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molecule
tetraquark

hybrid glue ball 



Belle �� “XYZ” sensations
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PRL91,261801(2003)

X(3872)→J/yp+p-

X(3872)
→J/y g

PRL107,091803(2011)

Ml+l-p+p- - Ml+l- (GeV)

PRL110,252002(2013)

Y(4260)→J/yp+p-

Z(3900)+→J/yp+

PRL100,142001(2008)

Z(4430)+ 

→y(2S)p+

Two Zb
�→Υ(nS)p�

PRL108,122001(2012)

PRL110,252002(2013)
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• ����&02-.,��(�
– Each physics process has preferable states.
– Interplay among several approaches is effective.

• �*�*$
	13/+��(����(�
– Each hypothesis; other decay modes, partner states.
– Partner states have specific decay modes.
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B decays

gg collisions

Initial state radiation Double cc

Change CM 
energy

JPC=0-+, 
1− −, 1++

JPC=1− −

C=+1

JPC=0�+, 
2�+,3++

Allowed/favored 
quantum numbers are 
different depending on 
production processes.
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electron  
(7GeV)

positron 
(4GeV)

KL and muon detector:
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC (end-caps, inner 2 barrel 
layers)

Particle Identification 
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (fwd)

Central Drift Chamber
He(50%):C2H6(50%), Small cells, long 
lever arm,  fast electronics

EM Calorimeter:
CsI(Tl), waveform sampling (baseline)

Vertex Detector
2 layers DEPFET + 4 layers 
DSSD

Beryllium beam 
pipe
2cm diameter

������	�����
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Better or same 
performance under 
�20 beam 
background! 
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Br(X(3872)→D0D*0) is about 
Br(X(3872)→J/y p+p-)�10. 

PRD81, 
031103(2010)

PRL110, 222001(2013)

JPC=1++ (Belle, BaBar, CDF, 
LHCb) from J/y p+p- angular 
distribution. 

PRL91,261801(2003)

X(3872)→J/yp+p-

Ml+l-p+p- - Ml+l- (GeV)

	����$X(3872)
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No signature for
•Charged partner in J/y p+p0. → most likely, isospin=0. 
•C=-1 partner in J/y h and cc1 g. → disfavor tetraquark hypothesis.

y2(1D)

No 3872
No 3872

J/y h mode cc1 g mode
PTEP2014(2014)043C01 PRL111,032001(2013)
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D0D0*

D�D∓* ~ 7 fm

Ar nucleus
X(3872)

cc core

DD* component is coupled with the same JPC cc, cc1(2P) (unseen).
→can explain Br(X→D0D*0)/Br(X→J/y p+p-) is about 10.
→pure molecule is too fragile to be produced in Tevatron/LHC.
→another cc1(2P) dominant state would become broad.
�(% "���&�����!���
������"����!$����#�	!��'�

S.Takeuchi, K.Shimizu and M.Takizawa, arXiv:1408.0973
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then not 
familiar 
with 
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If X(3872) is admixture of molecule and cc1(2P), 
its C-odd partner, JPC=1+- state, is   

mixing 
with
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Y(3940)=X(3915)=c
c0(3915) → J/yw

�����
��	�: Y(3940)=X(3915)

In B�→J/ywK� decay

M=3943±11(stat)±13(syst) MeV
G=87±22(stat)±36(syst) MeV
PRL94,182002(2005)

In gg→J/yw process

X(3915)=cc0(3915) → J/yw

Nsig=49�14(stat)�4 events.
M=3915�3(stat)�2(syst) MeV, 
G=17�10(stat)�3(syst) MeV
JPC not yet determined.
(still need confirmation for PDG 
interpretation) 14
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Zb(10610)+ and Zb(10650)+
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Υ(1S)p� Υ(2S) p� Υ(3S) p�
PRL108,122001(2012)

hb(1P)p� hb(2P)p�



Zb(10610)�→BB*, Zb(10650)�→B*B*
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One B
reconstructed

MM(Bp)B cand. Mass (GeV)

BB*
B*B*

10610 10650

MM(p)=M(B(*)B*)

Br(Zb(10610)�→BB*)
Br(Zb(10610)�→bb) =5.93+0.99/-0.59+1.01/-0.73

Br(Zb(10650)�→B*B*)
Br(Zb(10650)�→bb) =2.80+0.69/-0.40+0.54/-0.36

��������������
�	��

PRL116,212001(2016)
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Decays to Υ and hb
can co-exist.
Signature in B*B(*)

partial recon. seen.

