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Talk Topics

Searching double-charmonium state with ηcJ/ψ

Two-photon decay width of χc2(1P)

[JHEP 08 2023, 121 (2023)]

[JHEP 01 2023, 160 (2023)]

1

2

Spectroscopy

Outline 
• Understanding of Quarkonium physics; 

• new exotic states, checking agreement with the predictions from theoretical quark model (testing theory)
• Belle (B-factory experiment) offer several advantages in searching for new states and rare decays: 

• full-event reconstruction and offered a clean event environment 
• also complimentary tool for the search for exotic states performed at proton-proton experiments (e.g. LHCb)

Scan of  cross sectione+e− → B0
s B̄0

s X
[JHEP 08 2023, 131 (2023)]

3
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Goal
•Search for exotic state ( )
•Theory: molecule? bound state? tetra-quark? 

• mass predictions are model dependent..
•Experiment: 

•LHCb (in 2020) reported structures in prompt double J/ψ production. 
• an enhancement seen near J/ψ pairs threshold region from 6.2 to 6.8 GeV
• ..also a narrow peak around 6.9 GeV X(6900) 

• .. seen at CMS as well.
•Belle attempt (this paper)

• Search for double charmonium state in   
• via Initial State Radiation (ISR) near the threshold region 6 to 8.5 GeV

ccc̄c̄

e+e− → ηcJ/ψ

1 Searching double-charmonium state with ηcJ/ψ
[JHEP 08 2023, 121 (2023)]

http://Science%20Bulletin%2065%20(2020)%201983
https://doi.org/10.1007/JHEP08(2023)121
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[JHEP 08 2023, 121 (2023)]

•Search for lowest mass combination of charmonia state decay 
• might have larger branching fraction 

ηcJ/ψ

Clean observation of 
J=0 charmonium peaks

Data Sample and other details
• Data: 980 fb-1 full data set for  n=1-5 on/off resonance or near threshold data
• MC: Signal: PHOKHARA and EVTGEN for ISR processes,  and   decays (EVTGEN for continuum background)

Υ(nS )
ηc J/ψ

Two reconstruction methods
•Inclusive reconstruction of  and 

•selection of mass recoiling against   in the  region
•Exclusive reconstruction of 

• in 6 decay modes of :  ,  ,  ,  ,  ,  

J/ψ γISR
J/ψ γISR ηc

ηcJ/ψ
ηc pp ppπ0 K0

S K±π∓ K+K−π0 K+K−K+K− 2(π+π−π0)

[JHEP 08 2023, 121 (2023)]1 Searching double-charmonium state with ηcJ/ψ
[JHEP 08 2023, 121 (2023)]

Analysis Method

https://doi.org/10.1007/JHEP08(2023)121
https://doi.org/10.1007/JHEP08(2023)121
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•Inclusive reconstruction of  and 
•  

•
•Double counting from exclusive is removed

J/ψ J/ψγISR
Mcorr

recoil(γISR) = Mrecoil(γISR) − Mrecoil(J/ψγISR) + m(ηc)
Mrecoil(J/ψ) = |pe−e+ − pηcJ/ψ |2 /c4

Inclusive Exclusive

  near thresholde+e− → ηcJ/ψ
•Exclusive Reconstruction of 

• Invariant mass of 
• Event/track selections + recoil mass squared of 

 =   in [-1, 2] GeV2/c4

ηcJ/ψ
M(ηcJ/ψ)

ηcJ/ψ |pe−e+ − pηcJ/ψ |2 /c2

Signal extraction
• Signal are described Breit-Wigner function (see fits in backup)

• Mass 6267  43 GeV/c2 and Width 121  72 GeV
• Signal events for exclusive (inclusive) = 9  4 (23  11)

± ±
± ±

• 3.3σ evidence of threshold enhancement.
• Expected revisit at Belle II with larger statistics

