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. riarIy sinIe charm baryons, excited states
e Hidden charm baryons, pentaquark
e D, D* mesons and excited states
e Charmed nuclei

Proposal approved and physics discussions are going |

Seminar at



Supercomputer

e Cooperating SX-ACE (NEC) vector processor ~ 393 TF
Spend about 20 million yen (~ 0.2 million dollar)/year

~ 100 users (about 10 foreign uses), ~ 30 active users
Lattice QCD, Nuclear structure, Few-body, Supernova
About 10-20 publications/year

Role 1n the community

High Performance Computer Infra
with the Janan largest supercomputer. KEI
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Our recent activities

Exotic hadrons beyond qqq and qq’?"
Phenomena near and above thresholds
Hadronic molecules

Heavy quarks to disentangle correlations

Hadrons are strongly correlated systems
What are the effective degrees of freedom
Constituent quarks, diquarks, glueons’, ...

Seminar at Vladivostok, March 28,29, 2016 11



I. Exotic hadrons beyond qq, qqq

Seminar at Vladivostok, March 28,29, 2016
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1. Introduction

QED: Lagrangian is simple and physics 1s understandable

L=l/7(i;8(+eA/—m)l//—iF2

Can be a small parameter

QCD: Lagrangian 1s simple BUT physics 1s not easy
1

L=) qf(ia+gA_mf)qf_ZF2
;

Depends on the physics scale

Seminar at Vladivostok, March 28,29, 2016
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Basic features

Elementary quarks and gluons are not observed/confined

Observed hadrons are composites of strongly correlated quarks-gluons
Vacua for quarks and hadrons are different—Phase structure

Hadron properties are environment/vacuum dependent

— Chiral symmetry breaking (Gq) # 0
quark condensate
— Scale invariance violation
gluon condensate (G Guv) 70
— Topological density ~
instanton vacuum Gy Guv) # 0
— Color confinement <73 exp (Z / i A4)> 4
Polyakov loop

Seminar at Vladivostok, March 28,29, 2016 14



Phases in QCD
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Spectroscopy

» Ground states are well described (lattice)
» Excited states/resonances are less described

= Recactions (productions and decays) are neither

Focus on

« Why many hadrons are qqq and qq®®?

Seminar at Vladivostok, March 28,29, 2016 16



Ground states are well described (lattice)

S. Aoki et al., Phys.Rev.Lett., 84, 238241 (2000), arXiv:hep-lat/9904012.
S. Durr, Z. Fodor, J. Frison, C. Hoelbling, R. Hoffmann, et al., Science, 322, 1224-1227 (2008)
arXiv:0906.3599.
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K.A. Olive et al., Chin.Phys., C38, 090001 (2014).
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Aoki Hatsuda Ishii, Phys.Rev.Lett. 99 (2007) 022001
# HAL QCD data are consistent with the quark Pauli effects.

S=(0 I Inoue et al., (HAL QCD) PTP 124, 591 (2010)
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mass [GeV)

Excited states/resonances are less described
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G.P.Engel et al., BGR Coll., PRD82(2010)034505
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Excited states/resonances are less described
David Richard, Talk at YITP, HHIQCD, Feb. 2015

| ¢ Broad features of SU(6)xO(3)
| @ = = = §symmetry.
T b Counting of states consistent
| t with NR quark model.
: — ~ | - PP i PR N
1 |2p,, 1§2PM 5> .
5607 [70.1]
: o o this paper
! 2 CSSM
| 37 sof L BGH , C
= {1# % e
é 2.5 . 1Ep
T\ Q‘Eﬁ g g
\i/ 2.0
N 72+ sector: need for complete basis to "l
faithfully extract states
1.0} . . _ ‘ . _
0 0.05 0.1 0.15 0.2 0.25 m?2/GeV?

Seminar at Vladivostok, March 28,29, 2016 20



Why many hadrons are qqq and qq’?"?

Seminar at Vladivostok, March 28,29, 2016
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Why many hadrons are qqq and qq’?"?

A SCHEMATIC MODEL OF BARYONS AND MESONS

M. GELL-MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

anti-triplet as anti-quarks q. Baryons can now be
constructed from quarks by using the combinations
q4q4q); etc., while mesons are made out
q1gq etc. It is assuming that the lowest
baryon configuration (qqq) gives just the represen-
tations 1, 8 and 10 that have been observed, while

the lowest meson configuration (qq) similarly gives
just 1 and 8.

Seminar at Vladivostok, March 28,29, 2016
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Why many hadrons are qqq and qq”?*"?

Mesons

Particle Data Group

Baryons
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LHCDb confirmed the tetraquark Z+(4430)

http://www.theguardian.com/science/life-and-physics/2014/apr/13/quarks-bonding-differently-at-lhcb

So until last week there were
two known types of hadron.

