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Study of Charmonia and charmed 
baryons at Belle: Yuji Kato

Studies of e+e- processes at and near 
the Y(10860) at Belle: Todd Pedlar



Introduction
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“Bottomonia” family - a set of particles that contain a bottom quark (b) and a 
bottom antiquark ( b) bound together with different energy levels

S = S1 + S2

J = L + S
P = (-1)L+1

C = (-1)L+S

Bottomonia are the heaviest known 
quarkonia (𝑞 𝑞) with mb ≈ 3 mc, 
which makes the system almost non-
relativistic

Provide a unique laboratory to study 
the low-energy QCD system



Transitions
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Hadronic Transitions: QCD Multi-Pole Expansion (analogous to electrodynamics) 

hadronsa
a

Electrodynamics QCD

radius of radiating source < wavelength
such that,
a/  ak < 1
k is momentum of the photon
‘ak’ can be a good expansion parameter

‘a’  0.1fm 
k for hadronic transition  few 100 MeV
ak  0.1 
Thus, Multipole expansion works for 
quarkonia process

Radiative Transitions:

• Photon wavelength in radiative transitions among b b states are larger than or at 
most comparable to the size of radiating system; thus dipole transitions dominate.

• From the P and C parity, 
• E1 occurs between states with S = 0  and L = 1
• M1 occurs between states with S = 1 and L = 0

• M1 transitions are expected to be weaker than E1.



Bottomonium Production
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The states must have Jpc =1−−

The beam energy is matched to the (nS) resonance mass.
Entire collision energy of the initial electron and positron turns into the rest 
mass of the (nS) state. 
No extra beam fragment  clean environment
Other bottomonium states are mainly produced from the (nS) transitions.



KEKB
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Resonance Data Collected @ 
Belle (June 30, 2010)

(1S) 6 fb-1

(2S) 25 fb-1

(3S) 3 fb-1

(4S) 711 fb-1

(5S) 121 fb-1

Parameter LER (e+) HER (e)

Energy  [@(4S)] 3.5 GeV 8.0 GeV

Circumference 3.02 km

Crossing Angle 11mrad

Luminosity 2  1034cm-2s-1



Belle Detector
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Tracking : SVD+CDC
Particle Identification: CDC+ACC+TOF

Calorimetry: (CsI(Tl) crystal) 



+ transitions from (5S)
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π+π-

• Dipion transitions between (nS) states below n = 5 have been successfully 

described in terms of multipole moments of the QCD 

[(5S) (1,2,3S)+] >> [(4,3,2S) (1S)+]
 100 times 

PRL 100, 112001 (2008)

Re scattering of on-shell B(*) 𝐁(*)



+ transitions from (5S)
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π+π-

∆𝑀𝐻𝐹 1𝑃 = +0.8 ± 1.1MeV
∆𝑀𝐻𝐹 2𝑃 = +0.5 ± 1.2MeV

consistent with zero,
as expected.

large 𝒉𝒃(1,2P) production rate => Zb
+ Discovery.

PRL 108, 122001 (2012)

Looking for hb(nP)
𝐘(𝟓𝐒) → 𝐡𝐛(𝐧𝐏)𝛑

+𝛑−reconstruction
Reconstructed,
use 𝑴𝒎𝒊𝒔𝒔(𝝅

+𝝅−)

𝐌 𝐡𝐛 = 𝐄𝐂𝐌 − 𝐄𝛑+𝛑−
∗ 𝟐

− 𝐄𝛑+𝛑−
∗ 𝟐

≡ 𝐌𝐦𝐢𝐬𝐬(𝛑
+𝛑−)



Observation of hb(nP)
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π+π-

Looking for hb(nP)
𝐘(𝟓𝐒) → 𝐡𝐛(𝐧𝐏)𝛑

+𝛑−reconstruction
Reconstructed,
use 𝑴𝒎𝒊𝒔𝒔(𝝅

+𝝅−)

𝐌 𝐡𝐛 = 𝐄𝐂𝐌 − 𝐄𝛑+𝛑−
∗ 𝟐

− 𝐄𝛑+𝛑−
∗ 𝟐

≡ 𝐌𝐦𝐢𝐬𝐬(𝛑
+𝛑−)

High yield of hb(nP) opens new 
perspective to study ηb(mS) !!









