


Search for resonances: 
•  with non-quarkonium JPC 

•  unnaturally small widths 
•  not null charge: clear indication of 
something new going on 



Strong interplay between theory and experiment 
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Open charm thr. 

Basically all states below the open charm threshold are observed and explained 

ψ(3770) 

ψ(4040) 

ψ(4160) 

(pot. Models) 
QWG: hep-ph/0412158 
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Γ = (3.6−2.3
+4.6 ± 0.9)MeV



BF(XJ/ψππ) 
BF(XDD*) 

Γ(XJ/ψππ) 
Γ(XDD*) 

68%C.L. 
90%C.L. 

Large DD* BF and Γ : Prob(Γ(XDD*)<Γ(D*)=0.7% Test against molecular nature 

Work in progress 
Drenska, RF, Piccinini, Polosa, Renga, Sabelli 



B/BJ/ψππ




BF(BJ/ψK)=10-3 

BF(Bψ(2S)K)=0.65 10-3 

BF(Bψ(3770)K)=0.5 10-3 

BF(Bχc1K)=0.5 10-3 

Significantly 
lower than other 
charmonium 
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Open charm thr. 
ψ(3770) 

ψ(4040) 

ψ(4160) 

(pot. Models) 

X(3872)? 

Charmonium: 
•  Cons 

•  narrow to be above threshold 
•  large BF in isospin violating 
 J/ψρ

•  low BF(BXK) 

Molecules: 
•  Pros 

•  Close to threshold 
•  favors DD* decays 

•  Cons 
•  above threshold! 
•  narrow 
•  hard to match production 
Xsections in pp 

Tetraquark : 
•  Pros: 

•  explains small width 
•  Any mass allowed  

•  Cons: 
• Several unobserved states 
predicted 

Omitting dozens of theory references  



TWO STATES? X(3872) & X(3876) ? 

Predicted by tetraquark model 
(but why so close to threshold?)  

[my extrapolation] 

PRL 103:152001,2009 
CDF inclusive J/ψππ

ΔM<3.2 MeV @90%C.L. 
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γγ->Z    Z(3940)DD 

BYK 
Y(3940)J/ψω


PRL 96, 082003 (2006) 

PRL 94, 182002 (2005) 

PRL 98, 082001 (2007) 

PRL 101, 082001 (2008) 

e+e- J/ψ X 
X(3940)DD* 

γγ->Y  Y(3915)J/ψω




Width(GeV)


Range: ±(σ(stat.)+σ(sys.))


Better analysis of 
the J/ψ ω mass 
spectrum needed!! 
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e+ e-  J/ψ D*D*


PRL 100:202001,2008 

reconstructed 

M = 4156        ±15MeV 

Γtot =  137        ±21MeV 

+25 
- 20  
+111  
-   61 



ΔM=m(µ+µ-K+K-)-m(µ+µ-) 

   M: 4143.0 ± 2.9 ± 1.2 MeV,  
Γ: 11.7 +8.3 -5.0 ± 3.7MeV,  

Signif. > 3.8σ


Search for BYK YJ/ψφ


Interpretation 

•  Possible JPC=0++,1-+,2++ 

•  Non Charmonium JCP  hybrid 
(lowest state predicted ~4100 
MeV) 

•  Another ‘edge’ state, better 
candidate molecule 

PRL 102:242002,2009 



PRL104:112004,2010 

   M: 4350 ± 5  MeV,  
Γ: 13 +18 -9 ± 4MeV,  

Signif. = 3.2σ
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Y(4260)J/ψππ


A new state: Y(4260) 
PRL 95, 142001 (2005) 

Confirmation + J/ψπ0π0:  
CLEO PRD74, 091104 (2006) 
CLEO-c PRL 96, 162003 (2006) 

Yet another state Y(4350) 
PRL 98, 212001 (2007)  

Y(4350)ψ(2S)ππ


The Youngest Y(4660) 
PRL 99, 142002 (2007)  



Y(4350) Y(4660) Y(4260) 
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f0 dominating? 

Also, why would Y(4350) and Y(4660) prefer ψ(2S)ππ? 

Radial or orbital excitation of tetraquarks would prefer ψ(2S)  

Cotugno, RF, Polosa, Sabelli 
PRL 104, 132005 (2010)   

  R(J/ψ - ψ) 

π+π- invariant mass 



Right sign p 

Wrong sign p 

PRL101,172001 (2008) 

Cotugno, RF, Polosa, Sabelli 
PRL104, 132005 (2010)  
 - simultaneous fit to ψ(2S)ππ and ΛcΛc 
modes has good χ2 

 - M=4661±9 MeV  Γ=61±23 MeV 
 - Large preference of the baryonic 
decay model! 

Y(4660) good candidate for a 
tetraquark (Baryonium) 

c q

c q
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c
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dd pair prod. 
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121±30 evts , 6.5 σ


c u

c d



VETOES 



arXiv:0811.0564 



Conclusions: 
•  mistreatement of background 
might enhance significance 
•  veto might bias signal mass 
measurement 



arXiv:0905.2869 

 m=4443+24
-18 MeV 

    Γ=109+113
-71 MeV 

    W=       

CFR. BaBar excludes 3.1 10-5 @90%C.L. 



Same analysis strategy 

b+d 

PRD 78, 072004 (2008) 

JP=1- assuming L=0 
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ψ(3770) 

ψ(4040) 

X(3872) 

Z 

X Y 

X: the most debated 
(tetraquark vs DD* 
molecule) 

3940 family: 
   X candidate tetraquark  
   Y,Z candidate χ(2P)1,2 

X(4140): candidate ηc(3S) 
Y(4160): candidate hybrid 

X Y 

Z+(4050) 

ψ(4040) and Z±(4050) and 
isospin triplet?!? 
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ψ(4415) 
Y(4350) 

Y(4350) 

Y(4260) 

Y(4660) 

1-- family: 
Y(4660) best tetraquark 
candidate 
Y(4260) and Z±(4250) an 
isospin triplet?!?    