JP=1+ is supported 
by Dalitz analysis.
PRD91,072003(2015).

A.E.Bondar et al., PRD84,054010(2011)
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• Partners may decay into cbJ
(PRD86,014004(2012)). 
– Zb → cbJ p, Zb0 → cbJ g

• Br(cbJ→Υ(1,2,3S)g) and g
efficiency are multiplied, signal 
yield may be lower one order of 
magnitude.

↓ 
Higher statistics needed.
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Zb(10610)0 → ¡ (2S)p0p0 seen
6.5s stat. significance

PRD88, 052016 (2013)

���	���� Belle II������


IG=1+, first isospin partner among “XYZ”.



Zc(3900)� at Y(4260)→J/yp+p-
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PRL110,252002(2013)Y(4260)→J/yp+p- Z(3900)�→J/yp�

�	������JPC=1–�quarkonium p+p-��������
�
��������
�Zc(4060)� in y(2S)p� at Y(4360)→y (2S) p+p-����

PRD91,112007(2015)
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• The decays of JPC=1– states above open 

charm/bottom threshold contain charged state(s).

– Y(4260) → Zc(3900)+p-

– Υ(10860)→Zb(10610)+p- and Zb(10650)+p-

• Near the meson-meson threshold, molecular 

state plays an important role.

20

• HAL QCD simulation shows 

Zc(3900)� is likely to be a 
“threshold cusp”. 
PRL117,242001(2016)



Z(4430)+ in y(2S)p� final state

Clear peak at 
4.43 GeV/c2

5.28GeV/c2

B → y(2S) p� K������
M(y(2S) p�) ��	
��
Confirmed by LHCb
PRL112, 222002(2014)

21

PRL100,142001(2008)
PRD 80, 031104(2009)
PRD 88, 074026(2013)
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4D fit(M(y(2S)p�), M(Kp), cosqy(2S), f), PRL112, 222002(2014)
Argand diagram gives a proof of resonance.
Such approach will be possible to study other states with Belle II 
statistics only.



quarkonium(-like) ��*,(-

• ����'+94;�	!��)��3�$#�
– X(3872) : D0 D*0 and mixing with cc1(2P). 
– Zb(10610)+ : B B*, Zb(10650)+ : B* B*

• 8<57<��!��"2$�+�02&�1�
Zb(10610)0 (and Z(3900)0 in CLEO) so far. 

• 8<57<��*��(��+.%(��!���
– ��"21
�:<6*�/ 

• Argand diagram approach + Belle II *��!���

23



��	������“di-quark”

• Thought to be a good place to 
check if “di-quarks” is behaving as a 
good degree of freedom to form 
hadrons.

• One of the constituent quark is 
heavy, correlation between the 
remaining light quarks would 
become clear.

• L1 : r mode, L2 : l mode. 
24
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PRD89,052003(2014)
Sc(2445)++

Sc(2520)++

Xc(2980)+

Xc(3055)+

Xc(3080)+

Xc(3080)+

Lc
+K-p+ final state. 

For all these Xc(2980), 
Xc(3055) and Xc (3080), 
JP�������
	
→ Belle II ���	
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Xc(2980)+

Xc(3055)+

Xc(3080)+

PRD89,052003(2014) PRD94,032002(2016)

“charm baryon + light hadron” � “charm meson + baryon” ��
������! ��"#������
JP	����"����%($���

Xc(3055)+

Xc(3080)+
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Doubly charmed baryon, Xcc
++ unseen in Belle and seen in LHCb.

In e+e- annihilation at 10.58GeV In pp collision at 13 TeV
���	��+) ���'��&#��'��&#��+)�
����+���)���#��"%��(*�$��!��

PRL119, 112001 (2017)

PRD89, 052003 
(2014)

c c
u
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• Quarkonium(-like) XYZ statesSH\; Charmed 

baryons SH\;BelleP]AMKFQX=Z��P;�:X
KDG_$MO>Z<Belle IIB"KIWC�
U��<

• dcfg&(j9��6+QCDU��T'�^�N2T
-/P=Z<

– 9�4SU(3)�.�
– �3�

• eb`a1�B5�1�P=MK��;JT�T#��^
3VNEZ,��)U@JYD�3�L\?<JT��U
dcfg&(-/P8*G[Z-/�%B!�R7	S
RZL\?h�T�;�B�S0NA]AYR>i<
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