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asymptotic freedom

one-gluon exchange

confinement

chromoelectric tube

Classification of cc and bb levels is the same as in positronium: L, S, nr :

string breaking

_ _
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Charmonium table

JPC

Potential models

States observed in 
1974-1980

States below DD threshold are narrow (annihilation or  other charmonia)
_

States above DD threshold are broad ( DD, DD*, ...)
_ _ _

2(1D)

S=1S=1 S=0S=0

L=0 L=1 L=2

DD
_ States observed after 

2002
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Charmonium table

Y(4660)

Y(4360)

Y(4260)
X(4140)

X(3940)

X(4160)

JPC

Potential models

States observed in 
1974-1980

States with
unexpected properties

States below DD threshold are narrow (annihilation or  other charmonia)
_

States above DD threshold are broad ( DD, DD*, ...)
_ _ _

2(1D)

S=1S=1 S=0S=0

L=0 L=1 L=2

X(3872)

X(4500)

X(4700)

X(4274)

X(3915)

Z(4430)+

Z(4250)+

Z(4050)+
Z(4200)+

Zc(4020)+

Zc(3900)+

Z+ = |ccud
_ _

DD
_ States observed after 

2002

manifestly  “exotic”
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Multiquark states conceived already at the birth of the Quark Model
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hb(2P)hb(1P)

M[ hb(1P) π ] M[ hb(2P) π ]



Heavy quark structure in Zb

Wave func. at large distance – B(*)B*

A.B.,A.Garmash,A.Milstein,R.Mizuk,M.Voloshin  PRD84 054010 (arXiv:1105.4473)

• Why hb is unsuppressed relative to 

• Relative phase ~0 for  and ~1800 for hb

• Production rates of Zb(10610) and Zb(10650) are similar

• Dominant decays to B(*)B*

• Similar structures in Y and hc

Explains
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Other Possible Explanations

• Coupled channel resonances  (I.V.Danilkin et al, arXiv:1106.1552)

• Cusp               (D.Bugg Europhys.Lett.96 (2011),arXiv:1105.5492)

• Tetraquark (M.Karliner, H.Lipkin, arXiv:0802.0649)
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Zc(4025)

No sign of Zc(4025) decay in DD*

(also seen by Belle)
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JP = 1+ for both, PRL119 (2017), 072001

Charm vs Beauty: I
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?BESIII, PRD96 (2017),032004

ZC(4020)? ZC(4020)?

Charm vs Beauty: II

AB

Mz = 4032.1 + 2.4 MeV/c2

Gz =  26.1 + 5.3 MeV
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Results: (3S)π+π-

M((3S)π+), GeV M((3S)π-), GeV
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Amplitude Analysis of (nS)π+π-



(5S)→(2S)π+π– Results 
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(5S)→(2S)π+π– Results 
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Toy Fit Results:

Mz = 4019 + 1.9 MeV/c2

Gz =  29 + 4 MeV

Fit Fraction 12 + 3.7%

1

2

3
4
5

6 7 8 9 10

109

876

1 2

3 4 5

Toy Fit of BESIII data at 4.416 GeV
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e+e− →π+π− J/ψ cross section is inconsistent with a single pick of Y(4260)

Two peaks are favored over one peak by 7.6 σ

M, GeV/c2 Γ, MeV Decay mode 

X(4260), PDG 4230±8 55±19 π+π− J/ψ

Y(4220), BESIII 4222.0±3.1±1.4 44.1±4.3±2.0 π+π− J/ψ

X(4360), PDG 4341±8 102±9 π+π− ψ(2S)

Y(4360), BESIII 4320.0±10.4±7.0 101.4+25.3
−19.7±10.2 π+π− J/ψ

New precise measurements of e+e− →π+π− J/ψ 

PRL118 092001 (2017) 
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New precise measurements of e+e− →π+π− ψ(2S), π+π− hc

M, GeV/c2 Γ, MeV Decay mode 

Y(4220) 4209.5±7.4±1.4 80.1±24.6±2.9 π+π− ψ(2S)

Y(4220) 4218.4+5.5
−4.5±0.9 66.0+12.3

−8.3±0.4 π+π− hc

Y(4390) 4383.8±4.2±0.8 84.2±12.5±2.1 π+π− ψ(2S)

