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OUTLINE

 Potential model of charmonium and bottomonium

 Experiments: Belle, BaBar, BESIII 

 Charmonium(-like) states
  → X(3872)
  → Y(4260) 
  → Zc

± (3900)

 Bottomonium(-like) states
  → Zb

±

 New 2014: neutral Zb, Zc

 Future experiments: Belle II, PANDA
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Charmonium vs. Positronium

Charmonium

~0.4 fm

virtual gluon

c c

L

Positronium

e– e+

L

~5·104 fm

virtual photon
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Charmonium vs. Positronium

differences for
higher states
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Dissociation →  DD

Dissociation →  e+ e–

Decays to light quarks suppressed
 narrow widths→
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Static Quark-Antiquark Potential

 Coulomb-Potential
      + Confinement-Term

 solve Schrödinger equation
(quark mass heavy → non-relativistic)

→ states

k=1.5 GeV/fm

k=0.5 GeV/fm

spin-spin

spin-orbit

tensor

Notation
n2S+1LJ
JPC
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Charmonium

lines:  predicted, discovered
overall mass precision ~2-3 MeV
dashed: predicted, undiscovered
not in here: unpredicted, discovered (XYZ)

JPC
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    B Meson Factories
             e+e –  → (4S)  → BB (B ~ 99%)       

                                         
 1999-2008 1999-2010

About 1 Million B mesons per day
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~952 /fb
On-resonance samples:
Y(4S): 711 /fb
Y(5S): 121 /fb
Y(3S): 3.0 /fb
Y(2S): 24 /fb
Y(1S): 5.7 /fb
Off-resonance: 87 /fb

772M B meson decays

~553 /fb
On-resonance samples:
Y(4S): 433 /fb
Y(3S): 30 /fb
Y(2S): 14 /fb
no Y(5S) data
Off-resonance: 54 /fb

477M B meson decays
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Charmonium Production

B Meson Decays

Direct Production

in 2-body B decays,
JPC=0− +, 1− −, 1++ 
in factorization limit

JPC=1− −

Initial State Radiation

JPC=1− −



X(3872)
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Product branching fraction small
B(B decay)  B(X decay) = 10 – 5

J/


–
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Belle BaBar LHCb

CDF-II

D0

CMS

B decays B decays

inclusive

B decays

inclusive

inclusive

X(3872)
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X(3872)  J/ +−

 mBC /GeV            M(J/ + − )/GeV                            E/GeV

151±15 events

10 years of 
data taking

beam constraint and 3-dim fit (over-constraint)
→ fit resolution better than detector resolution

Belle, Phys. Rev. D84(2011)052004
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  threshold m(D  )+m(D* )=3871.84±0.28 MeV⁰ ⁰
   „binding energy“ −0.16±0.33 MeV
  → random coincidence or „grand design“ ?

  upper limit on width 
    < 1.2 MeV (very narrow)

Precise Measurement of Mass and Width of X(3872)

Belle,  Phys. Rev. Lett.91(2003)262001

CDF-II, Phys. Rev. Lett.93(2004)072001

D0,       Phys. Rev. Lett.93(2004)162002

BaBar, Phys. Rev. D71(2005)071103

LHCb,  Eur. Phys. J. C72(2012)1972

CMS,    arXiv:1302.3968[hep-ex]



 Seminar, Bonn, 18.12.2014 15XYZ States | S. Lange (Giessen) 

What do we know about the X(3872) ?

 Observed by 7 experiments

 Observed in 5 decay channels

 Quantum numbers are JPC=1++

 potential model: c1' 
  Barnes et al., Phys. Rev. D72(2005)054026 
 → predicted mass 50 MeV higher
  → predicted width factor 100 larger 

 Decay X(3872) → J/–

  dominated byX(3872) → J/0(I=1)
   → violates isospin
  (assume initial I=0)
  → B factor 100 too large

Belle, Phys. Rev. D84(2011)052004

1++

2-+

LHCb, Phys. Rev. Lett. 110(2013)222001
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MOLECULE

Q
  q

Q
    qPION

Is the X(3872) exotic ?