Rad. trans. from hb(nP) : ηb(1S)
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b(1S)

ISR(1S)

bJ(2P)   (1S) 

ηb(1S) was discovered  by BaBar collaboration in 
2008 in radiative decay of ϒ 3𝑆 . 

Re-discovered  by Belle collaboration at (5S) 
resonance in the decay:

(5S) hb(1,2P) + 

b(1S) 
reconstruct

𝒎 𝜼𝒃 𝟏𝑺 = 𝟗𝟒𝟎𝟐. 𝟒 ± 𝟏. 𝟓 ± 𝟏. 𝟖MeV/c2

𝐡𝐛(𝟏𝐏) → 𝛈𝐛(𝟏𝐒)𝛄

𝐡𝐛(𝟐𝐏) → 𝛈𝐛(𝟏𝐒)𝛄

First measurement of 𝚪 = 𝟏𝟎. 𝟖−𝟑.𝟕
+𝟒.𝟎
−𝟐.𝟎
+𝟒.𝟓 MeV/c2

PRL 109,232002 (2012) 

Mmiss (+-) (GeV/c2)
(n)

PRL 101, 071801 (2008)

𝐌𝐦𝐢𝐬𝐬(𝐗) = (𝐄𝐂𝐌 − 𝐄𝐗
∗)𝟐−𝐩𝐗

∗𝟐



Rad. trans. from hb(2P) : ηb(2S)
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𝐦𝛈𝐛 𝟐𝐒 = 𝟗𝟗𝟗𝟗. 𝟎 ± 𝟑. 𝟓−𝟏.𝟗
+𝟐.𝟖MeV/c2

with significance (including sys.)at 4.2σ

ΔMHF (2S) = 𝟐𝟒. 𝟑−𝟒.𝟓
+𝟒.𝟎 MeV/c2

PRL 109,232002 (2012) 

𝐡𝐛(𝟐𝐏) → 𝛈𝐛(𝟐𝐒)𝛄

(5S) hb (2P) + 

b(2S) 

In the same analysis, First evidence of the b(2S) was found in the decay:

reconstruct

B.F. [hb(2P) → ηb(2S)γ] = (47.5 ± 10. 5−7.7
+6.8)%

which corresponds to the hyperfine 
splitting:

𝐌𝐦𝐢𝐬𝐬(𝐗) = (𝐄𝐂𝐌 − 𝐄𝐗
∗)𝟐−𝐩𝐗

∗𝟐



Rad. trans. from (2S): ηb(2S)?,bJ(1P)
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• Analysis based on CLEO III data studied ϒ 2S → γ (b b) ,where (b b) is
reconstructed from 26 exclusive hadronic decay modes, comprising charged pions,
kaons, protons and Ks

0mesons.
• Enhancement observed at a 5 level at a mass of 9974.6 ± 2.3 ± 2.1MeV was

attributed to b(2S) [large production rate and large hyperfine splitting  48.7 MeV]
• With 17 times large data, Belle refuted that enhancement .

Large statistics of bJ(1P) (300-950 candidates) motivated us further to:

(1) Study the branching fraction of bJ 1P → hadrons (adding more modes with 0)

(2) Measure the width of b0(1P) (first time)

PRL 111, 112001 (2013)

𝝌b0

𝝌b1

𝝌b2
No

𝑿𝒃 𝒃(9975)

Sum of 26 hadronic decay modes

PRL 109, 082001 (2012)

M  (𝐛  𝐛)  (𝐛  𝐛)



Rad. trans. from (2S): bJ(1P)
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• In total 74 light hadronic modes are reconstructed for each bJ(1P) states.
• Signal yield is more 5 times more than in our previous analysis.

Sum of 74 exclusive decay modes.

Preliminary

𝝌b0

𝝌b1

𝝌b2

CLEO studied decays of 
bJ(1P) in light hadrons.
PRD 78, 091103(2008)

They observed 26 
(2+13+11) decay modes
for bJ(1P) states (J=0,1,2)

We have 17 time more 
data at (2S) resonance.

• An opportunity to improve over CLEO’s observation of 26 decay modes and 
potentially uncover many new decay modes.



bJ(1P) decays to light hadrons
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• Among the 74 hadronic modes reconstructed for each bJ(1P) states, 41 modes are
identified with signal greater than 5 in any of the bJ(1P).