LHCD has just confirmed what
data from other experiments
had already led us to suspect.
There is a third way.

Phys. Rev. Lett. 112, 222002
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LHCDb observed the Pentaquark P,

R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett. 115, 072001 (2015)
7-8 TeV pp collision —> Ay

2
wp [GEVT]

Events/(15 MeV)

2 3 ¢ 5 6.2
K‘p mf{p[GeV]
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Threshold phenomena

Charmonium-like states
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Important ingredients

» Heavy particles are easily bound

Kinetic energy 1s suppressed

Spin dependent 1nt. 1s suppressed

_ 1
L eav — v 1D . —1 v
heavy Q (U ’ +ZJDJ_2mQ—I—U°ZDMDJ_) Q

Spin-dependent term

* Pion (meson) exchange Qo OPE

between light quarks Q ¢ -?)T];]-gn

Hadron dynamics based on chiral symmetry

Seminar at Vladivostok, March 28,29, 2016
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Hadronic molecules

+A(1405) as KN

su uud ~ K p molecule

» DN and BN

¢qqqq bqqqq
. 7, and related

Seminar at Vladivostok, March 28,29, 2016
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(1) A(1405) as KN

The lightest negative parity baryon excitation of strangers —1
though it contains the strange quark
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(1) A(1405) as KN

The lightest negative parity baryon excitation of strangers —1
though it contains the strange quark

Typical levels

Sufficient energy to create qq

sud can be st uud ~ K p molecule

R. H. Dalitz and S. F. Tuan, Ann. Phys. 10 (1960) 307

Seminar at Vladivostok, March 28,29, 2016 32




SU(3) coupled channel model

E. Oset and A. Ramos, Nucl. Phys. A635, 99 (1998)
Hyodo, Nam, Jido, Hosaka, Phys.Rev. C68 (2003) 018201

S=-1 ) I =0
KN 7 nA KE 4= channels,i j, ...
I=0 KN| 3 —/5 = 0
- :
= 1 0 3 Interaction
A 0 3 strengths
n /2 Chiral :
= 3 iral Lagrangian

Weinberg-Tomozawa

| Resonance

Seminar at Vladivostok, March 28,29, 2016 33




Hyodo-Jido-Hosaka, Phys.Rev. C78 (2008) 025203

T. Hyodo, Doctor thesis, 2006

A(1407\

z=1429-14i - 0.8

n /[ _1 /2

0.8 : - 0.4

0.6 ~ 0.2
0.4
0.2

o 1440 1420
Re[z] 1400

Seminar at Vladivostok, March 28,29, 2016
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A(1405) 1n a lattice

Jonathan M. M. Hallet al (Adelaide)

Phys.Rev.Lett. 114 (2015) no.13, 132002 20 |
19
KN dominance 18 -

toward the physical point

E (GeV)

non-int. nZ

|

0.2 03
m'z (GeV?)

energy

- = W
on—=ini. KN ener

malrix Hamiltonian model

0.4

L

a2
|(state|E)| N
08
0.6 KN
my
my
04 m’x.‘:
xX
y x L
02 AN KN x E
m me KN
L .
x L
arrrun B e L " mg (MeV
156 296 411 570 702 ny (MeV)

35



Counts/ 10MeV
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A(1405) ~ KN ~ stiuud
has an annihilation channel ~ sud

O7(1520) ~ KN ~ suudd
has no annihilation channel

Seminar at Vladivostok, March 28,29, 2016
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Comparison: sud (KN) vs_suudd (KN: Pentaquark)
KN

e Sufficient attraction due to annihilation channel
« Kaon has two faces

light (chiral dynamics) and

heavy (kinetic motion suppressed)
KN

* No KN coupling from WT
* OPEP 1s possible but does not work sufficiently

AE ~400 MeV N

This 1s to be compared with the NN force AE =0

Seminar at Vladivostok, March 28,29, 2016 38



(2) 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)

Genuinely exotics with no annihilation

39



DN loosely bound and resonance states

Yasui-Sudoh, PRD80, 034008, 2009
Yamaguchi-Ohkoda-Yasui and Hosaka, PRD&84:014032,2011

Heavy Q symmetry =) Coupled channels

D~D* of DN(S), D*N(S), D*N(D)
Spin-dependent force D D* D
suppressed 0" .5 1~ l;

171
M — M ~400 MeV 5 l—+0 i ll=2 i
1 5 1+ :
my: — mp ~ 140 MeV 2 ‘ 2 ®
My — mg~ 45 MeV N N N

— e Tensor of OPEP
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DN loosely bound and resonance states
Phys.Rev.D85,054003 (2012)