1 Searching double-charmonium state with ηcJ/ψ
[JHEP 08 2023, 121 (2023)]

• No evidence of threshold enhancement.
• Expected revisit at Belle II with larger statistics

https://doi.org/10.1007/JHEP08(2023)121
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Goal
• Decay width is fundamental and direct observable for probing internal structure of meson ( ) 
•  (p-wave charmonium) is even special for probing QCD vs pQCD scenario

- Theory models predict  mass in wide range 280-930 eV
- Previous measurements by Belle (2002), CLEO (2006, 2008) and BESIII (2017)

qq̄
χc2(1P)

χc2(1P)

2 Two-photon decay width of χc2(1P)
[JHEP 01 2023, 160 (2023)]

Data Sample and other details

Method
•Two approach for 

•Study of  decay
• Adopted by CLEO-c (2008:  = 555  58  32  28 eV)** Phys. Rev. D 78, 091501(R) (2008).

• BES III (2017:  = 586  16  13  29 eV)** Phys. Rev. D 96, 092007 (2017).

•Study of  collisions 
• Adopted by BELLE (2002:  = 596  58  48  16 eV)* Phys. Lett. B 540, 33 (2002). 

• CLEO (2006:  = 582  59  50  15 eV)* Phys. Rev. D 73, 071101(R) (2006).

• + Belle this talk:    here 

Γγγ(χc2(1P))
χc2(1P) → γγ

Γγγ( χc2(1P)) ± ± ±
Γγγ( χc2(1P)) ± ± ±

γγ → χc2(1P)
Γγγ( χc2(1P)) ± ± ±

Γγγ( χc2(1P)) ± ± ±

γγ → χc2(1P) → J/ψ ( → l+l−)γ l = e, μ

*Recalculated  for = (19.0 ± 0.5)% and  = 11.93 ± 0.05 MeV from PDG
**Recalculated  for = (9.52 ± 0.20)% and  = 1.97 ± 0.09 MeV from PDG

ℬ( χc2(1P ) → J /ψ γ ) ℬ(J /ψ → l+l−)
ℬ(ψ (2S ) → χc2(1P )γ ) Γγγ ( χc2(1P ))

• Data: 971 fb-1 collected at or near  n = 1-5.
• ~30x statistics in compare to last 2002 measurement 32.6 fb-1

•MC: TREPS Generator for two photon process and radiative decay of  through PHOTOS

Υ(nS )

J/ψ

Less precise

https://doi.org/10.1007/JHEP01(2023)160
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Analysis Method
•Approach #2: Study of  collisions 

•  ; 

• zero-tag mode  ~ 0 

• events from quasi-real two-photon collisions
• strategy: similar to previous Belle measurement

γγ → χc2(1P)
γγ → χc2(1P) → J/ψ ( → l+l−)γ

∑ |p*T |

Data

MC

•Signal extraction strategy (highlights)

Sidebands

Signal

2 Two-photon decay width of χc2(1P)
[JHEP 01 2023, 160 (2023)]

• background component is removed 
using side bands (asymmetric)

• peaking background from ISR  
production is also treated (MC Based)

ψ (2S )• a clear separated cluster from  
-balance requirements: 

p*
T

• better fit method w.r.t. previous method 
(improved detection efficiency)

decay width as; 

https://doi.org/10.1007/JHEP01(2023)160
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• Number of signal: 4960.3  97.9
•  = 3.556 GeV/c2 

•  = 971 fb-1

•  = 7.36%
•  = 7.70 x 10-4 GeV-1

±
mR

∫ ℒdt

η
Lγγ(mR)

Results:

= 653  13 (stat.)  31 (syst.)  17 (B.R.) eV± ± ±

PDG

PDG

2 Two-photon decay width of χc2(1P)
[JHEP 01 2023, 160 (2023)]

= 14.8  0.3 (stat.)  0.7 (syst.) eV± ±
•  = 19.0  0.5 %
•  = 11.93  0.5 %

ℬ( χc2(1P) → J/ψ γ) ±
ℬ(J/ψ → l+l−) ±

PDG

— compatible precision with BES III
— consistent with previous Belle results

Model predictions 

Most precise 
measurement

https://doi.org/10.1007/JHEP01(2023)160
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•Open bottom threshold cross section 
•  in 10.63 to 11.02 GeV range

