC O+ 1-— 1+- O++ 1++ )+ + )—-—

January 2014 Hadrons@Hirschegg 21



HQ selection rules

Jmt = JH +jl Separately conserved
Heavy-light B®  B®

Recoupling: [/, ju Il jo "™ > [ Lol i1

Januar y 2014 Hadrons@Hirschegg
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HQ selection rules

Jmt = JH +jl Separately conserved

Heavy-light B®  B® ] J
Recoupling: [[J;, j; 1/ jnll” = ([ ]Hz][Mz]] tot

7,(10650)  B'B*(*$1) : [{bg)".[bg)"]"
1/2 1/2 1
Ziiﬁ]i{l/z 1/2 1} [06)", [q4)"]"

1

(_a®1 \211{@0)

Z,10610)  S5(BE = BB)(S): (05 910) = (15 0)

Januar y 2014 Hadrons@Hirschegg 23



Example: Z.° =2 vy,;Y Heavy-light recoupling

M1 Xro Y (1+) (1H®1l)|J:0®(OH®1Z)

s B
Ml Xm Y(1+) ~ .--%(,W_@Qz) + %(11{ @ 1)|=1 + 16_5(1H ® 21)| -1
E2 %Y (29 ~ —%(1H®1l>|J_1+§(1H®2l)yj_1
R
E2 XV (2 ~ ?(1H ® L)]j=1+ %(1;1 ® 21)]1=

Only M1 allowed
(7% — - (720 — - (70 —
=) forbidden ( b 1Xb0’7) : ( b ; Xbl’Y) : ( b - Xb2’Y)




. f(Wb_o_W) f(Wél__W) f(Wb_l_W) : f(Wéz__W) : f(WbE_W)
Production 5 9 A5 . 9 "
[MeV]
11000 [
T T e e i e e e e B e e A e e S e A e R R M A e R e e e B>k]3>l<
( 4 e e : _________ B*B
10500 N o Y o e e B S e e e S S e R S S S S S R S S S R S R R M A S M S e BB
Py  Xi(2P)  X(2P) \
Apo(2P) - Abm ) R Y (1°D,):
_— 1
|
10000 I
t(1P)  P) D) i
:
1
|
1
I
9500 }
| Only W,, can decay into 7, and A, | ___j
JPC O+ 1-— 1+- O++ 1++ )+ + )——
Wy — Yn) : T(W,~ —=Tm) : T(W,;” = Tr) : T(W,, = Tr) : T(W, — Tx)
Janualrly 2014 1 Hadrons@l—ﬁrschegg 3 1 25




3 Decays
7,(10610, 10650) > Y(nS) + &
T (nS)

—_ &

Swo - 7
. T BB* \/
T(3S)

T(29)
T(1S)
10610 10650

Exp. Theory Exp. Theory

T(1S)x+ |0.059 £+ 0.017 0.072 0.028 +0.008 0.044

T(29)n™ 0.81 £+ 0.22 0.46 0.28 4+ 0.07 0.31

T(BS)W+ 0.40 4+ 0.10 0.13 0.19 +£ 0.05 0.18

1/13-1/17 Irons@HiIrscnegg
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3 Decays
7,(10610, 10650) > Y(nS) + &
T (nS)

/
VN
~— S _
JU BB Pae
T(3S)
T(29)
T(1S)
10610 10650
Exp. Theory Exp. Theory
T(1S)x+ |0.059 £+ 0.017 0.072 0.028 +0.008 0.044
"f(2!5')7r+ 0.81 £+ 0.22 0.46 0.28 4+ 0.07 0.31
T(BS)W+ 0.40 4+ 0.10 0.13 0.19 +£ 0.05 0.18
1/13-1/17 Irons@HiIrscnegg
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Summary

e |n the heavy quark region many interesting states
are observed

e Many candidates for hadronic molecules
Chiral symmetry with the pion and heavy quark symmetry

e Excotic pentaquark baryons are predicted

e 7 's are good candidates of hadronic molecules

e Decays of Z, should be tested by experiment
(SuperBelle)



Loosely bound states: 7,/ =0,1/27

Qg-qqq

DN BN

N
oo
Eg 2.14 MeV 23.0 MeV
Size 3.2 fm 1.2 fm
pN = Three coupled-channels BN
06 u . . l 08 . :
T DNCS+2) 06 BN(%S;)
04 t
03 ¢ | oar[ BNCsp)
& . Qo ...o'" "o,
e 02 D*N(®S ) 1% 024/
— 0.1 _........0.0""1.'. . 1 = 0 . eney, _.""".::;:_:'“""
0
01l ™ 02} % " BN(Dip)
02 ' D'NCDyp) 1 04 o
0 1 2 3 4 5 0 1 2 3 4 5 50
rifm] r{fm]



Hadrons are around thresholds

R(s) = o(ete™ — hadrons,s)/o(ete™ — utpu~,s).

E T T T T T 5'52_ """"""""""""""""""""" I m-“-i; T T T T T T T E
s R . ] | :
10 3 b W, Z E
- als_{ hf BES ! b ; ]
10k o M E T +
- ~ ey -
10 }‘ . -
L f p | .5-3‘ % E
i\ RW, “R210/3 R=11/3 -
. R Vs [GeV] -

10 i JR=2 ] | | Lo | | L

2
1 10 10
. 1Gev 1 GeV .
GeV in Log scale
uds Mass C b

January 2014 generatlon Hadrons@Hirschegg 30



Data from Belle
Talk by Bondar yesterday




