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Quarkonium
● Standard quarkonium is a bound state of a quark and an 

anti-quark (e.g. cc):

− Relevant quantum numbers n,L,S,J (classified by JPC, 
where P=(-)L+1, C=(-)L+S ;

● Production at e+e-:

− direct & ISR production (only 1--);

− e+ e- → e+ e- g* g* → e+ e- Xh

− in the decay of other particles (e.g. B → (cc)X );

− double quarkonium prod. e+ e- → (cc)(cc)

q

q

● Decay:

− electromagnetic or OZI suppr. below open flavour (e.g. DD) threshold;

− open flavour (e.g (cc) → DD) above threshold;
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Experiments
● Studies can be carried on at:

− t-charm Factories (CLEO, BES);

− B-Factories (BaBar, Belle);
− Hadron Colliders (CDF, D0);

● Quantum numbers can be measured:

− in production (e.g. only 1-- via ISR,                                    
only C=+ via g* g*);

− in decay (angular distributions and selection rules).

g*g* production
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Beyond the Quarkonium
● Some example of exotic hadrons:

Tetraquarks Hybrids
Molecules

[qq]

[qq] D

D
q

q

g

Small widths also above 
the threshold!

Many possible states!
Possible charged states!

Mainly decay to DD 
states!

Possible non-standard
J PC (e.g. 1- +)!

Small widths also above 
the threshold!

Only few possible states!

L. Maiani et al., Phys.Rev.D 71 (2005) 014028

E.Braaten et al., Phys.Rev.D 69 (2004) 074005

E.Kou et al., Phys.Lett.B 631 (2005) 164

...and many other references!
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Exotica at work
● Different combinations of quarks produce new multiplets of 

hadrons:
− a guidance for understanding the underlying structure;

EXAMPLE: TETRAQUARKS

Very rich spectroscopy 
with clear mass 

patterns

L = 0

N. Drenska et al., arxiv:1006.2741
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State of the art

Y(4260)
Y(4350)

Y(4660)

X(3940) Z(3940)
Y(3940)
X(3872)?

X(4160)? Y(4140)?

● Several states do not 
fit well in the standard 
charmonium scheme:
− masses far from 

predictions;
− too narrow;
− non-standard decay 

modes;

● A wide review (both 
theo. and exp.) in        
N. Drenska et al., 
arxiv:1006.2741

Note: question marks indicate controversial 
quantum number assignments 
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The X(3872)
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The Discovery
● Discovered by Belle in B → X K, X →J/c p p ;

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

● Confirmed by BaBar, CDF and D0;

● Found also in a few other modes   
(D* D , J/c g , c(2S) g , J/c v )

● C = + ;

● JPC = 1++ or 2-+ (CDF, angular 

analysis) – preference for 1++ by 
Belle;

● Why not a regular charmonium?
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Mass and Width

− much smaller than regular 
charmonium predictions;

● Some tension (3.5s) between 
mass measurements in D*D and 
J/c p p :

− impact of near D*D 
threshold???

− 2 different states (a 
tetraquark multiplet)???

● Width measured by BaBar (Phys. Rev. D 77, 011102 (2008)):
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Combined Measurements
● Bayesian combination of results from several measurements 

has been performed.

G(X → D*D) ~ 1 MeV
(most natural value for 
a DD* molecule would 
be ~ G(D*) ~ 70 keV)

BR(B → XK) ~ 10-4

(unusually low for 
a regular 

charmonium)

N. Drenska et al., arxiv:1006.2741
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Recent Results (I)
X → J/c v (p p p0)

B+

B0

* 3.8625 < m(J/c 3p) < 3.8825 GeV

● Yield of B → X(J/c 3p) K  
in bins of m3p by BaBar;

● Better data description if 
LX = 1 (→ P = -):

− JPC = 2-+ is favored w.r.t. 

1++ (62% vs. 7%)

Possible hc2(1D) interpretation
for the X(3872)

Phys. Rev. D 82, 011101 (2010) 

X(3872) 
region *

m(p p p0) [GeV/c2]
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Recent Results (II)

● A new analysis for X(3872) in J/c g and c(2S) g by Belle; 
(preliminary, ICHEP talk by I. J. Watson)

● J/c g dominance predicted for molecules;

● J/c g is observed, only a limit for c(2S) g ;

● Tension with BaBar observation (Phys.Rev.Lett. 102, 132001 (2009), Phys. 

Rev. D 74, 071101 (2006)):

RADIATIVE TRANSITIONS
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The 3940 Family
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Spectra

e+e- → J/c X
X(3940) → DD*

B → Y K
Y(3940) → J/c v 

gg → Z
Z(3930) → DD gg → Y

Y(3915) → J/c v 

Phys. Rev. Lett. 98, 082001 (2007)

Phys. Rev. Lett. 96, 082003 (2006)

Phys. Rev. Lett. 94, 182002 (2005)

Phys. Rev. Lett. 104, 092001 (2010)
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Updates on Z(3930)
● New recent measurement by BaBar (improves previous Belle 

result):

M = (3926.7 ± 2.7 ± 1.1) MeV/c2 
Γ = (21.3 ± 6.8 ± 3.6) MeV

● Angular distribution suggests 
spin 2 (consistent with xc2(2P) 
assignment).

J = 2

J = 0

p*D

pLAB
Z

p*D

y Phys. Rev. D 81, 092003 (2010)

|cos(y)|
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The 4140 Family
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Spectra

e+e- → J/c X
X(4160) → D*D*

Phys. Rev. Lett. 100, 202001 (2008)

Phys. Rev. Lett. 102, 242002 (2009)

B → Y K
Y(4140) → J/c f 

JPC = 0±+, 2±+

possible hc(3S) assignment (0-+)

Near threshold!
Not yet confirmed at the B-Factories

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

possible non-standard JPC (hybrid?) M(mmKK) – M(mm)  [GeV/c2]
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Search for gg → Y(4140)
● gg → Y(4140) would be enhanced in the hybrid hypothesis;

● Not yet observed;

● Instead, new X(4350) observed in this process.