•  upto  threshold 11.004 GeV

•  in 10.63 to 11.02 GeV range
•D0 (Ds) mesons as proxy for a B0 (B0s)

•reconstructed through  and  in bins of 
•their momentum to identify the quark-level process
•cross section from solving equations below

σ(e+e− → B0
s B̄0

s X )
= σ(e+e− → B(*)

s
¯B(*)
s ) B0

s B̄0
sπ0π0

σ(e+e− → BB̄X )

D+
s → ϕπ+ D0 → K−π+ xp

3 Scan of  cross section measuremente+e− → B0
s B̄0

s X
[JHEP 08 2023, 131 (2023)]

Data Sample and other details
• Energy scan data + 121 fb-1  + 571 fb-1  + 74 fb-1 below  threshold (10.52 GeV)
• 23 data points across energy range
• Analysis method is same as used in CLEO analysis Phys. Rev. Lett. 95 (2005) 261801

Υ(5s) Υ(4s) BB̄

Normalized xp = p / (Ecms /2)2 − m2

Υ(5s)
Belle MC

Inclusive approach

• e.g.  is calculated from subtraction of  - continuum σ(e+e− → bb̄ → D±
s X ) σ(e+e− → D±

s X )

https://doi.org/10.1007/JHEP08(2023)131
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•measured with high precision 
•provides good grounds for Belle II

Energy dependence of cross section

[JHEP 08 2023, 131 (2023)]3 Scan of  cross sectione+e− → B0
s B̄0

s X
[JHEP 08 2023, 131 (2023)]

Results

w/ constraint   fs + fBB̄X + fB = 1

• supersedes previous Belle measurements

Production fraction of :   B0
s B̄0

s X fs

See more in talk by Alexander E. Bondar 
Energy scan results from Belle II

fs = 28.5 ± 4.99 %

https://doi.org/10.1007/JHEP08(2023)131
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Summary

1. Double charmonium state: No significant signal of the double charmonium 
state is found for ηcJ/ψ (for exclusive reconstruction) and the recoil mass of γISR 
(for inclusive reconstruction). The cross sections for e+e− → ηcJ/ψ near the 
threshold are significantly larger (w/ 3.3σ). Expected to be revisited Belle II 
[JHEP 08 2023, 121 (2023)]

2. Two-photon decay width: Most precise measurement for two-photon decay 
width of  is obtained with improved techniques and full dataset of Belle. 
[JHEP 01 2023, 160 (2023)] and has a compatible precision with that from previous BES III 
results [Phys. Rev. D 96 (2017) 092007].

3. The  cross section: energy dependent cross sections measured 
with relatively high precision and shows a clear peak near the Υ(5S) energy and 
a hint of a peak near the Υ(6S). It can be used by the Belle II experiment for 
exploratory studies of various energy regions of interest. [JHEP 08 2023, 131 (2023)]

χc2(1P)

e+e− → B0
s B̄0

s X
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Thanks
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Backup
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Double charmonium at  and Υ(4S) Υ(5S)
•Exclusive Reconstruction of 

• Invariant mass of 
• Event/track selections + recoil mass squared of  =

  in [-0.05, 0.08] GeV2/c4

• Background mainly from combinatorial of  and 
 reconstruction and no peaking expected

• Unbanned extended maximum likelihood fits are 
performed (except )

• Signal component are described using shapes 
derived from MC study and smoothed using kernel 
estimation

• Background: first order polynomial

ηcJ/ψ
M(ηcJ/ψ)

ηcJ/ψ
|pe−e+ − pηcJ/ψ |2 /c2

ηc
J/ψ

Υ(3S)

[JHEP 08 2023, 121 (2023)][JHEP 08 2023, 121 (2023)]1 Searching double-charmonium state with ηcJ/ψ
[JHEP 08 2023, 121 (2023)]