Z+(4250) 

Z+(4430) 
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χ(1P)b{2,1,0} 
 

χ(2P)b{2,1,0} 
 

ηb (x2) 
completely 
missing 

2 hb states and a 
D state are 
narrow but not 
observed 

Y(1D) 

5 narrow resonances still missing !   

(pot. Models) 
QWG: hep-ph/0412158 

Recent Observations: 
ηb, 3DJ 



Expected tetraquark spectrum 
PLB684:28,2010 



Recent observation from Belle of  unusual behaviour of Y(5S) in its 
decay to Y(nS)ππ

 Y(5S) good tetraquark candidate 
 Expect to see other resonances with such an eccess 

•  This measurement also tells us that σ*BF(Ybϒ(1S)ππ) ≤10 pb 

Belle: L=21fb-1 @ Y(5S) 
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MY=(10889±2) MeV ΓY=(55±9) MeV 



Expected tetraquarks 

Υ(4S) 

Υ(5S) Υ(6S) 

Main result: Υ(5,6S)  
inconsistent with PDG 





[cq][cq] 

ss 

du,ud,uu,dd 

Spectra based on :  
1.   Quark constituent 

model (as in Maiani et 
al,  

2.   orbital excitations 
based on Chew-
Frautschi as in hep-ph/
0602128 

3.   radial excitations 
taken from standard 
charmonium   

c q

c q

O(100 MeV) uncertainties Work in progress 
Drenska, RF, Piccinini, Polosa, Renga, Sabelli 

Rad exc. 

data 
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JP=1+ Expect 27 states for each JP (+rad exc.)  

States decaying into  
ψK, never looked for !  
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Legenda 

-------  charm – charm 

_____  charmonium - light 

- - - - - data 

Interesting states: right 
below a threshold () 

c q

c q



pp incl 
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X Z Y 
X(3872) 
never 
ending 
story 

ψ(4415) 

More on the 
1- - family 

One more member of  
the 3940 family 

X(4160) 

Z(4430) 

Z(4050) 
Z(4250) 

The charged candidates 

Y(4140) 

New state from CDF 
Good Hybrid candidate 



b,u 

u 

u,b 

b 

b 

b 

u 

u 

Most likely 



π+π-π0 

B±→YK± 

B0→YKS 

B0/B± 

Isospin 
cons. 

New result, based on 350 fb-1: 

Belle’s evidence for B→YK, Y→J/ψω confirmed 
 ~30MeV lower mass than Belle’s 

  Narrower width 

  Clear demonstration of decay into ω


 Preliminary BF estimate similar to Belle’s (~10-5) 

preliminary 

G. Cibinetto, talk at this conference 

M(J/ψ ω) (GeV) 
Y(3940) closer to X(3940) 
Can they be the same state? 



D 
D* D*D* 

D 
D* 

e+ e-  J/ψ D(*)D(*)


Obtain J/ψD(*)D(*)  
samples through  
kinematic separation,  
look at m(D(*)D(*)) 
after background 
subtraction: M = 3942   ±6  MeV 

Γtot =37     ±12 MeV 
Nev= 52     ±11 

Inferred 
(Recoil mass) 

M = 4156        ±15MeV 

Γtot =   37        ±21MeV 
Nev=  24 

+25 
- 20  

+111  
-   61 

+12  
-  8 

5.5 σ 

3.8 σ Something’s 

here, but it’s not 

X(3940) 

M(DD) 

M(D*D*) 
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One more particle to explain …  
JCP=0-+ not excluded (ηc(3S)) 

reconstructed 

BELLE-CONF-0705 
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Y(4260) is 1-- charmonium state 
 should decay predominantly to 
DD, D*D, and D*D*  

BABAR: PRD 79, 092001 (2009), 384 
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1-- 

4260 
4350 
4660 

Only seen in ψ
(2S)ππ


1-- 

“new physics”? 

4260 can be fit by a 
tetraquark model 
(decaying into J/ψf0 …) or 
a hybrid (with gππ) 
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Open charm thr. ψ(3770) 

χc1 

(pot. Models) 

χc2 

χc0 
η’c 

ηc 

X 

Z Y=X(3915) 



Fitted mass difference as a 
function of first gaussian fraction ΔM<3.2 MeV @90%C.L. 

arXiv:0807.3699  



‘Standard ‘ y(4415) + 1 BW: 
M = (4875±132) MeV 
Γ = (630±126) MeV 

single BW: 
M = (4430±38) MeV 
Γ = (254±49) MeV 



X(3872) 

Y(4260) 

X(4160) 
XYZ(3940) 

Y(4350) 

Y(4660) 



Same “veto” definition as Belle 





X>2 ch 

χc production is consistent with 
the expected contributions 
from prompt ψ(2S) production 
feed-down to χc: no evidence 
of prompt χc1,2 

No evidence of X(3872) 
production in e+e- annihilation.  

χc1,2 or 
X(3872) 

χc1 

χc2 

X(3872) 

386fb-1 

J/ψ production observed in continuum 
while no evidence of χc states. 

arXiv:0707.1633 



3M ψ(2S), 1.8 M ψ(3770) 

58MJ/ψ, 14M ψ(2S) 

383M Y(4S) 

657M Y(4S) 

1.5M Y(1S),1.9M Y(2S), 
1.7M Y(3S),9M Y(4S) 

Samples used in results 

2.4bf-1 
1.3 fb-1 

Disclamers:  
•  time is very short  
  could not cover everything 
•  theory statements are indicative 


