Exotic hadron spectroscopy at Belle and Belle Il
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I Introduction 2

Success of constituent quark model
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”Constituent quark” must be a good
approximation... but not the end.

“Why it works so well? .
|::> Exotic hadrons
*What is adaptive limit

e*e collider (especially B-factory) is a powerful probe!
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I KEKB accelerator 3

* Asymmetric energy e*e” collider constructed to test
KM theory for CP violation in the B meson decay.
—>Nobel prize for them!
Y@as) I,
e e

*Vs=10.58 GeV = Y(4S_) mass (and other energies)
| ' > ete > Y(4S) > BB
8 GeV l 3.5 GeV

“Peak luminosity = 2.1 X 1034 cm2s?!
= World highest luminosity!




I Belle detector 4

SC solenoid - Aerogel Cherenkov cnt.
15T S n=1.015~1.030

CslI(T +
6%, 3.5 GeV €

o N7 < . u/K_ detection
8 GeV / \ 14/15 lyr. RPC+Fe

: Central Drift Chamber "General purpose detector.
Sivtx. det. Detect charged hadrons, e, p, y

3/4 lyr. DSSD * Good momentum/vertex resolution.
*K/mt separation up to ~3.5 GeV/c

->suitable also for hadron spectroscopy
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I Data accumulated at Belle

Integrated luminosi

of B factories
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On resonance :
Y(5S): 121 !
Y(4S): 711!
Y(3S): 3!
Y(2S): 25!
Y(1S): 6 b!
Off reson./scan:

~100 b

~ 550 fb!
On resonance:
Y(4S): 433 b !
Y(3S): 30 fb™!
Y(2S): 14 b !
Off resonance:
~54 fb!
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10 years operation. Taken at various energies.

-~70 % of data is taken at Y(4S).

~7.7 X 108BB pairs.

*Total inregrated luminosity ~=1000 fb.
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I Hadron production at B-factory 6

© iy >

B-decays into charmonium e*e"> ¢C reaction
*Clean “charmonium laboratory”. - Charmed baryons observed.
=X(3872), Z(4430)....

- 2-photon process and double

e w / charmonium production also contribute.
~od - Low multiplicity is common advantage

E+// ™ compared with hadron collider (LHC).
Initial state radiatic?n L P - Cross section is not high compared with
“Produce charmonium with =1 hadron collider but high luminosity

*¥(4260) compensate it.

2016/3/23 Exotic hadrons from high energy collisions



I“New hadrons” from B-factories —— /

Unexpected bonus of B-factories ! Hadron type BaBar

B-decay n(2S) X(3872) D,(2430)
Z(4050) z,(4250)  D(2700) Contents
2,(4430) Z(4200) -X(3872)
ISR Y(4260) Z(3900)
Y(4008) Y(4360) .
5 S OtherY, Z states
& Double X(3940) X(4160)
& charmonium " Prospect at Belle Il

Two photon X.»(2P)

ete>cch Ds,(2317) £ (2800) A (2940)*
=.(2980) =.(3080)
0 (2770) =,(3055)

Y(5S) decay Z,(10610) Z,(10650)
h,(1P) h,(2P) n,(25)

*some states may be missed Exotic hadrons from high energy collisions 7



I X(3872):First observation 8

B->K J/Y
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M@ 1) - M(I'T) (GeV) Phys. Rev. Lett. 91.262001

* The most cited among ~500 papers in Belle (>1100@INSPIRE)




Events / 2 MeV/c*

I Confirmed by many experiments o

G,

Phys.Rev.Lett.93:072001,2004 Phys. Rev. Lett. 93, 162002

Phys.Rev.D71:071103,2005
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Existence is established.
2016/3/23

*Understanding of the property.



I A strange hadron:X(3872) 10

“No quark model prediction in such mass region
- Mass of the x_,(2P) is the closest but 30 MeV higher.

Phys. Rev. Lett. 91.262001

"Decay breaks Isospin : . } l
J/Pprue=J/Pp. cchris =0 p:l=1 5 | I | M(mtm)
-J/Y3n=J/Ppw is observed w:1=0

-Very narrow width though above DD threshold //ﬁ> DO
-Upper limit on the width =1.2 MeV.