M’ is used to improve the resolution on recoil mass, background is third order polynomial (inclusive)

https://doi.org/10.1007/JHEP08(2023)121
https://doi.org/10.1007/JHEP08(2023)121
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Double charmonium at  and Υ(4S) Υ(5S)
•Inclusive reconstruction of  recoil-mass

•  
• To improve the resolution of recoil mass 

•

•Clear peaks for ,  and  are visible 
and in agreement with previous Belle results

•Unbinned extended maximum likelihood fits
• Signal component are described using shapes 

derived from MC study and smoothed using 
kernel estimation

• Background: third order polynomial

J/ψ
M′ recoil(J/ψ) = Mrecoil(J/ψ) + M(J/ψ) − m(J/ψ)

Mrecoil(J/ψ) = |pe+e− − pJ/ψ |2 /c

ηc χc0 ηc(2S)

Inclusive

ηc
χc0

ηc(2S )

[JHEP 08 2023, 121 (2023)][JHEP 08 2023, 121 (2023)]1 Searching double-charmonium state with ηcJ/ψ
[JHEP 08 2023, 121 (2023)]

https://doi.org/10.1007/JHEP08(2023)121
https://doi.org/10.1007/JHEP08(2023)121
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Double charmonium at  and : Cross sectionΥ(4S) Υ(5S)
• Combined from both methods (detailed table in the backup)

• Extract cross section-dependent likelihood distribution from both methods
• Cross section dependent joint probability density function (PDF) is obtained

• fit with  + extrapolate for the threshold region to check continuum contribution
• from   OR ) 

∝ 1/sn

e+e− → γ* → ηcJψ e+e− → Υ(nS) → γ* → ηcJψ

[JHEP 08 2023, 121 (2023)][JHEP 08 2023, 121 (2023)]1 Searching double-charmonium state with ηcJ/ψ
[JHEP 08 2023, 121 (2023)]

M’ is used to improve the resolution on recoil mass, background is third order polynomial (inclusive)

https://doi.org/10.1007/JHEP08(2023)121
https://doi.org/10.1007/JHEP08(2023)121
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Belle (this talk)

1 Searching double-charmonium state with ηcJ/ψ
[JHEP 08 2023, 121 (2023)]

•Systematics (except fitting below) • Fitting Systematics: cross sections for different datasets 

• Fitting Systematics: cross sections for different mass 

https://doi.org/10.1007/JHEP08(2023)121
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•Exclusive/Inclusive Reconstruction Cross section
Belle (this talk)

1 Searching double-charmonium state with ηcJ/ψ
[JHEP 08 2023, 121 (2023)]

•Exclusive Reconstruction of 
• Possible background from  is removed 

with demanding the ratio of the second to the zeroth 
order Fox-Wolfram moments4 is required to be > 0.13

ηcJ/ψ
Υ(4S) → BB̄

•Inclusive + Exclusive simultaneous fits
• A simultaneous unbinned maximum likelihood fit for 

the ηcJ/ψ invariant mass and γISR recoil mass is 
performed. 

• The signal-yield fractions from the two reconstruction 
methods are fixed to the corresponding branching 
fractions and reconstruction efficiencies 

• The background shapes are parameterized with the 
ARGUS function, whose parameters are obtained from 
the fit to the ηc and J/ψ sideband events 

• Singal are described w/ Breit-Wigner function with 
free mass and width convolved with the Gaussian 
functions from the resolution study 

https://doi.org/10.1007/JHEP08(2023)121
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•Systematic Uncertainties

2 Two-photon decay width of χc2(1P)
[JHEP 01 2023, 160 (2023)]

https://doi.org/10.1007/JHEP01(2023)160
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2 Two-photon decay width of χc2(1P)
[JHEP 01 2023, 160 (2023)]

• The signals are described by a sum of four Gaussians with 
parameters determined from the MC simulation. 

