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Belle Experiment and data samples
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Conventional hadrons at Belle:

¸Branching fraction measurement of ɤ ᴼÐ–Ⱦ“

¸Radiative decays of excited ɧ baryons

Non-Conventional hadrons at Belle:

¸ὢσψχςO ϳὐ‪““ in two -photon productions
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Branching fraction measurement of ɤ ᴼÐ–Ⱦ“

Motivation:

üThe branching fractions of SCS decays of Ώ ᴼὴ–ÁÎÄΏ ᴼὴ“ are firstly 

measured by BESIII Collaboration. PRD 95, 111102 (2017)

ÅὄΏ ᴼὴ– Ȣ Ȣ Ȣ

(with a statistical significance of 4.2ů)

ÅὄΏ ᴼὴ“ Ȣ at 90% C.L. 

üThe theoretical prediction with current-algebra approach gives  (PRD 97, 074028 (2018))

ÅὄΏ ᴼὴ– ρȢςψρπ

ÅὄΏ ᴼὴ“ χȢυ ρπ .  

üTo improve the measurement precision, we measure the branching fractions of 

the signal decays at Belle.

arxiv:2102.12226  Acceptedby PRD
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.95.111102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.074028
https://arxiv.org/abs/2102.12226


M easurement of Normalization mode 

¸ Normalization mode: ☻╬ᴼ▬╚ Ⱬ (Cabiboo-favored)
¸ Method:
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Left: Dalitz plot from data; Right: Dalitz plot of efficiency from 

signal MC.
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Fit to M(ὴὑ “ ) from data. 

Yield: 1476200 1560

…ȾὲὨὪ=1.06

Signal efficiency estimation: Dalitzmethod.

Double Gaussian +

second-order polynomial

980 ἮἪ
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Measurement of ☻╬ᴼ▬Ɫᴼ♬♬decay

¸ A significant ☻╬signal is observed from data. 

¸ Measured ║☻╬ᴼ▬Ɫ Ȣ Ȣ Ȣ

¸ Consistent with BESIII result ρȢςτ πȢσπ ρπ with much improved precision.

¸ Consistent with theoretical prediction ρȢςψρπ
6

¸ Reconstruct the signal mode:    Ώ ᴼὴ–ᴼ‎‎

¸ The signal detection efficiency : Ȣ Ȣ Ϸ. 

Yield: 7734 263

…ȾὲὨὪ=1.23

Gaussian + CB for signal.

Second-order polynomial for 

background.

Fit to M(ὴ–) from data. 
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Measurement of ☻╬ᴼ▬Ⱬ ᴼ♬♬decay

Left: fit to M(ὴ“ from data. Right: The likelihood distribution changing with the 

branching fraction with the systematic uncertainty involved.

¸ Measured ║☻╬ᴼ▬Ⱬ Ȣ at 90% C.L.

¸ reducing the value to more than half of the BESIII result ςȢχ ρπ .

¸ Consistent with theoretical prediction χȢυ ρπ
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¸ The signal detection efficiency : Ȣ Ȣ Ϸ.

No obvious 
signal excess 
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Radiative decays of excited ɧ baryons

Motivation: 

üA recent study reported measurement of the masses and widths of the 

ɧ ςχωπȾ and ɧ ςψρυȾ states.PRD 94, 052011 (2016)

üThey can also decay via the “ decays that are harder to see, and the ɧ ςψρυ

has been seen in ɧ“. PRD 94, 052011 (2016)

üBut what about the radiative decays? 

Ἣ
Ⱦ ᴼ ╬
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♬

Ἣ
Ⱦ ᴼ ╬

Ⱦ
♬

üThe theoretical predictions show: (PRD 96, 116016 (2017))

Å Neutral states (ɜ~200 keV) ςwould be seen

Å Charged states (ɜ< 10 keV) ςwould not be seen

PRD 102, 071103 (2020)
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.94.052011
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.94.052011
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.96.116016
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.071103


Basic technique 

[1.]  Reconstruct the ground states ɧ
Ⱦ

Åɧȡwith ten decay modes.

Åɧȡwith seven decay modes.
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[2.]  Reconstruct the excited ɧ from ╬
Ⱦ
♬

Ὁ πȢυυGeV 

Ɑ

[3.]  Fit the M(ɧ
Ⱦ
‎) in the region of 

the ɧ ςχωπand ɧ ςψρυ. 

[4.]  Divide by the yield in the

known decay modes:

ɧ ςχωπO ɧ “ ᴼ ɧ‎“ Ƞ

ɧ ςψρυO ɧ ςφτυ“ ᴼ ɧ“ “

PRD 94, 052011 (2016)
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.94.052011


Result:

Ȣ ⱭÆÏÒɧ ςψρυ
Ȣ ⱭÆÏÒɧ ςχωπ

ÁÔωπϷ#Ȣ,Ȣ

ÁÔωπϷ#Ȣ,Ȣ

ü First observation of the radiative decays of excited ɧ .