-Ex:Width of {(3770) is 27 MeV
_ j@ Do

“Very close to the DD*°

3871.69%x0.17 MeV/c?<3871.8+0.12 MeV/c?

M(X3872) Mpp+

2016/3/23 Exotic hadrons from high energy collisions



I DD* Molecularstate? (1) 11

The most natural interpretation is DD* molecular state

e D@T[@ =

*Narrow width _
—->DD" has JP=1*, whereas DD has JP=0*

rt exchange is forbidden for DD but allowed for DD*

D D D* D
X /m O /m
— — — i =1 —
D : D D : D*
Spin-parity not conserved Spin-parity can be conserved with

2016/3/23 Exotic hadrons from high ene orbital angular momentum.



l Molecular state? (2) 12

"|Isospin is broken in the decay
: : 0*0 *—
1=0 Eigen state is (| DD " > —I—| DD >)/\/2
*|=0 channel has strong attractive potential. Deuteron has I=0, too.

*The mass difference of D°D™ and D*D™ is around 8 MeV (M <M,)

*This mass difference is large compared with binding energy.
(<1 MeV)

—>The contribution of D°D* becomes large and Isospin 0 and 1
are mlxed. Phys.Lett. B590 (2004) 209-215

01 The JPC of the X(3872) should be 1** if it is a molecular state.



Determination of C-parity:J/{y 13

I
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qu/y JIWY

Phys.Rev.Lett. 107:9,2011
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Spin-parity determination. 14
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EE;2016/‘3;/523 0 E cosBj Exotic hadrons from high energy collisions
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Pure molecular state? 15
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“80% comes from “prompt production” (not from B decay).
- If X(3872) is pure molecular state, binding energy is small.
—>Size is large: Radiusis ~¥8 fm

—>Easy to be broken.

—>Prompt production cross section should be small.

3.65 3.70 3.75 3.80 3.85 3.90_3.95 4.00

Measurement :3.1+0.7 nb ©Prediction:0.071-0.11 nb

@T{ D*0) and @ Hybrid ?
XCl(ZP)

2016/3/23

Input from HI
Exotic hadrons from high energy collisions ShOUId be useful !




I v(4260) 16
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*Quantum number is the same as photon:1
- Quickly confirmed by CLEO, Belle.
*No prediction in quark model.

DD decay is highly suppressed (spin-parity allows).
Br(Y(4260)—>DD)/Br(Y(4260)—>J/Wnmn)<4.0
< Br({(3770)->DD)/Br(Vb(3770)->)/Ymt)~=50

Hybrid state of charmonium and gluon?

2016/3/23 Exotic hadrons from high energy collisions
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I v(4360), Y(4660) in W(2S)r*rr 17
ISR v b(25)
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Phys. Rev. Lett. 99, 142002 Phys. Rev. D 89, 111103(R)
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IZC(3900)+: First established charged charmoniuh®

Phys. Rev. Lett. 110, 252002 (2013)
v J/LIJ —+4- data

60 — Fit
50 — Background

«+=+ PHSP MC
40
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®
x
=
+
Events / 0.02 GeV/c?

37 3.8 3.9 4 4.1 4.2
Mo (mJAy) (GeV/c?)

Phys. Rev. Lett. 110, 252001 (2013)

- Decay into J/Pmt—>Contains ccb?" 100~ Al B'ES]]I
*The charge of Ymt*is +1->Not ccP only

2

80~ -.-. PHSP MC
- Sideband
60 {' —

—->Minimal quark content is 4. 0]

Events / 0.01 GeV/c

20/

The mass is again close to DD*. %37 38 39 40
M, (1) (GeV/c?)

2016/3/23 Exotic hadrons from high energy collisions 18



I z.(3900) > DD* by BES Il 19

i /
e
\< Z\D

Fractional yield

D*

M(D°D**) BESTI

NQ 90
~
Y(42 > 80
e+/ (4260) \ @® 70
it = 60
<t 50
~
2 30 |
nt decay angle distribution C ortie ﬁ
0.5 q>> 20 u
0.45F P—1+ 10
0.4;— 'l_]' 1P=1- L 0 S N T T T
06325_' ________ B 3.85 3.90 3.95 4.00 4.05 4.10 4.15
 —— L M(D°D¥) (GeV/c?)
0.1.55— ~~~~~~~~~ N
0%;: =g Phys. Rev. Lett. 112, 022001 (2014)
01 62 03 04 05 06 07 08 0.9 p " . . %
lcos 0, JP=1* consistent with S-wave DD
2016/3/23 Exotic hadrons from high energy collisions 19



i Z2(4430)* 20

M((2S)rt*) with K* veto

45

40 |
35-
30-
25-
200
15—
10-
5
o:

Events / 0.17 GeV?/c*

H o
05075 1 1251 51 75 2 22525

M?(Krmt) (GeV)

"First “reported” charged charmonium R R

- B4B4r
EL

[] data in sideband rugicn

Q
T

2

*Need some time to be “established” | ||H|{

1t
T4
as BaBar reported negative result. )i J@MMMM MU‘MM*U!

M0, (Ge

@ dat in sigzal egion | I

-
::

Phys.Rev.D79:112001,2009
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I Confirmation by LHCb experiment 21

0.2 LHW JPhys.Rev.Lett. 112 (2014) 222002
o i

. N L i

< L i

1 E-02p .

7] -0.4F . ]
2

The statistics of B> (2S)m*K- is 12 times higher than Belle data.
2010 £50=+ 40 (Belle) © 25176+ 174 (LHCb)

200H0=m, -

Candidates / (0.2 GeV®)

" The statistical significance of the Z_(4430)* is 13.90.
Argand diagram shows resonance structure.

"M=4475£71> vev/cz, =172 + 13*37_34,
Consistent with Belle result.

*Favor JP=1* by 8o0.



I Short summary 22

/:Charmonium with charge.

Y:Produced with ISR (JP¢=1-). Not appear in quark model.

X:Other mysterious charmoniums.

IIM-

X(3872) J/ynmr etc B decay, prompt
Y(4260) 1- J/QTUn ISR
Y(4360/4660) 1~ W(2S)mr ISR

Z(3900) 1+ /Y, DD*  Y(4260) decay

., 2(4430) 1+ D (2S)m B decay ,)



I Relation between Z(3900) and X(3872) 23

- Assume Z(3900) and X(3872) are orthogonal state in Isospin space.

X(3872) is close to the (| D°D™ >+ ID*'D™ >)/2
1=0

Z(3900) is close to the (] D°D™ > —|D*D" >)/+/2
=1

“The attractive potential from pion exchange is large for I=0 channel
>M3900> My3g7, IS qualitatively OK ? M(J/®n) in B>J/YnK

-
N
T

*The isospin of J/Pm*is 1

-
N

-
(=)

“The isospin breaking decay:J/Ll) N

Events / (4MeV)

) T [eldIT T q I JJ
- Already searched for at Belle but no signal. MW e T
Inte resting subject at BeIIe Il. 3.78 38 382 3.84M?’;:16[G2.3l8c2] 39 392 394 396

10.1093/ptep/ptu043

2016/3/23 Exotic hadrons from high energy collisions 23
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I The relation between Z(3900) and Z(4430)? 24
Z.(4430):y(2S) rt* decay

Z.(3900):J/d(1S) t* decay

- M(Z.(4430)) — M(Z.(3900)) ~= 580 MeV/c2 ~= M((25))-M(}/)

q Z.(4430) produced from B decay
J/Q or
@ Z.(3900) produced from ISR (Y(4260) decay).
\ J
|

g Origin of the difference?

2016/3/23 Exotic hadrons from high energy collisions 24



I Controversial states (1): Y(4008) 25

ISR v 10
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perrll— Y(4260) — e
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Phys. Rev. Lett. 110, 252002 (2013)
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IControversiaI states (2): Z(4050), Z(4250) 26

Two resonances

40 ‘ _,.:
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o e
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%.6 38 4

M (x.m"), GeVic?
2016/3/23

42 44 46 438

Data can be described by

K* resonances.

| =

v . ]
; 400 — }

% B

~ I L Tt Qi
Q - L i i

5 200 Ak |

-+ U

c - Y ||| T

o )T
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4 45 Phys. Rev. D 85, 052003

M(x., 77) GeV/c?

Confirmation by independent data - Belle Il
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l Belle Ii 27

* KEKB = SuperKEKB
40 (50) times peak (integrated) luminosity.