• The background is described by a second-order polynomial. 

https://doi.org/10.1007/JHEP01(2023)160
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[JHEP 08 2023, 131 (2023)]3 Scan of  cross sectione+e− → B0
s B̄0

s X
[JHEP 08 2023, 131 (2023)]

https://doi.org/10.1007/JHEP08(2023)131
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Systematic uncertainty sources 
•Cross section results  σ(e+e− → bb̄ → DX )

[JHEP 08 2023, 131 (2023)]3 Scan of  cross sectione+e− → B0
s B̄0

s X
[JHEP 08 2023, 131 (2023)]

https://doi.org/10.1007/JHEP08(2023)131
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Analysis Method
•Approach #2: Study of  collisions 

•  ; zero-tag mode
• Event selections: similar to previous Belle measurement and decay width as; 

γγ → χc2(1P)
γγ → χc2(1P) → J/ψ ( → l+l−)γ

Number of two photo proceed events 

Integrated luminosity
Detection efficiency 

Luminosity function

Mass of R
Spin 
Quantum 
Number

 Resonance R = χc2(1P)

•Signal extraction analysis strategy
•  -balance requirements: a clear, separated cluster for 
• background component is removed using side bands (asymmetric)

• better fit method w.r.t. previous method (improved detection efficiency)
• peaking background from ISR  production is also treated (MC Based)

p*
T χc2(1P)

ψ (2S )

2 Two-photon decay width of χc2(1P)
[JHEP 01 2023, 160 (2023)]

•Theory models

https://doi.org/10.1007/JHEP01(2023)160
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•Cross section (in pb) results  σ(e+e− → bb̄ → DX )

•Production fraction of :   B0
s B̄0

s X fs

OR w/ constraint   fs + fBB̄X + fB = 1

• supersedes previous Belle measurements

•Branching fraction  ℬ(B → D/D̄X )

• lower uncertainty then world average:
• 3  tension for σ Ds

•Ratio  ℬ(B → D0 /D̄0X )/ℬ(B0
s → D±

s X )

•now with high precision 
•provides good grounds for Belle II

Energy Dependence of cross section

Results

3 Scan of  cross section measuremente+e− → B0
s B̄0

s X
[JHEP 08 2023, 131 (2023)]

https://doi.org/10.1007/JHEP08(2023)131
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Belle Detector

Tracking + dE/dx

e− : 8 GeV,  e+ : 3.5 GeV

• Data taking: 1999 – 2010 
• On/Off/Scan Υ(nS) peaks 
• Total luminosity: 1 ab−1
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Goal
• Two-photon decay width provides important information on spectroscopy, exotic states as well as testing QCD models
• Resonance production  (e.g. R = )

• R comes with many fundamental constraints (e.g. quantum numbers) 
• Decay width is fundamental and direct observable for probing internal structure of meson ( ) 
•  (p-wave charmonium) is even special for probing QCD vs pQCD scenario

- Theory models predict  mass in wide range 280-930 eV
- Previous attempts by Belle (2002), CLEO (2006, 2008) and BESIII (2017)

γγ → R χc2(1P)

qq̄
χc2(1P)

χc2(1P)

2 Two-photon decay width of χc2(1P)
[JHEP 01 2023, 160 (2023)]

The overall signal detection efficiency in this analysis is estimated to be 7.36% using the signal MC.

Method

*Recalculated  for = (19.0 ± 0.5)% and  = 11.93 ± 0.05 MeV from PDG
**Recalculated  for = (9.52 ± 0.20)% and  = 1.97 ± 0.09 MeV from PDG

ℬ( χc2(1P ) → J /ψ γ ) ℬ(J /ψ → l+l−)
ℬ(ψ (2S ) → χc2(1P )γ ) Γγγ ( χc2(1P ))

https://doi.org/10.1007/JHEP01(2023)160
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2 Two-photon decay width of χc2(1P)
[JHEP 01 2023, 160 (2023)]

CLEO 2006: Systematics

https://doi.org/10.1007/JHEP01(2023)160