PION

D D*
PION

Intriguing Analogon

  1.8 GeV                 2 GeV

  1 GeV                     1 GeV

n p

Tornqvist; Swanson; Braaten, Kusonoki,
Wong; Voloshin; Close, Page
Threshold CUSP: Bugg

TETRAQUARK

[Qq][Qq] Maiani, Riquer, Piccinini, Polosa, 
Burns; Ebert, Paustov, Galkin; Chiu, Hsieh;
Ali, Hambrock, Wang

Diquarks
can be 
colored

Q     q
 q      Q
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Q   q
  q   Q

TETRAQUARK
(COMPACT)

Q
  q

 Q
   q

Q
  q

 Q
    q

TETRAQUARK
(DIQUARK- DIQUARK)

Q
 Q

 q
    q

HADRO-QUARKONIUM

additional effects:
- thresholds 
- final state interaction
  (rescattering) 
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Can the X(3872) be a mixture ?

c1'
JPC=1++
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NEW, Belle, 711 fb–1

E. Panzenboeck (Göttingen/Nara)
Hadron 2013. LLWI 2014

Search for X(3872)  → c1 – 

Is there cc admixture inside the X(3872) ?

MC simulation, assuming
B(c1 –) = B(J/–)

No signal observed
(no indication of admixture)

DATA MC

X(3872)

predicted 
by potential model

M(c1–)/GeV M(c1–)/GeV
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Y(4260)

Note: recent notation 
by PDG as X(4260)
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Y(4260)
 Initial state radiation events

 

 m > 4 GeV
→ far above D(*)D(*) threshold,
but decay to open charm 
not observed

 Quantum numbers
(based upon 
production mechanism) 
JPC=1– –

Phys. Rev. Lett. 95(2005)142001
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Y(4260) Parameters
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Belle Belle

BaBarBaBar

e+e– →  ISR J/ () +– : Y States

Y(4008)

Y(4260)

Y(4350)

Y(4660)

Y(4260)

Y(4350)

Y(4660)
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Overpopulation of JPC=1  States⁻⁻

No additional states 
J/+− with JPC=1––  
up to 7 GeV

Belle

 Non-trivial pattern, not understood 
 No mixing with conventional  states
 No mixing among them
 → Y(4260) seems not to decay to '– 
 → Y(4350) seems not to decay to J/–

J/–' – cc     
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Is the Y(4260) exotic ?

Q  Qg

HYBRID

Zhu; Kou, Pene; Close, Page;
Lattice QCD, Bernard et al.; Mei, Luo

TETRAQUARK

higher excitation  ?

[Qq][Qq ] Maiani, Riquer, Piccinini, Polosa, Burns

MOLECULE

Q
  q

 Q
    qPION

heavier mesons (DD1(2460)) ?

[Qq][Qq] Swanson, Rosner, Close
[QQ][qq] „Hadro-Charmonium“
Guo, Hanhart, Krewald, Meissner

Q     q
 q      Q
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Zc
+ States

If there are exotic neutral states,
are there also exotic charged states ?
(  cannot be charmonium!)→

Example: [c c u d]+



 Seminar, Bonn, 18.12.2014 27XYZ States | S. Lange (Giessen) 


c1

 

Belle, Phys. Rev D80(2009)031104

Belle, Phys. Rev D78(2008)072004

Problem: understanding of 3-body decay dynamics

not 
confirmed
by BaBar

not 
confirmed
by BaBar

Z(4430) 6.4

13.2Z1,Z2
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Beijing Electron Positron Collider II
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Beijing Electron Positron Collider II

BESIII Experiment (IHEP Beijing)
Beam energy 1.0−2.3 GeV (  → √s=2.0−4.6 GeV)
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BESIII Experiment

360 members, 52 institutions, 11 countries
Germany: Univ. Bochum, GSI Darmstadt, Univ. Giessen, Univ. Mainz
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Y(4260)