Y(4390) 4391.5+6.3
−6.8±0.9 139.5+16.2

−20.6±0.6 π+π− hc

X(4360), PDG 4341±8 102±9 π+π− ψ(2S)

BESIII confirms line shape in e+e−→π+π−ψ(2S) 

PRD96 032004 (2017) 
PRL118 092002

(2017) 

π+π− hcπ+π− ψ(2S)
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BESIII: e+e−→ D0D*–π+

ψ(4415)→ D0D2(2460)0 → D0D–π+

ψ(4415)→ D0D2(2460)0 → D0D*–π+

UL due to limited statistics

Y(4220)

Y(4390)

Y(4220)
Y(4390)

DDπ non-DD2(2460)

DD2(2460)

~10σ

670 fb-1

PRL100 062001(2008)

M = 4411 ± 7 МэВ
Γtot = 77 ± 20 МэВ

ψ(4415)

ψ(4415)

UL

ψ(4415)→ D0D2(2460)0 → D0D*–π+

PRD 80, 091101 (2009)

Belle: e+e−→ D0D*–π+

Belle: e+e−→ D0D–π+

Y(4390) 

or

ψ(4415)?
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Back up slides
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Quarkonium Basics
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Super C-Tau factory is necessary 

instrument  for future studies  of  the 

highly excited quarkonium
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Very reach experimental field From S. Olsen, 

arXiv:1411.7738
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(1470 citations)

Beginning of the XYZ saga



(5S)→(2S)π+π–: JP Results 
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(2S)π+π Data

Toy MC with various JP

JP = 1+ JP = 1- JP = 2+ JP = 2-
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BESIII e+e− →π+π− J/ψ at 4260 MeV

Mz = 3901.5 + 2.7 + 38.0 MeV/c2

Gz =  51.8 + 4.6 + 36.0 MeV

JP =1+
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4600 MeV
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4416 MeV
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4358 MeV
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4258 MeV
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4226 MeV
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10389 MeV

7134 MeV
3882 MeV



39



40



41



42



Damping ring

Low emittance gun

Positron source

New beam pipe

& bellows

Belle II

New IR

TiN-coated beam pipe with antechambers

Redesign the lattices of HER 
& LER to squeeze the 
emittance

Add / modify RF systems 
for higher beam current

New positron target / 
capture section

New superconducting 
/permanent final 
focusing quads near the
IP

Low emittance
electrons to inject

Low emittance
positrons to inject

Replace short  dipoles 
with longer ones (LER)

e+

e-

SuperKEKB

To aim ×40 luminosity
43
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h
b

reconstruction  

Missing mass to  system

Simple selection :
:  good quality, positively identified

Suppression of continuum events 

FW R2<0.3

 Search for hb(nP) peaks 

in MM(+-) spectrum

+-

(1S)

hb(1P)

(2S) (3S)

hb(2P)

121.4 fb-1

Mhb(nP) =  ( P(5S) – P+-)
2  MM(+-)
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e+e-  (5S)  hb(nP) +–

MHF(1P) = +0.8  1.1 MeV

MHF(2P) = +0.5  1.2 MeV
consistent with zero, 

as expected

reconstructed, use Mmiss(+-)

b(3S)

b(2S)

b(1S)

b(2P)

b(1P)

(0,1,2)++JPC=0 +-

hb(2P)

hb(1P)

1 +-

(3S)

(2S)

(1S)

(4S)

(10860)

(11020)

1--

9.50

9.75

10.00

10.25

10.50

10.75

11.00

2M(B)

+-
PRL108,032001(2012)

residuals

c.f.  CLEO e+e-  (4170)  hc +-

(Pe+e- – P+-)
2

hb(2P)

hb(1P)

raw distribution

Large hb(1,2P) production rates

hb(nP) decays are a source of b(mS)



Observation of  hb(1P,2P)
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e+e-  (5S)  X +–

MHF(1P) = +0.8  1.1 MeV

MHF(2P) = +0.5  1.2 MeV

consistent with zero, 

as expected

reconstructed, use Mmiss(+-)

b(3S)

b(2S)

b(1S)

b(2P)

b(1P)

(0,1,2)++JPC=0 +-

hb(2P)

hb(1P)

1 +-

(3S)

(2S)

(1S)

(4S)

