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1. Introduction

— Hadron Physics —

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

Lagrangian is simple but not easy to solve

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

Recent (last decade) observations has opened
Unexpectedly rich spectrum near thresholds
at KEK, Spring-8, J-PARCBES, RHIC, LHC, ...



Hadrons are around thresholds

R(s) = o(eTe™ — hadrons,s)/o(ete™ — ptpu~,s).
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Hadrons are composite

Many resonant states

Particle data book (PDG)

LIGHT UNFLAVORED STRANGE CHARMED, ST RANGE T
1] Py FEEE ‘;_1.[1232] Piy k¥ ¥y Py FhEE = Pn LR 224 ,1__! FEEk [s=C=8=1) s £, C=8=0) [C=5= £1) I,G[JF(J
rl Pooo ®lafenn) gy, WO LE TR Py #e g amos) e £ Ey L ) [eqits) oo 7)
N[14141:J_J Py ¥R oA(1e20) 5, FERE | BT ks I :[1533.] Pry P4 s ) L oxt 1707 em(1670) 1—(2—F) | eK* 1/2(07) | e DF ooT)  [edfel5) 0T1T T
M1520) Dy PE L a(izon) Dy weer | D(185) Byt Z(1620) ¥ Adz7es) * . 107 | egriesn 0(17 ) [eK® 1/2(07) | wp2* o'y | exellP) 0T
N[1535:J S e | A(ITRD) Ry, * ,1_[1433.1 * :[1593.1 A PR LR e T DO T e pl1690) LT3 7] wKE 1207 [ sopz3i)® oty [ exellP) 0717
N[mS:J_J S;p MO A(1500) 5y % Ltlsb:J_J ** :[1323! Dy ¥ | 4 joean)! o -x,[mn_; 3:[3::]_ -p(mnj_ 1:{1_::_1 wic . 1,.-:[3-:1 o1t !
WI6TS) Dy *H | A{aos|  Fa werd | E(1580) Dy, * =(1950) ##E |y (2455) gk -p(??:u. 171 ! a_.[l?:):n_j 17(2 I sdieon) 1720 o1y N
N{1BED]  Fi R | Aflo0) Py, ke | E(162D] S ** =(2030) g ) rrx ew(T82]  OTILT T @ GILTI0) 070 T T | e pctjEaz) 1/2(17) oprty | emel2s) 00T
| .. ) ) » =151 70 R (95 E) oo~ 1760 o+n =+ (1270) F31F ] - w(25) D717
MITOD) Dy YL a(lezn) R e | L(6ED) Py P (o) * X (2800) e :‘;:9331 B_Eg— -]J _"[[13331- 1-E3--'J skl a/aAr) o eg(3770)  07(1 )
N{ITID) Py ¥ | Af1930)  Dw e | L(1670] Dy ¥FR* ) S(3am) ¥ =4 o ol =) I'| ==(1800) V| »Ha(1400) 1/2(17) 5TTo wlrm) M
M 1T20) B, wxer | 4oan) D, ) * E{1680) wk =(2370) w# _,_I e  a(9ED) 17T ) E(LBID] 0727 71| wk1410) 1/2(17) BOTT M ® X[3872) 0P
e, (1940) Dy e | Z(TS0) S, *** | (oson) N = s9(1020)  0T(1T )| x(s3s) YT akuew) 172007 ot xex(2P) 02T )
N[l?:]:l.] P . A[IQEJ:I Fuy E J 11 . =(2800) = Tk o b (1I70) O[T T wagy(1B50)  0T(37T 7| wi1430) 1/2(2+) Y5 o) xissan) Y
N(L9%0] e A R - o we | onpms) 1t o) ey 0| ki 1/z0m) | *F L2007 | X(3oas) 2
M{Z00D)  Fis M A(ED) 5y * L1775 L e e =, (2645) e ear1260) 1700 )| emi1se)) 1727 e pman) 13—y | = BB ADMIXTURE [ wgh(40a0] 07 (17 7))
N{20BD) Dy A{Z200) Gy * Lilgd0) P ¥ 12(2250) o = (2790] i e £(1270)  0T(2T )| pl1mon) 1 kie30 1/z(pd) | #BEBYBY brbanen | eghfalen)  07(177)