• CLEO’s observation of 26 (= 2+13+11 for J=0,1,2) decay modes are consistent with
our result.

• We have observation and evidence signals in total 85 (27+28+30 for J=0,1,2) decay
modes. (Plots for all the modes can be found in backup slides)



b0(1P) total width
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b0(1P) is predicted to 
have width as large as 

2.7MeV

• Measured width of b0(1P) from the 
41 significant modes.

• Detector resolution is modeled with 
sum of a asymmetric Gaussian and a 
Gaussian function, which is convolved 
with a Briet-Wigner function.

• Width of b0(1P) is found to be 1.3 
0.9 MeV, in the absence of a 
statistically significant result, a 90% 
confidence-level upper limit is set on 
the width at < 2.4MeV.

𝝌b0

𝝌b1

𝝌b2

width of b0(1P) from
41 significant modes

PRD 82, 034021 (2010)

Preliminary



-transitions
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•  transitions are suppressed between -states, as they require a spin flip of the 
heavy quark. 

RS
S
(n,m) =

B[(nS)(mS)]

B[(nS)(mS)]
1

• For low lying states: 

• Above the B B threshold, BaBar experiment observed unexpected large ( 2  10-4) 
BF for the transition (4S)  (1S), corresponding ratio:  BaBar, PRD 78, 112002 (2008)

• Further insight into hadronic transition mechanism above threshold can be gained 
by searching the transition (4S)  hb(1P), which is predicted to have BF  10-3.  

RS
S

(2,1) = 1.6  10-3 and RS
S

(3,1) < 2.3  10-3

RS
S

(4,1) = 2.41  0.42

• This was explained by the contribution of B meson loops or, equivalently, by the 
presence of a four-quark B B component inside the (4S) wave function. 

• At (5S) this violation of heavy quark spin symmetry is even more striking (we 
already saw, previous slides)  presence of new resonance structures (Zb)  

PRL 105, 162001 (2010)

Belle, PRD 87, 011104 (2013)BaBar, PRD 84, 092003 (2011)CLEO, PRL 101, 192001 (2008)



-transitions from (4S)
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(4S) (𝐛  𝐛)





Observed the decay
(4S)hb(1P) 

with 11  significance
(2.18  0.11  0.18)  10-3

(1𝑆) = 4 KeV

(1𝑆) = 1.7 KeV

𝒉𝒃(𝟏𝑷) = 𝟑𝟕 KeV

• One order of magnitude larger than any other (4S) 
transition.

• Also measured Mass of hb(1P) = 9899.3  0.4  1.0 MeV/c2.
• Hyperfine splitting, M[bJ(1P)] – M[hb(1P)] = 

0.60.41.0MeV/c2

PRL 115, 142001 (2015)

We investigated the missing mass spectrum of  mesons in the (4S) data sample 
(711 fb-1)



Rad. Trans. from hb(1P): revisit
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(4S)




hb(1P)

b(1S)



MM() = MM()  MM()
=  M(b)  M(hb) 

M(b(1S)) = 9400.7  1.7  1.6 MeV
(b(1S)) = 8−5

+6  5 MeV
MHF(1S) = 59.6  1.7  1.6 MeV

PRL 115, 142001 (2015)

Large yield of hb(1P) provided (again) the opportunity to study the radiative 
transition hb(1P) b(1S).



(1,2S) decay to  
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• The inclusive production rate of  has been 
found to be 3 times larger in the (1S) decay 
with respect to the non resonant e+e q q at 
same center of mass energy Data

MC

PRD 76, 012005 (2007)
CLEO 

• ggg/q q enhancement = 
σ[ee →  nS → + X]

σ[ee → q q →  + X]

• At Belle we reconstructed,  48 modes (X) 
comprising charged pions and kaons, protons, 
and a 0 other than   pair

 

𝑋

𝐵𝐹  1𝑆 → 𝑋 ≈ 2 × 10−4

 

𝑋

𝐵𝐹  2𝑆 → 𝑋 ≈ 0.7 × 10−4

•   production mostly occurs in an high 
multiplicity environment.