ü Give the BR.

ü Confirm the theoretical prediction.

no signal in the charged case 
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ὢσψχςO ϳὐ‪““ in single-Tag two-
photon productions

PRL 126, 122001 (2021)
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Single -tag

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.122001
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Summary

ÅAlthough Belle has stopped data taking for ~ 10 years, we 
are still producing exciting results .

ÅWe report the BR measurement of Ώ ᴼὴ–Ⱦ“ .

ÅWe report the first observation of radiative decays of excited 
ɧ and give the BR.

ÅWe report the first evidence for ὢσψχςO ϳὐ‪““
produced in single -tag two-photon interactions.

ÅBelle II will provide greater sensitivity and precise 
measurements in hadron physics with 50 ÁÂ .
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Study of ɧ ᴼɧὑ ὑ
arxiv:2012.05607Submitted to PRD

From quark model prediction, it can be expected that could have
a partner near 1.95GeV/ὧ and low-statistics indications of an excess in

M( ╚ ) has been noticed. PRD100, 032006 (2019)

It is then necessary to study all decays which could confuse future excited
searches in the M(♀╚ ) 

Recently, an excited 
baryon was observed in narrow
resonance data by the Belle
Collaboration near 2.012 GeV/ὧ.  
PRL 121, 052003 (2018)
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https://arxiv.org/abs/2012.05607
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.032006
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.121.052003


Decay channels of ╬

Ȣ Ɑ
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Full Belle data sample

ü The ᴼɤ“ is reconstructed.

ü Normalization mode ╬ᴼ Ⱬ

Dalitz plot distribution of ɧ ᴼ
ɧὑ ὑ decays in the 

sideband-subtracted ╬signal 

region.
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Amplitude analysis 
ü The amplitude analysis is performed to measure the branching fractions of the

Å Resonant decay  ɧ ᴼɧ‰ᴼὑ ὑ
Å non-resonant decay ɧ ᴼɧὑ ὑ

Å Fit the Dalitz plot distribution as a coherent sum of 

resonant and non-resonant amplitudes outlined 

Å freely vary the helicity amplitude ratios of the resonant decay 

ὄɧ ᴼɧ‰ᴼὑ ὑ

ὄɧ ᴼɧὑ ὑ
τψȢρ τȢφϷ

ὄɧ ᴼɧ‰ὑ ὑ ÎÏÎ

ὄɧ ᴼɧὑ ὑ
υρȢω σȢσϷ

ὄɧ ᴼɧ‰ᴼὑ ὑ

ὄɧ ᴼɧ“
πȢπσφπȢππτπȢππς

ὄɧ ᴼɧ‰ὑ ὑ ÎÏÎ

ὄɧ ᴼɧ“
πȢπσωπȢππτπȢππς

only minor cusping peaks occur in the background of ɱz ᴼɧὑ
due to these ɧ decays.



First determination of the spin and parity 
of ɧ ςωχπ

¸ Mass and width were measured 
precisely via:

¸ The Ἣ is also observed 
from the decay:

PRD 94, 052011 (2016)

arxiv:2007.14700 Submitted to PRL
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.94.052011
https://arxiv.org/abs/2007.14700
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¸ Divide the data into 10 equal bins for ὧέί—and ὧέί—Ȣ
¸ Fit M(ɧ““) in each bin. 

¸ Fit the angular distributions with the expected decay angular distributions ὡ ϳ , ὡ ϳ , ὡ ϳ

Determination of the Spin
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Full Belle data sample

╬▫▼Ᵽ▐

Å Best fit is the spin 1/2 hypothesis

Å Exclusion level of the spin 3/2 (5/2) hypothesis is as small as 0.8„ (0.5„). 

Å Therefore, the result is inconclusive.



Determination of the Spin
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¸ To draw a more decisive conclusion, we fit angular distributions ofὧέί—with the 

expected angular distribution 

ὡ — σȾς”ᶻÓÉÎ— ”ᶻ ϳρσ ÃÏÓ— ,”ᶻ ”ᶻ ρȾς

Full Belle data sample

╬▫▼Ᵽ╬

ü This result is most consistent with the spin ½ hypothesis.

ü The ρȾς scenario is preferred over σȾς (υȾς ) by 5.5„(4.8„).

ü Excludes the ɧz spin of 1/2 in which the distribution should be flat.



Â The branching ratio R is sensitive to the parity.

Â Fit the M(ɧ““ ) and M(ɧ “ ) for two mode.

Â Branching ratio Ὑ ρȢφχπȢςωȢ
Ȣ πȢρχ)3, where IS is Isospin symmetry.  

Determination of the Parity
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Heavy-quark spin symmetry

(HQSS) prediction

our result favors a positive-parity assignment with ίὰ= 0



Search for resonant states with ὧӶὧίӶίquark content
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Analysis method
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