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IntroductionIntroduction  

  Recent observations  of (unexpected) new states performed.      
        

  Several resonances do not fit theoretical predictions.                    
            

 Many subsequent interpretations of these new states and 
methods were suggested to analyse their structure (HQT, chiral HQT, chiral 
symmetries, 4-quark models, bag model, Lattice...symmetries, 4-quark models, bag model, Lattice...)                            
                                                                               

   We can classify these resonant structures in 2 main categories:

         

   

    

Frascati, 10.04.2008 E. Prencipe2

   Light MesonsLight Mesons: f0-family, K*0(1430), a0-family 

  Heavy HadronsHeavy Hadrons (cs and cc mesons;  baryons)
subject of subject of 
this talk!this talk!

__



MotivationsMotivations

The spectrum of Heavy QuarkoniumHeavy Quarkonium 
states  is an ideal place to provide 
precision tests of QCD.                        
                                      
Very accurate calculations are 
possible using Lattice techniques. 

      M
c
~1.5 GeV/c2 is high enough to try to 

describe QCD in term of NRPM.          
                        

  BaBarBaBar is a B-factory:                                                                             
                                                                                                                    
                                                                                                                    
    

 The main goal of the BaBar Physics has been the measurement of the 
sides and angles of the Unitarity Triangle, and rare decays.                     
                  

 B-factories have been demonstrated to                                                    
 be also a huge source of cc production.

                                                              1999-2007 1999-2007 ☞☞ ~ 433fb ~ 433fb-1-1 @  @ Y(4S) Y(4S) (on-peak data)
        end of Dec07- end of Feb08 end of Dec07- end of Feb08 ☞☞ 30fb 30fb-1-1 @  @ Y(3S)Y(3S)

end of Feb08-6end of Feb08-6thth of April08  of April08 15fb15fb-1-1 @  @ Y(2S) Y(2S) 
                                  scan around scan around Y(4S) Y(4S) (25pb(25pb-1-1 every 5 MeV)      every 5 MeV)     

_
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 Production in continuum:  e+e–  J X   (C
X
=+)

 e+e–  
ISR

 X (only JPC=1- -)

 Production B decays:  bc (color suppressed decay)

  open-charm and charmonium 
(cs and cc meson, cqq baryons; cc +...)

_ _ _

charm and charmonium spectroscopycharm and charmonium spectroscopy

The main goal of the physics @The main goal of the physics @Y(3S)Y(3S) and @ and @Y(2S)Y(2S) will be the search  will be the search 
of of bottomoniumbottomonium  states and   states and light Higgslight Higgs. . 

 Transition Y(4S)Y(2S), Y(4S)Y(1S) Y(4S)Y(1S)

bottomonium spectroscopybottomonium spectroscopy
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Heavy Spectroscopy in eHeavy Spectroscopy in e  ++ee  –– interactions @Y(4S) interactions @Y(4S)

   X  (J
X
≠ 1)



CHARMED  MESONSCHARMED  MESONS

cs mesons
Ds1(2536): high precision measurements
Ds0*(2317), Ds1(2460), DsJ*(2860): charm-strange mesons
X(2690) and DsJ(2700): last surprise!
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Overview of the recent resultsOverview of the recent results

Ds0*(2317)+ and Ds1(2460)+ : 
unexpected observations of  
narrow   resonances in BaBar.   
First two states observed at           
B-factories in  D

s

+π0 and D
s
*+π0: 

they do not fit theoretical 
expectations .                                   
 Mass, width, absolute BF fixed .    
Still unclear the interpretation, as 
more options are opened yet.

Ds0*(2317)

Ds1(2460)

(

DsJ*(2860)

*

X(2690)

DsJ*(2860)+: new state discovered 
by BaBar

DsJ(2700)+: new state discovered 
by Belle (is it  X(2690)?)

X(2690)+: broad enhancement 
seen in BaBar

DsJ(2700)

S wave             P wave       D wave

*

Ds*, Ds1(2536)+, Ds2(2573)+: well 
known, but JP only inferred (not 
measured!) 

.
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DDs1s1(2536)(2536)
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hep-ex/0607084 232 fb-1 

D0 K− π
+

D0 K− π+π−π+

High pre
cision 

High pre
cision 

measurem
ents!

measurem
ents!