- . 3 N i 5 = -r R g g | . =l - et T ——
W(20%) S5, ¢ A(z300)  He s | E(1880) Ryt | 02(23BD) N T e | [o80285) 0TIt geo) 0t ness a2ty | RNy g, |2 X028 LT
M{2100) Py * A(ZI50) Dy * E(1915)  Fy PEHE | D2(24T70) :_'_[2333] ' "'J[i“af‘_l :'_[[:'___J '-[-[1353]. o (2 HELt:] L/Z{17) | trix Elements xi[“b:]_J 'I_[[l B
M{219D) Gy *F | A{2300)  F * L(1mD) Dy, * e hr em(l300] 1T p1E0) 1T ) e (17T0) 1/3(37) | @B 1/z(17) | wwlHLs] 0T (LT
N{2200) Dy ¥ Al2400] o E{2000) %, * —'-'[”3:'_1 ®a(1320) 17027 )| e £2010) 0727 T | o 1780 1/2(37) | B%(5732) 1t =
1 . (2400]  Gs o =c(3055) = ef(1370)  ot(ot )| gizom) ot Tt S LE30) (=) 2170 211 bb
M(Z220)  H Y| Afmzo) M., FeeF | E(2030) Py FHEE _-.[3:]3:]_ rs ] S, 6120%9) W T e ks1ez0) 1/2(27) oB-_[S?zlJ” 1.-f[}__1 115) oo
M 2250) e - e | E(30T0) Fu * =c(30B0) Hy (1380] 771 emizon) 17007 TN epggany 1) | eBHETTY gty Tells) !
=) - A0} s siamn) R =c(3123) ¥ emlaon) 17007 )| e aizos0) 0T T ) ewaeny et |— -~ «T(15) 07177
N[zb:l:J_J A[Z9R0)  Kyg, 2080) o) Qe s eqilans) o0 Fy| mizon 17z K:[IQED] vzt GE | wyeo(1P] 00T )
Ri[ZT00) * L{21000 e ToNe P ef(uazo) o1t )| gizin) ot O | wxesflF) 0TI
y ~ f2.12770) K }2045) 1 : Hro+ +
A Fyy  FEEE ew(laz0)  0T(1T )| Afziso) otz ) K4[22'~:|'- ~ . x:_.[l_PJ ozt )
ALAE) 5y S =4 : S I e I Et R Pty | I S »TiEs) 07T
A1szm) - (@) = sx(la50) 17 )| garg) 017 (\ o) 0m(27 )
A1600) (\I - O(\ A e | |weilam) 1T )| flzzoo) et tC 50 O Xeo2P)  0F(0F )
ALETD) - %a “ l: e enilars) oo~ Ty fi(zzzo) oz e « wxe(2F) 01T
AllE9D) O e H hk s f1500)  0T(0T )| gizzzs) 00" —_exe(2F) 07277
. ) R(1510) o1t [zzm0) 1H(3— CoHARMED | & 7y35) 1§ S|
ALBOD] S - - 1113.0) Y R _
: o O =p efi(1528)  0f(zF )| eg(za0) otz t T, C I
’1'[13!3.] Fo L1565) o[z )| &(zzo0) 0T T * | .
ALBZ])  Fo gisto) vty Azam) ettt </3(0-] ==
41[1333_1 Dl g hi(1595)  0T(1T 7| wA(2340) 0727 7] 71217 ATLS
ﬁ[lBa:J_J Poy  ¥EEE em(1600)  17(1 T T m(2380)  1T(E T )| wpezolo)E 1731
A[2000) * a(1sd0) 17T T af2as) 1TET T peimaoo) 1/z2(07)
Nowm) siso) 0%zt )| aem0) 01t )| ot 17267)
A2100) - Go; PP "’_‘[11::';] g_[;_ - OTHLR LIGH T s D[220 1217
A[Z110)  Fyy ¥ » w(1650) _[ ! AT Dy(zE 1720
A212%) D * ews(1670) 072 7] S Doz 1721t
A[ZIED)  Hy  HH eD22a50)"  1/2(27)
Aj25ER o . D2460)%  1/2(27)
Dozean)E 17201 |
July 2013 Baikal WS 4




But all of them seem excitations of
minimum number (2 or 3) of valence quarks

But why not exotics such as

e Gluon excitations (glueballs, hybrids, ...)
e Hadrons of more quarks,
tetraquarks, pentaquarks, ...
e Multi-hadron hadrons (hadronic molecules)
other than atomic nuclei