= Aim to find physics beyond SM

- Commissioning of the accelerator started.
Both e* and e rotated in Feb. 26t

* Physics run w/o vertex detector in 2017.

* Physics run with full detector in 2018.

2016/3/23 Exotic hadrons from high energy collisions 27



I Hadron spectroscopy with Bellell 28

History of hadron spectroscopy at B-factories

CLEO -

~10 bt

Excited charm meson/baryons

Belle, BaBar
~ 1000 fb?

-> Bellelll
~50000 fb!

XYZ etc

More exotic!?




Di-baryon search@Y(1-3S)

Y(1-3S) decay into anti-deuteron
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Phys. Rev. Lett. 112, 202301
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Y(1-3S) predominantly decay into 3 gluons.
The same fraction for u,d,s.

H-dibaryon
Not found in Belle

PhysRevlLett.110.222002

Search for AA bound state
d*(2380)@COSY

" in drit'it channel is also interesting.
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Counts/2MeV/c?

I Doubly charmed baryons (not exotic!) 30

80

70

60

50 F
40 |
30 [

20 |

10 -

0,

[ S B AL A T S R
32 33 34 35 36 37 38 39 4

M(En") (GeV/c?)

- Useful to extract QQ potential.

*No established doubly charmed baryons
even for ground state.

-Selex reported evidence in AJK'Tt* but
not supported by other experiments.

"Belle searched for = in the = °t* and A_*K't* decay modes.
No significant signals were observed.

“Upper limit on the production cross section is close to the
theoretical predictions.

*Good subject in the Belle II.
Phys. Rev. D 89, 052003



I Doubly charmed meson (T_) 31

The same c-flavor-> Need 4 quarks.

e N

spin 0 ud anti diquark
@ spin 1 cc diquark

Strong attraction oc-1/m m

\Weak Repulsion o< +1/mcmy

<

*

D(spln 0) D*(spln 1)

clch

Attraction oc-1/m m_

k Replusion o< +1/mumy

The di-quark configuration is energetically favored.
Bound T__is a good probe to study the di-quark.



I Summary 32

Belle is the one of the hottest place for the hadron spectroscopy.

“Discovery of so-called XYZ states opened new era of exotic hadrons.
- The structure is still not understood yet.
- Driven by experiments.

Comprehensive interpretation from theorist awaited!

“Belle Il will start physics run in 2017.

- 50 times statistics.

- Aim to observe physics beyond the SM.

- Answer to the controversial states.

- Many interesting hadron physics subjects.

Stay tuned for coming “new hadrons” from Belle I !

2016/3/23 Exotic hadrons from high energy collisions
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Backup

Exotic hadrons from high energy collisions
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I Belle leads Kobayashi-Maskawa to Nobel prize34

Decay time distribution in B(®2")->J/{K;

9.400;
350}
300}
250
200}
150/
100 7,
50 .t

Entries / 0.5

:6‘ | ‘-4‘ | ;2I | ‘0‘ | I2I | I4‘ | r6 | e os Io.;o‘ Tos 10 s Tmzd.o
At (ps) P
Press release by Nobel foundation (2008)

As late as 2001, the two particle detectors BaBar at Stanford, USA and Belle at Tsukuba,
JﬁH?ﬁ/ ?oth detected broken symme tries q?ﬁ)endenﬁlsyoof each other. The results were

xot |ch ons gh energ
exactly as Kobayashi and Maskawa had predlcted armost three decades earlier.



I Past experimental search for =

Evidence from SELEX B f t .
in 2003 BaBar@232 fbt °~1ACLOTMIES
Mass:~3.52 GeV/c2 s ~
Z s S
i J Belle@461.5fb!
g . ’H\ g s
23 i 400 |
+ J|u ﬂ Ul g, 0350 |
1: 3.42 I 3.47 Ilssé' I 357 382 gsz % 300
"% 6 ® 2 =250 |
. = G200 |
£ @ £ g 150 |
@i g i i 100 |
g A
M (AK") MeeVcN M (/\ +|Z:[:; %34 3425 345 3475 3;5 _3;525 2.65 23.5‘75 36 3625 3.65
IVI(A +K_T[+) RA/AT WY l:'_‘n\lln \
hep-ex/0208014 hep-ex/0605075 M(AKT)
hep-ex/0606051

*Evidence by SELEX was not supported by FOCUS, B-factories, and LHCb
*Prediction of the mass: ~3.6 GeV by LQCD
- =.9n* decay mode searched by BaBar only.
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I Doubly charmed baryons at Belle
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*Belle searched for =cc in the =cOn+ and Ac+K-ni+ decay modes.
*No significant signals were observed.