BESIII Data Taking at different s
(e.g. adjust Beam Energies to Y(4260)) 

1090 pb–1

~20 pb–1 per day
(L=0.7 x 1033 cm–2 s–1)
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MARK I, 1977 
e+e– → '→ J/–

√s=3868 MeV

BESIII, 2013
e+e– → Y(4260) → J/– 
√s=4260 MeV

e+e– → J/–
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m = 3899.0±3.6±4.9 MeV
= 46±10±20 MeV
307±48 events, >8 
arXiv:1303.5949, PRL 110(2013)252001

m = 3894.5±6.6±4.5 MeV
 = 63±24±26 MeV
159±49 events, >5.2 
arXiv:1304.0121, PRL 110(2013)252002

Zc(3900)

BESIII Belle
ISR

Confirmed with CLEO-c data, but different s  not Y(4260)→
S. Dobbs et al., Phys. Lett. B727(2013)366



 Seminar, Bonn, 18.12.2014 34XYZ States | S. Lange (Giessen) 

  Y(4260) → [J/+] −

    charged → no C-parity
   1− 0− and assume L=0 → JP=1+, similar to X(3872)
  D+D*0 threshold 3877 MeV
  measured:  3899 MeV (BESIII), 3894 MeV (Belle)
   → higher than threshold 
  → no binding energy („virtual state“)

  There is no state at [D0D±] threshold !

BESIII Belle

D0D± D0D±

Zc(3900)
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This is the first charged Z state
observed by 2 experiments!
named „APS Highlight of the year 2013“
among others, e.g. extra-solar neutrinos by IceCube
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m = 3883.9±1.5±4.2 MeV
= 24.8±3.3±11.0 MeV
PRL 112(2014)022001

E
ve

n
ts

 recoil mass / GeV

mass(hc)/GeV

E
ve

n
ts m = 4022.9±0.8±2.7 MeV

 = 7.9±2.7±2.6 MeV
arXiv:1309.1896[hep-ex] 

m = 3899.0±3.6±4.9 MeV
= 46±10±20 MeV
PRL 110(2013)252001

Zc(3900)

Zc(3885)

Zc(4025)

Zc(4020)

Zc
+ states at BESIII

m = 4026.3±2.6±3.7 MeV
 = 24.8±5.6±7.7 MeV
arXiv:1308.2760 [hep-ex] 
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Are these identical or different Z states?

→ maybe different quantum numbers

close to threshold (→ S-wave, L=0)
J/  → 1 –  0 –  → 1+ 
hc 

 → 1+ 0 –  → 1 –
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Confirmation of the Z(4430)+ in B0 → K+ '–

LHCb, arXiv:1404.1903[hep-ex], Phys. Rev. Lett. 112(2014)222002

 data set 3 fb – 1, s=7 and 8 TeV
 significance >13.9
JP=1+ unambigously established 
 (exclusion of 0– , 1– , 2+, 2–  
  by 9.7, 15.8, 16.1 and 14.6)
 mass and width consistent with Belle
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Resonant character of the Zc(4430)+

LHCb, arXiv:1404.1903[hep-ex], Phys. Rev. Lett. 112(2014)222002

ARGAND PLOT
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2nd Z(JP=0 – ) in LHCb data (significance 6)
0–  preferred over 1– ,2– ,2+ by 8 
0–  preferred over 1+ by 1, but width Z(4430) → 660 MeV  
has same mass as one of the [c1] states from Belle
m=423918+45

– 10 MeV, =22047+108
– 74 MeV

m=4248+44
– 29

+180
– 35 MeV, =177+54

– 39
+316

– 61 MeV  
but: strong decay 0–  → 1+ 0–  not allowed (violates parity)
→ 2 different Z states at same mass!