Study in continuum:

m(D
S2

) = (2535.35± 0.34±0.5)MeV/c2

m(D
S1

) – m(D*) = (525.3±0.6±0.1)MeV/c2

Γ(D
S1
) < 2.3 MeV

m(D
S1

) = (2535.85± 0.02±0.40)MeV/c2

m(D
S1

) – m(D*) = (525.85±0.02±0.04)MeV/c2

Γ(D
S1
) = (1.03± 0.05±0.12)MeV

PDG07

PRD97, 011102 347 fb-1 

First observation of Ds1 in B 
decays

B  D(*)Ds1 (8 modes), Ds1  D*K                       

                                                                                                                    

                       

JP quantum number:

Statistics too low to conclude yet

NEWNEW

m = (2534.78±0.31±0.40) MeV/c2



Inclusive DK studiesInclusive DK studies  
PRL 97, 202001

hep-ex/0607245

hep-ex/0606139

PRL 97, 222001
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240 fb-1 

Or just a reflection?
- no signal in sidebands and cc-MC
- also seen in other places...

D0 K− π+

D0 K− π+ π0

D+ K− π+ π+

e+e— →D0K+X; D+K0

S
X 

p*(DK) > 3.5 GeV/c

  Channels under study:

  Added the three modes

DsJ*(2860)

bkg
subtracted

X(2690)
(new statenew state)

0

500

1000

1500

2.8 3
m(DK) GeV/c2

_

Another new resonance  at 2690 MeV/c2? 

m(D
SJ

*(2860)) = 2856.6±1.5±5.0 MeV/c2

(D
SJ

*(2860)) = 47±7±10 MeV

m(X(2690)) = 2688±4±3 MeV/c2

(X(2690)) = 112±7±36 MeV



 DDsJsJ(2700): (2700): another surpriseanother surprise??
New resonance decaying to D0K+ discovered by Belle in B+ →  D0(D0K+)

DsJ(2700)

Same resonance as seen by BaBarBaBar in continuum, X(2690)?
Mass and width consistent, same decay mode

Study of B → D(*)D(*)K decays in BaBar 
Looking at 8 DK + 8 D*K invariant masses 

Summing all 8 D*K modes

 Ds1(2536)

Summing all 8 DK modes

Background
(generic MC)

Phase space

347 fb-1 
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Complex structure, full Dalitz plot analysis is ongoing.

Enhancement observed around 2700 MeV/c2 in DK and D*K



CHARMED  BARYONSCHARMED  BARYONS

charmed baryons
Observation of Ωc

0 and discovery of Ωc
*0

Discovery of Λc(2940)
Observation of Ξc(2980)+ and Ξc(3077)+

Discovery of Ξc(3055)+ and Ξc(3123)
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new 
states 
(BaBar)

New
results!

3.1



Study of Study of ΩΩcc
00

Ωc
0: css charm baryon ground state

Observed in 4 modes

First observation of B  Ωc
0 X

232 fb-1 

PRL 99(2007), 062001

ΩΩcc
*0*0and and PRL 97(2006), 232001
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B(B  Ωc
0 X)×B(Ωc

0  Ω- π+) = (5.2 ± 0.9 ± 0.5)×10-6

Theory range m =  50 – 94 MeV/c2

m(
C
*0) – m(

C

0) = (70.8±1.0±1.1)MeV/c2



Discovery of Discovery of ΛΛcc(2940)(2940)
  Decay mode: 

PRL 98, 012001

  Known state:

  New state:

  First observation of charmed
baryon decay to D and light 
baryon

287 fb-1 

m(
C
(2880)+) =2881.9±0.1±0.5 MeV/c2

(
C
(2880)+) = 5.8±1.5±1.1  MeV

m(
C
(2940)+) =2939.8±1.3±1.0  MeV/c2

(
C
(2940)+) = 17.5±5.2±5.9  MeV

New decay mode;

More precise measurement 
of the mass and 
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Excited charm-strange baryonsExcited charm-strange baryons
hep-ex/ 0607042
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Smaller values of m and  due to treatment of proximity to threshold

