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Heavy flavor meson spectrum: why bother?

Naive picture of qq potential

Coulomb-like term:
small distance

      one-gluon exchange
      asymptotic freedom

low radial excitations
of heavy-heavy mesons

linear term
large distance
confinement

“perturbative regime”

The “meat” is in-between:

– heavy-light
– higher radial excitations

 radiative (hadronic) transitions “probe” 
 qq wave-functions
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BaBar and Belle

Large samples of ϒ(nS) and B mesons

  also very large samples of charm mesons and 
charmonium:

● σ(e+e−→cc) ~ 1.3 nb
● Charm meson and charmonium in b→c decays 
● charmonium in ISR and γγ processes
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Charm meson spectrum

 S. Godfrey, N. Isgur, Phys. Rev. D 32, 189 (1985) 
 M. Di Pierro, N. Eitchen, Phys. Rev. D 64, 114004 (2001)

 
●   qualitative overall agreement
●   discrepancies for some higher states, not all observed 
     or well measured
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New excited D states
  two with D-wave decays, Γ~40 MeV
  two S-wave decay,  Γ~300 MeV

Inclusive search at BaBar:

4 states with L=1

D+π− D0π+ D*+π−

Helicity angle
distribution

JP 

assignment

Consistent with HERA 

Eur.Phys. J. C 60, 25 (2009)]
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Charm meson spectrum today
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D1(2420)0→D0γ radiative transition
Watson@ICHEP2010
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Ds1(2536) properties

Helicity angle distribution 
confirms unnatural parity

PRD 83 072003 (2011) 
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Quarkonium spectrum

B-factories contributed in filling the empty slots
... and found a few more: the XYZ states (see Eidelman talk)

Recent progresses in conventional quarkonia:
● new measurements of ηc(nS) masses and widths,  ηc(2S)  decay modes
● observation of bottomonium singlet states hb(1P) and hb(2P)
● improved measurements of radiative and hadronic transitions of ϒ(nS) and 

χb(nP)
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η
c
(1S),ηc(2S) and χ

cJ
(1P)in γγ at BaBar 
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K0
s
K+π-

arXiv:1103.3971

C=+, J=0,2

e+e- along beam pipe: undetected
resonance formed at low pt

●K0
sK+π-  forbidden for χ

c0
(1P)

●K+K−π+π−π0 

(see also Santoro talk in Quarkonium 4 parallel session)

m(η
c
(1S))=2982.5±0.4±1.4 MeV/c2

Γ(η
c
(1S))=32.1±1.1±1.3 MeV 

m(η
c
(2S))=3638.5±1.5±0.8 MeV/c2

Γ(η
c
(2S))=13.4±4.6±3.2 MeV

from K0
sK+π- decay mode:

includes syst. from interference with continuum

519 fb-1

new mode
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ηc(2S) and χcJ(1P)in γγ reactions at Belle

Belle @ICHEP2010

systematic due to interference 
with continuum

Belle studied ηc(2S) and χcJ(1P) to 6 charged tracks in γγ  
new modes
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η
c
(1S) and ηc(2S)  in B decays from Belle

  arXiv:1105.0978

 arXiv:1105.0978

Interference with continuum is important!
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Search for h
b
(1P) in ϒ(3S)→π+π− (X)

mass recoiling against the π+π−

mR
2 = (mϒ(3S) –Eππ)2 – Pππ

2

expected to be within ~MeV of
m

CoG
 = (m

χb0(1P)
+3m

χb1(1P)
+5m

χb2(1P)
) / 9 

mh
b
(1P)≈

 9900

 

Fit to signal components 
– ϒ(3S)→π+π− hb(1P)
– ϒ(3S)→π+π− ϒ(2S)
– ϒ(2S)→π+π− ϒ(1S)
– χb(2P)→π+π−χb(1P)

plus smooth background   
● non-peaking combinatorial 
● K0→ππ smooth background subtracted

122 M ϒ(3S)
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Bottomonium dipion transitions

No evidence for ϒ(3S)→π+π− hb(1P):
B (ϒ(3S)→π+π− hb(1P))< 1.8 ×10-4 (90%CL)

over the whole search region 

Precise measurements on other transitions

dipion transitions between χb1,2 states 
clearly separated for the first time

B(χb1(2P)→π +π −χb1(1P)) = (9.2 ± 0.6 ± 0.9)×10−3

B(χb2(2P)→π +π −χb2(1P)) = (4.9 ± 0.4 ± 0.6)×10−3

122 M ϒ(3S)

central value and 90% CL UL
as a function of h

b
 mass

consistent with the CLEO measurement
(the two transitions were not resolved)

PRD 73, 012003 (2006)

x10 improvement over previous CLEO limit PRD 43,1448(1991) 
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BaBar preliminary

BaBar 
preliminary

Evidence for ϒ(3S)→π0h
b
(1P)

Select events with a π0 and a photon compatible with h
b
→γη

b
(1S)  (dominant decay mode)