(10860)

(11020)

1--

9.50

9.75

10.00

10.25

10.50

10.75

11.00

2M(B)

+-

MHF(1P)

PRL108,032001(2012)

residuals

c.f.  CLEO e+e-  (4170)  hc +-

(Pe+e- – P+-)
2

hb(2P)

hb(1P)

raw distribution

Large hb(1,2P) production rates

Observation of  hb(1P,2P)



Anomalies in (5S)(bb)+– transitions
_

(3S)
hb(2P)

hb(1P)

(2S)

(1S)

b(2S)

b(1S)

(4S)

(10860)

(11020)

9.50

9.75

10.00

10.25

10.50

10.75

11.00

M
a
s
s
, 

G
e
V

/c
2 2M(B)

260

430

290 6

1

2

partial G(keV)

–

+

Zb
+
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JPC = 0-+ 1-- 1-+

G[(5S) (1,2,3S) +–] >> G[(4,3,2S) (1S) +–]

(5S)  hb(1,2P) +– are not suppressed

Belle: PRL100, 112001 (2008) 100

expect suppression QCD/mb

Heavy Quark Symmetry

Belle: PRL108, 032001 (2012)

 Rescattering of on-shell B(*)B(*) ?
_

/hb(2P)

hb production mechanism? (5S)  hb(1,2P) +– are not suppressed 

due to Zb intermediate states! But it’s not enough for (nS) +– .



U(5S)

U(6S)

U(?S)

IG(JP)

B*B*

BB*

BB

0-(1+) 1+(1+) 0+(0+) 1-(0+) 0+(1+) 1-(1+) 0+(2+) 1-(2+)



r

w



r r
w

w

12GeV

11.5GeV



Zb Wb0
Wb1 Wb2







U 

hb

br

U 

bw
Uw 

b

Ur 

b

Uw 
Ur 

Uw

Ur 
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Voloshin PRD D84 (2011) 031502,arXiv:1105.5829

Xb

0-(1-) 48



Tetraquark?

M ~ 10.5 – 10.8 GeV Tao Guo, Lu Cao, Ming-Zhen Zhou, Hong Chen, (1106.2284)

M ~ 10.2 – 10.3 GeV
Ying Cui, Xiao-lin Chen, Wei-Zhen Deng, 

Shi-Lin Zhu, High Energy Phys.Nucl.Phys.31:7-13, 2007

(hep-ph/0607226)

M ~ 9.4, 11 GeV M.Karliner, H.Lipkin, (0802.0649)
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Cusp?
D.Bugg Europhys.Lett.96 (2011) (arXiv:1105.5492)

Amplitude
Line-shape

Not a resonance
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(5S)  (nS) +-

(nS)  +-
(n = 1,2,3)

(1S)

(2S)

(3S)

reflections

Exclusive (5S) ->(nS)  -



52

Results: (2S)π+π-

reflections

signals

M((2S)π+), GeV M((2S)π-), GeV
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Bs

Integrated Luminosity at B-factories

> 1 ab-1

On resonance:

(5S): 121 fb-1

(4S): 711 fb-1

(3S): 3 fb-1

(2S): 24 fb-1

(1S): 6 fb-1

Off reson./scan :

~100 fb-1

530 fb-1

On resonance:

(4S): 433 fb-1

(3S): 30 fb-1

(2S): 14 fb-1

Off reson./scan :

~54 fb-1

(fb-1) asymmetric e+e- collisions
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Belle Detector
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System
Ground triplet state

(v/c)2

Name Mass, MeV G, MeV

POSITRONIUM

e+e- Ortho- 1 5 10-15 ~0.0001

QUARKONIUM

uu,dd r 800 150 ~1.0

ss f 1000 4  ~0.8

cc  3100 0.09 ~0.25

bb  9500 0.05 ~0.08

Good approximation for heavy quarkonium – potential models.

Heavy quarkonium – approximately a non-relativistic system.
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Puzzles of (5S) decays

Rb

PRL100,112001(2008) G(MeV)

102

PRD82,091106R(2010)
Anomalous production of (nS) +- with 21.7 fb-1

Dedicated energy scan 

shapes of Rb and () different 

(5S) is very interesting and not yet understood

Finally Belle recorded 121.4fb-1 data set at (5S) 