A E DN \ E BN

176.0 — 187.4
5/2+
148.2 — 5.1 +
R, 7| See— S— ] 3/2
D*N 113.2 — 8.9 58.4 — i24.8
(2949 MeV) 3/2° o+
B*N 40 31811445/
e 8 - . +
26.8 — 165.7 (6265 MeV) | _ . 3/2
1/2% 6.9 —120.053/2—- 5.8 —13.0 1/2+
— 0 .............................................................. 0 ............................................
(2807 MeV) o e (6219 MeV) w

Eg 2.14 MeV 23.0 MeV
S1Z€ 3.2 fm 1.2 fm
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Zb(106 1 O, 10650) bbud arXiv:1105.4583v1 [hep-ex];

PRL 108, 032001 (2012)

~11GeV 1. Charged particle

s
 Must contain bb
 and light gg

10653, 10608 19(JF) = 1*(1%)
{T(3S, 10355) h, (2P, 10259)

10860

Y (2S, 10023) h, (1P, 9398)
Y (1S, 9460)

_J/

Y
Invariant mass analysis

_

——
Three-body decay

Seminar at Vladivostok, March 28,29, 2016
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Invariant mass of itY(nS)

(Events/10 MeV)

(Events/4 Mev/c? )
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Unique features of Zp resonances

- States appear near the thresholds
.0 Masses of Z,(10610), Z,(10650) are similar '

le Heavy spin changing processes occur |

Y (5S) > 7, - M Tr
M hyt 4

HQ forbidden process occurs equally with allowed ones

Explained by BB* molecules
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7» as a BB* molecules

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

1. Masses

Phys.Rev. D86 (2012) 014004

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

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

‘ in a 7, p, ® potential model
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7 as a BB® molecules
Similar to the model for the DN

10655
BHFB# oo ... 10649
(10630) Z,(10653)
10621 10622
106]7  — —
Z,.(10608)
- 10606
BB#* oo g 10602 w—
(10604) 10594
- 10596 Ohkoda, Yamaguchi, Yasui, Sudoh and
Hodaka, Phys.Rev. D86 (2012) 014004
10566
55 5
(10559)

[CUPE) 107 1*a*) 1) 1707 1(@2Y) 127 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 |
1100D w—
Y(SSj_ : HOCHEHON |B(*)B(*)molecules _________ B*B*
________________________ - R EGIGnETIEEETLRCREEEEEREPPPPrs RERERERER) o1 5]
10500 N AN S — B3
i Xo(2P) o1 (2P) Y(13D2]:
| Decays i
10005 i P) Xbo(lp) Xbl(lp) sz(lp) i
0500 | nts) 24% j
JPC O+ 1-- 1+- O++ 1++ 2+ + D——
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: fWmm) o f(Wym) o f(Wym) o f(Wi™ f(Wy ™)
Production ; p e ; i
[MeV]
11000
"""""""""""" ,'_-_______;_____;_______;_____;_______;_____;_______;_____;_______;___\__________B*B*
::I:'::::;f;::_______E::::::::E::::Zﬁ:"::::ﬁB*B
10500 o e S o e e e\ e e o e e e 2— I;------ZQE)-) -------- ]-3 \1\3
h(2P) 7 2P)  Xn1(ZP) (T T(13D2]:
10000 P) o py Zm(P)  K(P)
950( { n(¥S) —=" _IOnly W, can decay into #, and h, I ’,:
JPC O+ 1-- 1+- O++ 1++ 2+ + D——
(W~ —Tr) : T(W,; = Yr) : TI(W,;” = Tr) : (W, —Tr) : T(W,;” — T
Januar“; 2014 1 : 1 ' 3 : 1
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Z,(10610,10650) 2 Y(nS) + «

P~
BB~ -7
T(3S)
T(2S)
T(1S)
10610 10650
Exp. Theory Exp. Theory
T(1S)x* [0.059 &+ 0.017 0.072 0.028 + 0.008 0.044
TES)r+ | 0.81 +0.22 0.46 0.28+007  0.31
T(3S)r+ | 0.40+0.10 0.13 0.19+0.05  0.18
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Z,(10610,10650) 2 Y(nS) + «

o \, .7
T(3S)
T(2S)
T(1S)
10650
Theory Exp. Theory
T(1S)r*+ 0.059 +0.017  0.072 0.028 + 0.008  0.044
T(2S)x* | 0.81 £0.22 0.46 0.28 +£0.07  0.31
T(3S)r* | 0.40£0.10 0.13

0.19 + 0.05 0.18
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Summary

 Many new hadrons are found beyond qqq and qq
e Multiquarks may form hadronic molecules

* Coupled channel dynamic is crucial near the
threshold

 Further to be studied
Hadron-hadron interactions
Diquarks, gluons, compact multiquarks...
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Y. Ikeda: arX1v:1602.03465 [hep-lat]
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