In each bin of  mrecoil
2 = (mϒ(3S) – E∗

π0)2 – P∗
π0

2  # of ev with real  π0 from γγ inv. mass dist.

m
recoil

( π0) background subtracted

122 M ϒ(3S)

Preliminary

9145±2804 signal events

M(h
b
)= ( 9902±4(stat)±1(syst) ) MeV/c2   consistent with predictions

Statistical significance (from √Δχ2): 3.2 σ

including systematic error: 3.0 σ

evaluated at the expected mass value
M(h

b
)=9900 MeV/c2

(see also talk at Quarkonium 3 parallel session)

B (ϒ(3S)→π0 hb(1P))×B(hb(1P)→γηb(1S))=( 3.7±1.1±0.7) ×10-4 
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Bottomonium decays of ϒ(5S)

In 2008 Belle reported a surprisingly high production of ϒ(nS) π+π-  
at the ϒ(5S) energy with 21.7 fb-1

Γ(MeV)

Enhancement of σ(hc π
+π-)@ Y(4260)

is the σ(hb π+π-)enhanced at the Y
b
?

Is it ϒ(5S) or Y
b
 partner of Y(4260)? 

CLEO
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ϒ(5S)→ππ X

mass recoiling against the π+π−                    MM(π+π−)2 = (P
ϒ(5S)

 –Pππ)2 

continuum events have
“jet-like” shape:

select events with R2<0.3

(Ratio of Fox-Wolfram moments)

Large data sample collected by Belle to study B*, Bs .. but not only

arXiv:1103.3419
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ϒ(5S)→ππ X: observation of hb(1P) and hb(2P)

hb(1P)      5.5σ
hb(2P)    11.2σ

Significance  w/ 
systematics

2S
→

1S

3S
→

1S

Preliminary
121.4 fb-1

arXiv:1103.3419
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h
b
(1P) and h

b
(2P)

arXiv:1103.3419

hb(1P)     1.62 ± 1.52 MeV/c2

hb(2P)     0.48 +1.57 MeV/c2
-1.22 

Deviations from CoG of χbJ masses

consistent with zero, as expected

Ratio of production rates

Process with spin-flip of heavy quark is not suppressed
● exotic ?
● rescattering? 

for hb(1P)

for hb(2P)
=

No hb signal at ϒ(4S) 

 S(ϒ) = 1      S(hb) = 0  

spin-flip

no spin flip

Simonov JETP Lett 87,147(2008), D. Bugg, arXiv:1101.1659
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Bottomonium radiative transitions with 
converted photons

Rates generally phenomenologically well-predicted

For some of these transitions the photons are in the same energy range 
 “overlapping” due to Doppler broadening and detector resolution 

Use converted photons (γ→e+e-) to improve resolution (e.g.: 25 → 5 MeV)
Price: efficiency  (0.1÷2.5)% (depending on energy)

Fit the E*γ spectrum
in 4 regions of interest

Goals: search for η
b 
and measure the hindered E1 transitions

ϒ(3S)→χbJ(1P),     χbJ(2P)→ϒ(1S)
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Background subtracted spectra

ϒ(3S)
180<E*

γ
<300 MeV

ϒ(3S)
300<E*

γ
<600 MeV

ϒ(3S)
600<E*

γ
<1100 MeV

ϒ(2S)
300<E*

γ
<800 MeV

preliminary

preliminary
preliminary

preliminary
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Results
Most precise measurements to date in most cases

No evidence in BaBar for 
ϒ(3S)→γχ

b1
(1P)

3S→1P rates differ from 
the expected E

γ
3(2J+1) pattern

BABAR
CLEO: PRD 83,054003 (2011)
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Conclusions

● B factories gave a dramatic contribution to heavy flavor spectroscopy
– conventional states and a number of puzzling new states
– bottomonium singlet state finally observed
– precision mesurements of bottomonium radiative and hadronic 

transitions
– still actively analizing data, expect more results from B factories
– yet some measurements are statistics limited

• more precise measurements on bottomonia will likely have to 
wait superB or Belle II

● BES-III already providing exciting data on charmonia and D states
● LHC starting to exploit their data 

– unique gateway to Bs and Bc spectra 
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Additional slides
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BaBar and Belle

Cherenkov Detector
(DIRC)

144 synthetic fused silica bars
K, π separation

Electromagnetic Calorimeter
6580 CsI(Tl) crystals

e± ID, π0 & γ reco, KL detection

Instrumented Flux Return
19 layers of RPC’s (upgrade to LST’s)

μ± ID & KL detection

Solenoidal Coil
1.5 T
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Charm mesons at B-factories



HADRON 2011, Münich 13-17 June 27C. Patrignani - Genova

Singlet S states parameters

Large spread in mass and widths measured by different techniques

Widths measured in radiative J/ψ decays tend to be lower than the 
values measured in B decays or γγ reactions

η
c
(2S) parameters not well known, decay modes largely unknown
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