*Upper limit on the production cross section is close to the
theoretical predictions.

*Good subject in the Belle Il.

Phys. Rev. D 89, 052003



i X(3872)>¢’y -

_ Br(X(3872) > y'y) Predicted to be small for pure molecular.
Br(X(3872) — J /ywy) Large for charmonium state.

|, BaBar2009 PRL 102 (2009)
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Belle 2011 PRL, 107 (2011) 091803
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39 3.95
my (GeV/c?)

Events/ (9.5 MeV/c?)

. i:redictio_ns for pure cc state

prediction fO:I pure DD* madel

Events / (5 MeV/c)
b8 &
g g g
=4 »
ar 1 2
Events / (5 MeV/c)

. : - B T 385 4 (T 385 4
 predictions for admixture of cc and DD* Mygzs), (GoVIcT) WMy1a5); (GoVicT)
! B | ,if(se% R ms:(Ge\allgé"')
FENFENEN BRI . R P U T T TR
1 2 3 4 5 & 7
Roy Phys.Rev.Lett.102:132001,2009 Phys.Rev.Lett. 107:9,2011

® % R=2.463+0.64+0.29

. JF + Probably not a pure charmonium.
& . : % But a large uncertainty on the
105 #. . ;/+ ............... o theoretical predictions.
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I Other experiments
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Charmed baryons

Exotic hadrons from high energy collisions

39



I Physics of charmed baryons

Mass of the charm quark is ~1.5 GeV.

This is much heavier than.... @
1. Mass of the u,d,s quarks (300-500 MeV)
spin-spin interactionec1/m;m, @ @

Di-quark correlation in light quarks.
-More simplified view of the baryon. di-quark
-Di-quark excitaion is a hint of qg potential.

2. Momentum of quarks inside the baryon
radius ~1fm = 200MeV/c. @
—>Non-relativistic quark model is a good approximation.

Study of QQ potential from doubly charmed baryon. @
(Similar to QQP?" potential by charmonium spectroscopy)




I Observed charmed baryons

A 1/2+ 3.(2455)1/2* = 1/2+ Q. 1/2¢

—C

A(2595)" 1/2- 3.(2520)3/2* = 1/2+ Q(2770) 3/2*

- C

A(2625)* 3/2- %(2800) ?° =.(2645) 3/2* @

[A(2765)F ?7] =.(2790) 1/2-
A.(2880)* 5/2 =.(2815) 3/2

/\C(2940)+ ?° [EC(2930) ?7]
@ = (2980) ?°
[EC(3055) ?7]

CLEO 8(7) (1995~2001) - ,
BELLE 3 (2006~) —_0(3080) ??
BABAR 5(2) (2007 ~) [=.(3123) ?7]

* All the ground state of single charmed baryons are established.
-16/21 (12/17) charmed baryons are observed in e*e” collider experiment.
Spin-parity measurements only for a few states.

Exotic hadyons from high energy collisions 41

*No ddubly (or triply) charmed baryons:



I Excitation modes in the charmed baryons4?

*There are two kind of excitation modes.
Both states have JP=1/2"
- A mode: excitation between c quark and u-d di-quark.
- p mode: excitation in the di-quarks.
- In the first excitation, spin-parity should be 1/2

©

A mode ha)p — 3mQ ~= \/g

@@ ho, 2m, +m,,

p mode
A\ (2593)* is a candidate of A mode excitation.

To find p mode excitation is necessary to check the
di-quark picture - Spin-parity measurement.