But all of them seem excitations of
minimum number (2 or 3) of valence quarks

But why not exotics such as

e Gluon excitations (glueballs, hybrids, ...)
e Hadrons of more quarks,
tetraquarks, pentaquarks, ...
e Multi-hadron hadrons (hadronic molecules)
other than atomic nuclei

Variety of flavors (Heavy quarks) may be a good probe



Nambu’s SSBx & Yukawa’s pion

(1) Light bare quarks
=> Massive constituent quarks

(2) Appearance of the massless pion

il

Spontaneous breaking of chiral symmetry of Y. Nambu
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Nambu’s SSBx & Yukawa’s pion

(1) Light bare quarks
=> Massive constituent quarks

(2) Appearance of the massless pion

Spontaneous breaking of chiral symmetry of Y. Nambu
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2. Exotic hadrons with many quarks

Near flavor thresholds

e+e- collider at 11.5 GeV-{CM) -




X(3872)

Zb(10610)
Zb(10650)

Mesons

Ys(2175) 217548 58126 ffy ISR

X(3872) 3871.84+0.33 <0.95 Jlypp, Jlyg B decay
X(3872) 3872.8 +0.7/-0.6 3.9 +2.8/-1.8 DoDO B decay
Z(3940) 392915 29+10 DD gg

X(3940) 3942+9 3717 DD* Double-charm
Y(3940) 3942417 87134 Jlyw B decay
Y(4008) 4008 +82/-49 226 +97/-80 Jlypp ISR

Z(4051)* 4051 +24/-43 82 +51/-28 PCq B decay
X(4160) 4156+29 139 +113/-65 D*D* Double-charm
Z(4248)* 4248 +185/-45 177 +320/-72 PCq B decay
Y(4260) 4264+12 83122 Jlypp ISR

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

Z(4430)* 4433+5 45 +35/-18 y'p B decay
Y(4660) 4664112 48+15 y'pp ISR

Y, (10890) 10889.6+2.3 54.7 +8.9/-7.6 ppT(nS) e*e” annihilation
Y(3915) 39154 17110 Jlyw gg

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

h,(1P) 9898.3+1.5 MM(pp) T(5S) /Y, decay
h,(2P) 10259.3 +1.6/-1.2 MM (pp) T(5S) /Y, decay
Z,(10610) 10608.4+2.0 15.64+2.5 (T(nS) or hy)p T(5S) /Y, decay
Z,(10650) 10653.2+1.5 14.4+3.2 (T(nS) or hy)p T(5S) /Y, decay

Zc(3900), Phys. Rev. Lett. 110, 252001 (2013)
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C quark spectroscopy — z«
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B quark spectroscopy
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B quark spectroscopy

Hadronic
molecule 11.00f Y(11020) %
B B C g ¢ ¥(10860)
Qq qQ 10.75— B*B*
"] X(4 i BB*
_‘-.'______ S———
y@2D) BB
xb(2m~~~“~~\ |
yC10)"y N=3
/Q Fmr- |
™ - . —_
Quarkonium i *r ——! N=2
| | 9.75 .
9.50 | =
el M’ - (0.1.2)**  (1,23)
- L=0 0 1 1 2
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Clusterized multiquarks
and interactions

7T, O, W
AY = 1
ccqq D D

Multiquarks (with light flavor) rearrange into hadrons
Chiral dynamics among light quarks



Two Issues

(1) qgb@" creation near the threshold = Multiquark configuration
(2) Rearrangements of the multiquark configuration - Clustering

M. Itoh et al, PRC84,054308(2011) "Physics Viewpoint" Talk by S. Ershov
(RCNP experiment)
E [MeV]
A 12C 0,* Hoyle state

"y

Single particle like
July 2 Ground state el .