Phys. Rev. Lett. 104, 112004 (2010)

e+e- → J/c f
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CDF update of B →J/c f K
● A possible second peak in the J/c f spectrum at 4.28 GeV. 

m = 4274.4+8.4
-6.7 ± 1.9 MeV

Significance 3.1s

Talk by Kai Yi at ICHEP 2010
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The 1-- Family
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Spectra
Phys. Rev. Lett. 95, 142001 (2005)

e+e- → gISR Y
Y(4260) → J/c p p

e+e- → gISR Y
Y(4660) → J/c p p

Phys. Rev. Lett. 95, 142002 (2007)

Phys. Rev. Lett. 98, 212001 (2007)

e+e- → gISR Y
Y(4320) → c(2S) p p

Y(4260) 
hypoth.
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LcLc & D(*)D(*) Decay Modes 
● Regular 1-- charmonium is expected to decay prevalently to 

charmed meson pairs, D(*)D(*);

● 1-- tetraquarks would mainly decay in baryonic modes, LcLc .

● No evidence so far for Y → D(*)D(*): 

● Large LcLc signal for the 
Y(4660). 

The Best Tetraquark 
Candidate!

BF(LL) / BF(c(2S) p p) ~ 25

Phys. Rev. Lett. 10, 172001 (2008)
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Charged States



24

Charged States at Belle
● Charged states decaying to charmonium would require at 

least 4 quarks ;
● So far, only Belle observed charged states. 

Phys. Rev. Lett. 100, 142001 (2008)

B → Z
1,2

 K
Z

1,2
 → Xc1 p 

B → Z+ K
Z(4430)+ → c(2S) p
4433 ± 4 ± 2 MeV

Phys.Rev.D 78, 072004 (2008)
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The Z(4430)+ Saga (I)
● Original Belle analysis simply cut away Kp resonances by an 

invariant mass cut (interference not accounted for);

● BaBar performed an accurate analysis of the Kp background 
(Kp mass, angular distributions) to extract the background 
shape.

M = 4476 ± 8
(5s from Belle)
Significance 2.9s

Phys.Rev.D 79, 112001 (2009)
m

2 (
c

'p
) 

(G
eV

)

m2(Kp) (GeV)
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The Z(4430)+ Saga (II)
● Belle updated the analysis with a full Dalitz fit approach ;
● Result is confirmed, but with larger uncertainties.

m = 4443+24
-18 MeV

Significance 6.4s

a b c da e

m2(Kp) (GeV)

m
2 (

c
'p

) 
(G

eV
)

Phys. Rev. D 80, 031104 (2009) 

m(c'p) 
projections
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Exotic Bottomonium
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Exotic Bottomonium?
● New charmonium-like states could have bottom companions 

(like regular charmonium);

● Interest boosted by Belle's observation of an anomalously 
large Υ(1S) p p ISR production around the Υ(5S).

Phys.Rev.Lett. 100, 112001 (2008)
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The Υ(5S) region
● Scan of Rb = sbb/smm to look for new structures and measure 

the Υ(5S) parameters (BaBar, Belle);

● Measure of the exclusive Υ(nS) p p yield as a function of 
the CM energy to distinguish a new resonance from the 
Υ(5S) (Belle);

Phys.Rev.Lett. 101, 012001 (2009)

Rb arXiv:0810.3829

Discrepancy of ~2.3s (9 MeV) in mass 
and 1.4s in width between the 
exclusive and inclusive shapes
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Interpretation
● The Rb scan shows several structures, but they can be all 

interpreted in terms of standard resonances and final state 
interaction effects (see N. Törnqvist, Phys.Rev.Lett. 53, 878 (1984))

● A large Υ(5S) → Υ(nS) p p rate is naively unexpected – is 
there a new resonance? Ali et al., arXiv:0911.2787

− final state interactions can produce similar effects;      
Meng and Chao, Phys. Rev. D, 77 074003 (2008)                                 
Simonov and Veselov, Phys. Lett.B, 671 55 (2009)

− ~ 10 MeV mass split between the inclusive and exclusive 
shapes can be easily introduced in the same way;

● A more comprehensive theoretical description is needed in 
order to say the last word.
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Outlook and Conclusions
● Several new resonances have been observed, but:

− only a small fraction of the possible decay channels has 
been searched for;

− only a small fraction of the available decay spectra has 
been fitted to set limits for the known new resonances;

− several spectra suffer from low statistics;

Still a lot of work to do with present data

Room for improvements with
 new generation experiments (SuperB)

A challenge for theorists too
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Backup
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3940 Family: Masses
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Summary Tables (I)
State BaBar Belle CDF

X(3872) X X X

X(3940) X X

Y(3940) X X

Y(3915) X

Z(3930) X X

X(4160) X

Y(4140) X

X(4350) X

Y(4260) X X

Y(4320) X X

Y(4660) X X

Z(4430)+ X

Z1(4050)+ X

Z2(4250)+ X
X: discovery
X: confirmation
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Summary Tables (II)
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Summary Tables (III)
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Summary Tables (IV)
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Υ(4S) → Υ(nS) p p
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Coupled Channel Effects
● The shape of different 

exclusive final states are:

− Different from the 
inclusive shape;

− Different each from 
the other. ex

cl
us

iv
e

in
cl

us
iv

e

CLEO, arXiv:0801.3418
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