I Spin-parity measurement of A_(2880)*

*Spin/parity measurement
(hep-ex/0608043)

1500

Events / 0.2

2.t decay angular distribution
favors spin 5/2 by 50

1000

500

DIIIIlIIIIlIIIIlIIII

1 0.5 Eost? 05 1
M(A=) for A (2880)* events
600;
scof 3.(2455) n_ Br(A(2880) — %, (2520)) _ 0.995 + 0.062 4 0.025
0o | Br(A,(2880) — 2_(2455))
300;
200 5.(2520) Prediction by Heavy Quark Spin Symmetry
100;£J+ Bt Mg fown f R=0.23 for 5/2+—
20t W T T T R ExoticfRdiols.fQShﬁOerndg)/czHisions 43
2.45 25 2.55




I On going analysis: A /Z_(2765)*

OMITTED FROM SUMMARY TABLE

.-':|...|.~;®

AN (MeV)
2016/3/23M (/\C+T[+T[')

A broad, statistically significant peak [%97 :'J vents]
w . Hg nothice at all f n_about its guant
ers, incluc wther it &a A X, or whether t
th might b to cverlapping state
hep-ex/0010080 hep-ex/0608043
" First evidence by CLEO "By Belle
| (2765)
800}~ + -
ﬁm- + '
~h.(2765) .
éduu— L
g ] 100}
ol A(2940)
TSNS (S S N L e
2.8 2.9 3 31

Most poorly known A_/Z_ state

- Di-quark excitation (1/2°)?
“pD bound state?
Roper like (1/27) state?

2803MeV/c?

p+D°

2765 MeV/c?

A

38MeV/c?

Y A*(2765)

3.2
Exotic hadrM (rZrQE[g)ﬁ energy collisions
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I Prediction from coupled channel approach

hep-ph:1205.2275

Coupled channel calculation
in 1=0 channel. A (2595)* is clearly seen.

Charm partner of A(1405).

{0 MeV™]

2016/3/23

{0 Mev]

Lo i
2600 2700 2800

W [MeV]

1.0 —

0.5

-0.5

-1.0

0.0benein.

=1
i = Ret
- eee- Imt

T T B L
2600 2700 2800

W [MeV]

If the scenario is correct, it must be...

"Isospin =1 (Z_ state)

«Jp=1/2" (S:Wave DN scattering )

‘ Calculate amplitude in I=1 channel
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I Measurement of 2t scattering lengthus

* Light mass of the A(1405) can not be explained by simple quark model.
-> molecule state? A(1405)

y

= Chiral unitary model predicts two-pole structure in S-wave Ti -3
meson-baryon scattering near the mass of A(1405). ‘

One couples to KbarN, the other couples to i
D. Jido, et al., Nucl. Phys. A 723, 205 (2003)

“KbarN interaction is relatively known well from scattering experiment. %
However, no data exists for nZ scattering - Use A_*—>Zrut decay. W S0 Imlz)

M(rt*27)> M(mt2Y)

— —
a, x - P
|k T B
- . - a E
- - = =
- - = £
- ~ N 3 =
# - __." - e _ —
- X - = =
- T - P _J' T}
. =
—— - A, —— 7, =
A, LM - £, : 4 =

Interference from intermediate *2"
creates “cusp” in M(m2*) mass distribution.
Size of the “cusp is sensitive to the scattering length”

Phys. Rev. C 84, 035201



I Physics beyond SM with Belle Il 47

*The semi-leptonic decay B—->D(*) tv is mediated by W boson in the SM.
" As the mass of tis heavy (~1.7 GeV), charged Higgs predicted by SUSY may contribute.

- Taking ratio to the electron, muon: R(D') = BR(B=>Dtv)/BR(B=>DIv) cancels
various uncertainties like form-factors.

- Current measurement on R(D")) shows deviation from SM by 3.90.

— 0.5 T 1 T T I T T T 1 I T 1 1 T I 1 T T 1
T - -}é = BaBar, PRL109,101802(2012) sz =1.0
E 0.45 = Belle, arXiv:1507.03233
' LHCb, arXiv:1506.08614
= Average
— — — 04
W~ H Vr C =
0.35= =
— b ¢ (*) 0.3= _]
B _ _— D 0.25 — HFAG
u; d ui d SM prediction P(KZT:;%
0. 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
%.2 0.3 0.4 0.5 0.6
R(D)

HFAG


http://www.slac.stanford.edu/xorg/hfag/semi/eps15/eps15_dtaunu.html

Belle->Belle Il
Aim to find physics beyond the Standard Model

Colliding bunches
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