@@

correlation




3. Hadronic molecules
with heavy quarks

(1) DPa'N and BN

(2) Z, and related states



July 2013

(1) DN and BN

Another form of exotic baryons
Hadronic molecules

Yamaguchi, Yamaguchi, Yasui and Hosaka
Phys.Rev.D84:014032,2011,

D85,054003,2012
Ohkoda, Yamaguchi, Sudoh, Yasui and Hosaka
arXiv:1210.3170, in PRD
Phys.Rev. D86: 034019, 2012

D86: 014004, 2012

Baikal WS
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OPEP induced HQ molecules

Loosely bound or resonance of DN (cqqqq)

e Heavy Q symmetry: D~D* > Coupled channel of DN and D'N

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

e Tensor of OPEP %—.——?_—, D

M — g ~400 MeV _

o 1 20i =2 ig
mp. —mp ~ 140 MeV 2 o |+ :
My —mp ~ 35 MeV 2 o 2 .
N N N
* Short range qq qq®®(annihilation)
JT + o(attraction) attraction

July 2013 + (repulsion) attraction y



Loosely bound states: 7,/°=0, 1/2~ Qq-99q

DN () DN (mpw); BN () BN (mpw) ;Q

Ep [MeV] 160 214 1950 23.04

(r?)2 [fm] 3.5 32 | 1.3 1.2

DN Three coupled-channels BN -

0.6 - . 1 - 038
_ 2
05 DN("Sqp0) 06 - BN(%S;)
04 ¢ 2
0a | 04+ .'E“f;l( Sip)
'-'_‘ g .....o’ *,
E 02 L - "g 02 ‘i;
0.1 1 0 f= "—'Hmmmm'
0 2 .."."::u"l i ""', “\\““‘ .
01l ™ ' 02F 3 " B'N(‘D1p)
01l = . % W
D*N( D)
02 , 12 -04
0 1 5 3 4 5 0 1 2 3 4 °
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More low-lying states

Yamaguchi et al, D85,054003,2012
Various states near the thresholds

E DN E BN
A A
176.0 — 287.4
5/2F
148.2 — 5.1
142 b T 3/27F
D*N 113.2 — 8.9 58.4 — 124.8
(2949 MeV) 3/2™ =
B*N 46 318_7,1445/2+
26.8 — i65.7 o265 Mov) | : =2 3/2
1/2+ 6.9 —i0.053/3~ 5.8 3.0, o4
— 0 .............................................................. 0 .............................................
DN _2 T 1/2° BN 1/2—
(2807 MeV) —4. (6219 MeV)
—23.0
P = — P = + P = — P =+

July 2013 Baikal WS 20



More low-lying states

Yamaguchi et al, D85,054003,2012
Various states near the thresholds

E DN E BN
A — A —
176.0 — 287.4
5/2+
148.2 — 5.1
142 b T 3/27F
D*N 113.2 — 8.9 58.4 — 124.8
(2949 MeV) 3/2™
46
. B*N
26.8 — 265.7 (6265 MeV)
1/2+
DN O[T BN 0
(2807 MeV) —2.1 (6219 MeV)
b _ P p__ degenerate pair

an'€><x>

July 2013 Baikal WS 21



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

arXiv:1105.4583v1 [hep-ex];
PRL 108, 032001 (2012)

~11 GeV
1°(J7) = 1*(1*)
10860

10653, 10608

Y (3S, 10355) h (2P, 10259)
{T(2S, 10023) h, (1P, 9898)
Y (1S, 9460)

— _/

'
Invariant mass analysis

— _/
~

Three-body decay

July 2013 Baikal WS 22




Invariant mass of ntY(nS)

(Events/10 MeV)

(Events/4 MeV/cz)

m L B

T

TY(1S)

M(Y(1S)n) pax

. 10.2 10.3 104 105 10'6 10.7 108
, (GeV/c )

nY(3S)

i

M(Y(3S)m)

1?)58 106 10.62 10.64 1066 10.68 107 10.72 10.74
, (Gev/c?)

(Events/5 MeV)
3 %
I T
—_—

N
o
|

Qos 1046 105 1055 106 085 07 078

M(Y(2S)7) pops

In all cases,
twin peaks are observed!