BELLE
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What about [J/] in B decays ?
(instead of ['])

Is there any indication of the Zc(3900)?
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4-dimensional amplitude analysis 
(similar to Zc(4430)+)
significance  6.2σ
JP = 1+ preferred
exclusion level (JP=0 – , 1 – , 2 – , 2+):
6.1 , 7.4 , 4.4 , 7.0σ σ σ σ

New 2014: Zc(4020)+ in [J/]
Belle, arXiv:1408.6457[hep-ex], Phys. Rev. D 90, 112009 (2014)

with Zc(4200)+
without Zc(4200)+
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Resonant character of the Zc(4200)+

Belle, arXiv:1408.6457[hep-ex], Phys. Rev. D90(2014)112009

ARGAND PLOT

Re A

Im
 A
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 Zc(4430)+ → J/+

 2nd decay mode !
 4.0
 mass and width are FIXED in the fit

 suppressed by factor ~4
 (smaller phasespace)

 no evidence for Zc(3900)+

  <0.1 (if JP=1+)

Search for Zc(3900)+ and Zc(4430)+

Belle, arXiv:1408.6457[hep-ex], Phys. Rev. D90(2014)112009

without Zc(4430)+
with Zc(4430)+
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1+ JP

Spectrum of Zc+ States

Z(4200)
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1+ JP

Spectrum of Zc+ States

Z(4200)

JP=0–  (2
nd L

HCb sta
te) d

oes 
not 

fit in
 her

e!
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Note:
so far, no connection found
between Zc states in ISR
and Zc states in B decays

→ 2 different types ?

note: only Zc states in ISR
are close to D*D(*) thresholds
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All measured Zc
 masses are above D(*)D(*) thresholds.

→ not explained yet 
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Is there a decay from an XYZ to another XYZ?

Y → Z
Zc+ are observed in Y(4260) decay
(cross section vs. s peaks at Y(4260))

Y → X 
→ X(3872) in Y(4260) decay ?
1–  –  → 1++  , parity flip, L=1  
→ search for radiative decay
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e+e–  Y(4260)  X(3872) → → 

Confirmation of X(3872)
20.0 ± 4.6 events 
m = (3871.9 ± 0.7 ± 0.2) MeV
6.3σ

Cross section peaks at Y(4260)

B(Y → X) is factor 50 higher 
than for E1 charmonium transition with same quantum numbers
(assume: no additional Y decay and B(X → J/)=5%) )

Mass(J/) / GeV

Ev
en

ts
 /

 3
 M

eV

BESIII, Phys. Rev. Lett. 112(2014)092001
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Bottomonium
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–transitions

BELLE
adjust accelerator to s=10.86 GeV

+

−

Y(5S)

detected

reconstructed
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Y(5S) Decays

                                     + − missing mass

Belle, 121.4 fb−1

Phys. Rev. Lett 108(2011)032001
arXiv:1103.3419 

First observation of
hb(1P) and hb(2P)
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Bottomonium

Mass Potential
Model

hb(1P) 9898.2+1.1
–1.0

+1.0
–1.1 9901   MeV

hb(2P) 10259.80.6+1.4
–1.0 10261 MeV

Ebert, Faustov, Galkin, 
arXiv:hep-ph/0210381
Phys. Rev. D67(2003)014027

Precise confirmation of 
potential model prediction
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Zb(10610)± m=10607.2±2.0 MeV , Γ=18.4±2.4 MeV
2.6 MeV above BB* threshold
Zb'(10650)± m=10652.2±1.5 MeV , Γ=11.5±2.2 MeV
2.0 MeV above B*B* threshold
confirmed in 3 additional decay modes

Mmiss() / GeV

E
ve

n
ts

 /
 1

0 
M

eV

Mmiss() / GeV

E
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n
ts

 /
 1

0
 M

eVhb(1P) 
Decays

hb(2P) 
Decays

18
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1+ 1+

measured masses are (slightly) above thresholds
no [BB]± state observed (yet), as for Zc   
JP=1+ strongly favored (Belle, arXiv:1403.0992[hep-ex])