New state:


c
 

m(
c

+) = 3054.2±1.2±0.5 MeV/c2

(
c

+)  =  17±6±11 MeV

Yields   = 218±53±79
significance: 6.4


c
(3123)+

m(
c

+) = 3122.9±1.3±0.3 MeV/c2

(
c

+)  =  4.4±3.4±1.7 MeV

Yields   = 101±34±9
significance: 3.6

Evidence for:

hep-ex/ 0710.5763

316 fb-1 



CHARM0NIUM  SPECTROSCOPYCHARM0NIUM  SPECTROSCOPY

ψ
ηc

χcJ

hcηc
’

ψ’
DD threshold

DD* threshold

4260

11S
0

13S
0

13P
0

13P
1

13P
211P

1

21S
0

23S
0

13D
1

11D
2
13D

2
13D

3

21P
123P

0
23P

1

23P
2

13F
231S

0
33S

1

23D
1

43S
1

33D
1

21D
2
23D

2
23D

3

11F
3
13F

313F
4

4350 Update on:

 X(3872)
 Y(3940)
 Y(4260)
 Y(4350)
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211 fb-1 

ee-- DD**ππ

ee++
BBrecoreco

BBsignalsignal KK

XX

 Fully reconstruct Breco in hadronic 
modes
 The X mass distribution can be 

obtained from the momentum 
distribution of K± 
 Huge background due to secondary 

K± tracks
 Observation of X states independent 

from the decay mode
  Absolute measurement of           

BR(BBR(B→→XK)XK)

BR(B±→X(3872)K±)<3.2·10-4 at 90% CL

From BaBar-Belle average:
BR(B±→X(3872)K±, X(3872)→J/ψπ+π-)=

=(13.3±2.5)·10-6

Inclusive searches @ BaBarInclusive searches @ BaBar: : BBXKXK          

BR(X(3872)→J/ψπ+π-)>4.2% at 90% CL

PRL96, 052002

Frascati, 10.04.2008 E. Prencipe15



  Exclusive searches @ BaBar:Exclusive searches @ BaBar: B BXKXK

  Update on the study:
    BXK, XJ

R(B0/B±) = 0.41±0.24±0.05

B0XK0
S

433fb-1

B±XK±

hep-ex/0803.2838

X(3872)        J/ψ  π+π
−

NEWNEW
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 C=+ for the X(3872)
 I=1 for the (ππ) in J/ψπ+π- ;
 forbidden J/ψπ0π0, J/ψπ0, J/ψη  

                     I=0 favored for X(3872);
   the J/ψπ+π- decay is 
   I-violating (small width)
 Decay X(3872)→J/ψρ against

• charmonium hypothesis:
• no charged partner found!

M =(2.7±1.6±0.4) MeV/c2

 < 3.3 MeV @90%CL

260 fb-1 

PRD74, 071101

X→J/ψ γ 
 B±→ J/ψ γ K± 

B±→X(3872)K±

m(J/ψ γ) (GeV/c2)

m


(GeV/c2)

 Invariant 2-mass: 
S-wave J/ favoured
J++ favoured over J–+



Still some surprisesStill some surprises:                           :                           

  BaBar studied the channels:

B+ →D0D*0K+ + D*0D0K+

B0 →D0D*0K0 + D*0D0K0 D*0D0 and D0

PRD77, 011102

347 fb-1

ψ(3770)

BB(DD)(DD)
XX
KK
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X(3872)

MM

 = (3775.5 = (3775.5±±2.42.4±±0.5) MeV/c0.5) MeV/c22  

experiment Mass (MeV/c2)
BABARBABAR

BELLEBELLE 3875.2±0.7+0.3-1.6±0.8
3875.2+0.7-0.5±0.5

      R R Expected: 1.3 for a state proceeding only via DExpected: 1.3 for a state proceeding only via D00DD00**

M is ~4.5M is ~4.5 away from the world average  away from the world average in J/ in J/ 

       =1.37±0.56

  Measurements:
                       


R(B0/B±) = (1.33±0.69±0.43 ) MeV/c2

M = (0.2±1.6)MeV/c2

_ R                                 
X(3872) D0D0

X(3872) D0D0

_



Even moreEven more: B: BYYK, YK, Y  JJ   
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 The measured values are 
   corrected for efficiency   
   and resolution effects

B Y K

B J/  K

hep-ex/0711.2047 347 fb-1

18

22

R
1
(B0/B+) =  

R
2
(B0/B+) = non

resonant 
contribution

signal
region

B±

B0



Study in ISR productionStudy in ISR production
  What are these new structures?
First observed at BaBar
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e+e-
ISR

 J/

Γ
Y
= 88±23+6

-4
MeV

M
Y
= 4259±8+2

-6
 MeV/c2

 PRL95, 142001233 fb-1

298 fb-1

 Incompatible with Y(4260)
 Incompatible with (4415)

 Compatible with Y(4295) Belle

See the 
A. Denig's

talk!