• a clear multiplicity hierarchy is present: the 
branching fraction scales with the 
increasing number of additional particles

Preliminary



Summary
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[(5S)(1,2S)+] >> [(4,3,2S)(1S)+]  100 times  Re-scattering
of on-shell B(*) B(*)

Large yield of hb(nP) from the (5S) dipion transition  Charged Zb’s

hb(nP) opened a new path to study b(nS) in radiative transition. Studied
properties of b(1S) and first evidence of b(2S) was reported.

Radiative population of states from (2S) is also studied. Reconstructed 74
hadronic decay modes of bJ(1P) for each J = 0, 1, and 2. We found observation
and evidence of signals in total 85 (27+28+30 for J=0,1,2) decay modes for the
first time.

Obtained an upper limit on the width of the b0(1P) < 2.4MeV (at 90%CL)

(4S) hb(1P) transition is observed first time with the BF  2.2  10-3.

Studied (1,2S) decay to   with other hadrons and found that   production
mostly occurs in an high multiplicity environment.

PRL 100, 112001 (2008)

PRL 108, 122001 (2012)

PRL 109,232002 (2012) 

PRELIMINARY 

PRELIMINARY 

PRELIMINARY 

PRL 115,142001 (2015) 



M distribution in each mode
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b0 = 3.0
b1 = 6.8
b2 = 3.1

b0 = 11.0
b1 = 23.6
b2 = 12.6

b0 = 8.5
b1 = 22.5
b2 = 14.6

b0 = 4.9 
b1 = 10.8
b2 = 10.9

b0 = 8.1
b1 = 8.6
b2 = 6.3

b0 = 8.7
b1 = 16.3
b2 = 11.5

b0 = 5.4
b1 = 8.6
b2 = 7.4

b0 = 7.9
b1 = 10.5
b2 = 9.6

b0 = 5.8
b1 = 13.7
b2 = 9.8



M distribution in each mode
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b0 = 4.4
b1 = 7.8
b2 = 7.2

b0 = 3.8
b1 = 4.5
b2 = 6.2

b0 = 0.9
b1 = 10.2
b2 = 3.5

b0 = 3.1
b1 = 7.8
b2 = 3.6

b0 = 4.2
b1 = 5.7
b2 = 3.7

b0 = 4.7
b1 = 6.3
b2 = 3.3

b0 = 2.1
b1 = 8.9
b2 = 4.3

b0 = 2.2
b1 = 13.9
b2 = 8.5

b0 = 0
b1 = 12.9
b2 = 5.0



M distribution in each mode
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b0 = 4.2
b1 = 5.4
b2 = 5.2

b0 = 2.2
b1 = 5.0
b2 = 3.8

b0 = 0.7
b1 = 10.7
b2 = 5.2

b0 = 4.5
b1 = 18.3
b2 = 11.8

b0 = 5.2
b1 = 14.5
b2 = 9.0

b0 = 1.4
b1 = 7.8
b2 = 4.4

b0 = 0
b1 = 5.4
b2 = 3.3

b0 = 3.2
b1 = 5.0
b2 = 3.5

b0 = 3.2
b1 = 7.9
b2 = 3.9



M distribution in each mode
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b0 = 2.8
b1 = 5.5
b2 = 3.3

b0 = 1.5
b1 = 11.9
b2 = 6.1

b0 = 3.8
b1 = 12.1
b2 = 6.1

b0 = 4.1
b1 = 7.6
b2 = 4.7

b0 = 3.9
b1 = 16.9
b2 = 12.5

b0 = 6.7
b1 = 24.0
b2 = 13.6

b0 = 3.3
b1 = 7.0
b2 = 5.4

b0 = 2.6
b1 = 8.4
b2 = 7.1

b0 = 5.3
b1 = 19.6
b2 = 13.3



M distribution in each mode
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b0 = 3.9
b1 = 10.0
b2 = 6.8 

b0 = 3.6
b1 = 9.4
b2 = 6.3

b0 = 2.7
b1 = 5.0
b2 = 4.4

b0 = 5.1
b1 = 8.6
b2 = 4.2

b0 = 3.5
b1 = 9.1
b2 = 5.1
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CLEO : bJ(1P) decays to light hadrons
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CLEO’s study: exclusive decays of bJ(1P)