Spectrum of Zb
+ states

JP
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NEW 2014
Neutral Z states
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121.4 fb– 1 Y(5S) decays 
Zb(10610)0

decaying to Y(2S)0, Y(3S)0

significance 6.5

cross sections are 
about factor  ½ of p+p– 

 consistent with →
isospin scaling

Neutral Zb
Belle, 1308.2646[hep-ex]

Phys. Rev. D88(2013)052016

BELLE

BELLE
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first evidence in CLE0c data at s=4.17 GeV (Phys. Lett. B727(2013)366)

BESIII preliminary, QWG2014 
e+e–  → J/00

m=3894.8±2.3±2.7 MeV
=29.6±8.2±8.2 MeV
significance 10.4

Reminder: charged Zc(3900)+
m = 3899.0±3.6±4.9 MeV
= 46±10±20 MeV
arXiv:1303.5949, PRL 110(2013)252001

Neutral Zb
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Notes:

 Isospin Triplet
 → these Z States are I=1

 Remember the connection 
  decay Y → X, decay Y → Z

  but there is 
  a neutral Z(3900) and a neutral X(3872),
  and they are different 
  (width >20 MeV vs. width <1 MeV)  
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BESIII 1409.6577[hep-ex], Phys. Rev. Lett. 113, 212002 (2014)

e+e–  → hc 
00

hc → c with 16 reconstructed c decay channels
Zc(4020)0 

>5

m=4023.9±2.2±3.8 MeV

no width measurement
width is fixed to charged Z

2nd neutral Zc, near D*D* threshold
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BESIII, 1409.6577[hep-ex], Phys. Rev. Lett. 113(2014)212002

Isospin in Zc(4020)0 production

→ ratio ½, as expected
from isospin scaling
(similar to Y(nS) transitions)

→ ratio closer to ~1 (?)
(but ½ not excluded)
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Future Experiments:
Belle II, PANDA
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Belle II in service position for upgrade

Foto 04.11.2014
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originally proposed for SuperB
by P. Raimondi (INFN)

graphics E. Paoloni (Pisa)

Belle  Belle II→
Luminosity x 40
L 0.8 x 1036 cm–2 s–1

                 KEKB

    SuperKEKB
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Belle II DEPFET Pixel Detector
z Vertexauflösung 
50 m (Belle )  25 → m (Belle II)
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~3 magnets per day

Installation of 100 new LER Dipole Magnets

Install over
HER magnets
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2013
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CDC wire stringing finished (01/2014) 
51456 wires  

FWD side: ground cabling finished
(11/2014)
white: axial super layers
green: stereo super layers



TOP Assembly of 1st Module

“ Expansion 
block”  or 
prism

Glue joint 
between 
two bars

Mirror

Lifting jig 
with 
vacuum 
chucks

Scene at the Fuji Hall clean room just before Halloween 2014

Optics done, 
need to 
integrate 
with bar box
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31.10.2014, w/ new electronics:
- shaping time 1 us (before) → 0.5 us (Belle II)
- waveform digitization 2 MSamples/s

ECL cosmic data taking w/ ~4000 crystals
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                     Belle Rotation 03/2013

for larger crossing angle 22 mrad → 83 mrad (nanobeam)

       18.6 cm @ end of platform (accuracy 0.5 mm)
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PANDA @ FAIR
pp  → formation of 
any (non-exotic) quantum number
e.g. high F-wave state (L=3, JPC=4++)
suppressed in B decays
suppressed in radiative decays of 1– –

E

cms/GeV

MC

M. Galuska, S. Reiter, E. Prencipe, S. Spataro, S.L.
arXiv:1311.7597[hep-ex]
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SUMMARY

 Experiments at e+e –  colliders re-defined our understanding of hadrons

 Many unexplained states have JP(C)=1+(+)

 Probably 1st transitions between X and Y and Z observed 

 Product branching fractions of XYZ states are small (B~10 – 5)
  → next-generation high luminosity experiments are required
  Belle II, PANDA, LHCb (upgrade), more BESIII running ...

THANK YOU.
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