 PRL98,212001

JPC=1– –

e+e-
ISR

 S

e+e-
ISR

 

e+e-
ISR

 

     M = (2175±10±15) MeV/c2

Γ = (58±16±20) MeV

 PRD74,091103

232 fb-1

Γ = (172±33) MeV

M = (4324±24) MeV/c2
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BOTTOMONIUM SPECTROSCOPYBOTTOMONIUM SPECTROSCOPY

20

Y(1S)

Y(2S)

Y(3S)

Y(4S)

Y(10860)

Y(11020)

0 –+ 1 – – 1 +– 0 ++ 1 ++ 2 ++

 BB threshold

2 hb and 3 D wave 
states are narrow but 
not observed


b

completely 
missing

Unconfirmed J
 assignments of
 all the χb s
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 Non BB decays

 PRL96, 232001

230 M Y(4S)Bottomonium @ Y(4S)Bottomonium @ Y(4S)

 Transitions: Y(4S) Y(4S) Y(2S)Y(2S)  ­­

                                              Y(4S) Y(4S) Y(1S)Y(1S)  ­­

   B
4S2S

=(1.29±0.32)×10-4


4S2S

=(2.7±0.8) keV

    B
4S1S

=(0.90±0.15)×10-4


4S1S

=(1.8±0.4) keV

Unexpected result:

B
4S1S

= (1.96±0.060.09)×10-4

Y(4S)Y(4S)Y(1S)Y(1S)


4S1S


4S1S

= 2.41±0.40±0.12
E1M2/
E1E1



SummarySummary
What is in the      zoo?
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Theory still not clear.
Significant contribution from BaBar in these  9 years.

Important analyses are ongoing...

confirmed
 now also
from BES

MECHANISMMECHANISM



Backup slides



 Asymmetric e+e¯ beam @ PEPII

 Peak luminosity: 1.2×1034cm−2s−1

 >500M BB produced (2007)  

Y(4s)
e+e¯

s = 10.58 GeV

BaBar: Who? Where? What?BaBar: Who? Where? What?

11 countries and 630 physicists!

_



B-factoryB-factory: : 
charmonium production processescharmonium production processes

Continuum
production

e+

e–
c

γ ∗
γ ISR

c

Production 
in B decays

(color suppressed)

K(*)

b

q

W

c
c

s
q

B

e+

e–
c
c

J/ψ

Double charmonium
production

e+

e–

e+

e–

c

c

Two photons 
production



DDs0s0*(2317) and D*(2317) and Ds1s1(2460)(2460)

Discovered 4 years ago in e+e-  →  cc  events; subsequently 
observed in B decays

                                                                                                                 
 
Ds0*(2317) and Ds1(2460) very well established  and known 
experimentally

Masses and tight upper limits on widths
JP: 0+ for Ds0*(2317) and 1+ for Ds1(2460)
decay modes and absolute branching fractions                      
         

Interpretation of these new states still unclear!
One possibility: identify these 2 states as the 0+ and 1+ cs 
states                                                                                
Strong difficulties within the potential model
Other possible interpretations under examination



232 fb-1 PRD 74,032007

 CL 95% @ MeV 8.3

MeV/c )4.12.06.2319(m 2

<Γ
±±=

N=920±60
Ds

*(2317)+→Ds
+π0

DsJ(2460)+→Ds

+π0γ
reflections

DsJ(2460)+ Ds
+

 γ

 CL 95% @ MeV 5.3

MeV/c )8.02.02.2460(m 2

<Γ
±±=

DsJ(2460)+  Ds
+π+π-

DsJ
*(2317)