Baikal WS
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Characters
e States appear near the thresholds

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

 Heavy spin changing processes occur

YOBS) »> Z > Ya M oK
M hy,7t 4, (No)

Explained by Z, molecules

July 2013 Baikal WS 24



BB molecules

Ohkoda, Yamaguchi, Yasui, Sudoh and Hodaka
arXiv:1111.2921 [hep-ph], Phys.Rev. D86 (2012) 014004

Rich structure due to BB (or Qaqﬁ)

B<*> \VB(*)
[S,L]/ V
| BB BB* B*B*
OrbitN S=0 S=1 $=0,1,2
L=0 0 1- 0, 1,2
L=1 1+ 0+, 1+,2+ 0*, 1+, 2+ 3+

July 2013 Baikal WS 25



Predictions: Low-lying states, L <2

10655
BH*B* oo e 10649 .
10621 10622
10617  — —
7. (10608)
s % 10602 ede
BB P
(10604) 10594
10596

Ohkoda, Yamaguchi, Yasui, Sudoh and Hodaka
Phys.Rev. D86 (2012) 014004

10566
5= 5
(10559)

I6JPC)  1+0~) 1+(1*) 1-(1*) 171~ 12 1727 0+ (1)




Bottomonia and molecules near the threshols

[MeV]
11000 EE—
Y (5S) =——
10500 F EEEEEEEEEE L —E—
G5 = 2P
S Y (3S) hy,(2P) Xo(2P) X1 (2P) Xp2(2P) Y,

10000 b 7@2S)

9500 7(1S)  ——

JPC 0+ 1-— 1+- O+ 1++ D+ + )——

July 2013 Baikal WS



Transitions and selection rules

[MeV]
11000 F
Y (58) T&Creation of B")B*) Moleculars
T - — — - SN B S, S S S S B S B*:B>l<
“"lr“; """ ——r T nininininiuieiieiel e Rht B*B
10500 ;_ - J\_ —— g S S S S R R S R S S S R R S R S S R R R S R S e e w m wm wm® BB
Y1~ D Y Wttt ettt ~
! L Y3s) \\hP)  xw(2P) 21(2P)  Xp2(2P) Y(13D2)E
| Decay of BU')B"") Moleculars ~ —— |
10000 F | 7(2S) —— 1P !
i =TTT Y (©28) hy(1P) Yoo(1P) Xo1(1P)  Xpo(1P) i
o500 - yas Y (1S) j
JPC 0+ 1-— 1+- O+ 1++ D+ + )——

July 2013
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Ohkoda-Yamaguchi-Yasui-Hosak,

HQ selection rules .xiv:1210317. o appear in PRD

Jiot =+

Heavy-light B B ;
Recoupling: [[; jyllJ 0 jpl17" =2 [ JHz][Mz]] ot

7,(10650)  B*B*(*S1) : [jbal", [bg)"]’

(1/2 1/2 1)

— N it 12 12 1 [ph, [g)]
H,l H [ 1

Z,10610)  55(BE = BB)(S): (059 17) = —=(150)

11/19-21, 2012 Newhadron@Pusan 29



Example: Z.,° =2 vy, Y

Heavy-light recoupling
M1 %po Y (17) 1z @ 11)|j=0 ® (0 ® 1;)

" S e+ Or 2k
M1 T Y (1) ~ —— (i 80+ e 10+ By o2,
E2 X Y (29) ~ —%(1}1 ® 11)] =1 + ?(11&1 ® 21)|s=1
M1 s N@lﬂ ) ol>+“f<1ﬂ é'il)b_l e
E2 XnV (@29 ~ ?(1,, ® 1)] =1 + %(1,{ ® 2)| =2

11/19-21, 2012 1 : 3 : 5 20




[MeV]

fWyp ™)« fWym) « fWym) + f(Wyy )
2 . 9 . 4.5 . 9

: f(Wyy )
12

11000

10500

———————————————————————————————————————————————

- h,(2P) Yo(2P) Xp1(2P) Xp2(2P)
Decay of BU")B!") Moleculars

|
1
1
1
10000 i E
- 1
| aPy - apy  Zm(P) Xp2(1P) i
| - !
1 |
1 |
! :
9500 | | . '
'\\ ______________________ | Only W, can decay into #, and A, | ___,,:
JPC 0+ 1-— 1+- O+ 1++ D+ + )——
Wy —YTn) : T(W,” = Ym) : T(W,;” = Tn) : T(W, —Tm) : T(W, — Tx)
July 2%13 : 1 . Baika]‘WS . 3 1 31




Summary

In the heavy quark region we have seem many unusual states

Some (many) of them are candidates of hadronic molecules
Chiral dynamics through the pion and heavy quark symmetry

Where are other excitations (gluons and multiquarks other than HM)
Heavy quarks may probe diquarks

Manifest in hadron spectroscopy, production-decay properties
Could explain (non) existence of multiquark hadrons