N=6±3

N=123±15
N=193±22

 CL 95% @ MeV 5.3

MeV/c )8.02.02.2460(m 2

<Γ
±±=

 CL 95% @ MeV 5.2

MeV/c )7.03.06.2534(m 2

<Γ
±±=

008.0013.0077.0
))2460((B

))2460((B
0

±±=
→
→

++

−+++

γπ
ππ

ssJ

ssJ

DD

DD

Dark shade: 
DsJ(2460) reflection

Ds
*(2112)

reflection 

N=3180±80
2 MeV/c2 Bins

Ds
*(2112)

signal 

DsJ
*(2317)+ Ds

+π0

N=6±
3

DsJ(2460)+ Ds
+π0γ

Dark shade:
DsJ

*(2317)+

reflection

Light shade:
Ds

*(2112)+

reflection

N=560±40

JJPP  of both states established from B decay processesof both states established from B decay processes

Ds1(2536)+   Ds
+π+π-

Some additional plotsSome additional plots



Inclusive DK studiesInclusive DK studies :  : 
more detailsmore details

240 fb-1 

e+e— →D0K+X/D+K0

S
X 

p*(DK) > 3.5 GeV/c

m(D
SJ

*(2860)) = 2856.6±1.5±5.0 MeV/c2

(D
SJ

*(2860)) = 47±7±10 MeV

m(X(2690)) = 2688±4±3 MeV/c2

(X(2690)) = 112±7±36 MeV

m(D
S2

*(2573)) = 2572.2±0.3±1.0 MeV/c2

(D
S2

*(2573)) = 27.1±0.6±5.6 MeV

D
SJ

*(2860)

(known)

D0 K− π+ D0 K− π+ π0

D
S2

*(2573)

(?)
X(2690)

D+ K− π+ π+

PRL 97, 222001

hep-ex/0606110

hep-ex/0607245

hep-ex/0606139



  X(3872): DiscoveryX(3872): Discovery  

Discovered by 
Belle:

Confirmed by:

 BABAR

 CDF

 D0

Belle: PRL 91 (2003) 262003
BaBar: PRD71 (2005) 071103
BaBar: PRD73 (2006) 011101
BaBar: PRD74 (2006) 071101
CDF: PRL93 (2004) 072001
D0: PRL93 (2004) 162002

M
X
=(3871.2±0.5) MeV/c2

       J/ψ π+π−

B+           X(3872)K+

oldold

valuevalue
B±→X(3872)K

±

6.1 σ 2.5 σ
X→J/ψ π

+π- 

B0→X(3872)K0
SBaBar

M=3871.4 ± 0.6 MeV/c2

 < 2.3 MeV @90% CL
Combined 
Combined 

resultsresults

Now 
(PDG07):



Search for X(3872) charged partnersSearch for X(3872) charged partners
  Decay X(3872)→J/ψρ against charmonium hypothesis
  If X(3872) is not charmonium it could be isospin multiplet
  BR(B →X-K) ~ 2 BR(B →X0K)

B0→J/ψπ-π0K+ B-→J/ψπ-π0Ks 
PRD 71, 031501 (2005)

212 fb-1 

BR(B0→X-K+)·BR(X-→J/ψπ-π0)<5.4·10-6 at 90% CL

BR(B-→X-K0)·BR(X-→J/ψπ-π0)<22·10-6 at 90% CL

No charged 
partner observed

PRL 96, 052002 (2006)

No evidence found!
I = 0 favored for X(3872)



Additional info on XAdditional info on X→→DD analysisDD analysis

22++

22––

11++

11––

DATA
JJPP 22//n.d.fn.d.f

1+

1+

2+

1–

2–

9.8/7

3.9/7

2.5/6

5.9/7

2.7/6

S-wave

S-wave

     S+D-wave
_

JJPP = + = +



Comparison for X(3872) @ BabarComparison for X(3872) @ Babar

BBXKXK

B B →→DDDD**KK

M R(R0/B+)

(2.7±1.6±0.4) 

(MeV/c2)

0.41±0.24±0.05

1.33±0.68±0.24(0.2±1.6) 

PRD71 (2005) 074005

Is it a molecular state?Is it a molecular state?

Is it a 4-quark state?Is it a 4-quark state?

PRD71 (2005) 014028

...what else?..what else?

J= 1++ or J= 2++?
The molecular hypothesis is favored!!!


