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0
𝜋−

• 𝐵+ → 𝑝𝑛𝜋0

• Prospects
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KEKB factory and data sample

http://www-acc.kek.jp/kekb/

http://www-acc.kek.jp/kekb/http://www.lns.cornell.edu/public/lab-
info/upsilon.html
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Belle Detector
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SuperKEKB nano-beam technology

Luminosity 

Frontier
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Belle II  accumulated data

One half of Belle data 

before 2022 LS

428

4.1

2022
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Physics topics at Belle (II) 
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Basic quark diagrams for charmless B decays
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Looking for deviations from the SM predictions of a small BF or Acp

interference between comparable amplitudes causes big cp violation

sensitive to heavy

mediator in the loop
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𝐵0 → 𝑝Σ
0
𝜋−𝐵+ → 𝑝𝑛𝜋0



Challenge : continuum background suppression

B decay event

Need to develop good pattern 

recognition tools (AI) in order to fight 

against huge continuum background in 

rare B decays! 
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B signal reconstruction

BF = Nsig/ε/NBB

Signal Box

Determine 
Signal and 

background 
shapes and 

use likelihood 
fit method to
extract signal

yield 
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Motivation for studying 𝐵0 → 𝑝Σ
0
𝜋−
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• Branching Fraction : 

• Threshold Enhancement (TE) :

•𝑐𝑜𝑠𝜃𝑝 Asymmetry : 

Theoretical Value Measurement

?

𝐵0 → 𝑝Λ𝜋−

𝐵0 → 𝑝Σ𝜋− ∼ 1.6 × 10−6

10−7 ∼ 3 × 10−6 3.14 ± 0.29 × 10−6

We observed the deviation between theoretical prediction 

and experimental measurement 

We observed TE in 𝐵0 → 𝑝Λ𝜋− channel

In 𝐵0 → 𝑝Λ𝜋− study, we found 𝑐𝑜𝑠𝜃𝑝 asymmetry

which cannot be explained by the 𝑏 → 𝑠𝑔 picture

*𝜃𝑝 is the angular between 𝑝± and ℎ±

in baryon pair rest frame  

Phys. Rev. D 76 , 052004 (2007)

Cheng & Yang  Phys. Rev. D 66 , 014020 (2002)

Chua, Hou & Tsai Phys. Rev. D 66 , 054004 (2002)

Chua & Hou Eur.Phys.J.C 29, 27-35 (2003)

Factorization approaches

QCD counting rules 

With big axial vector 

and pseudoscalar contribution

for 𝑩𝟎 → 𝒑𝜦𝝅−

https://inspirehep.net/literature/748975
https://inspirehep.net/literature/748975
https://inspirehep.net/literature/748975
https://inspirehep.net/literature/748975
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Inclusive 𝑝Λ𝜋− event reconstruction
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𝐵0
𝑝+

𝜋−
Σ
0 Λ

0

𝛾

The energy of photon radiated from Σ
0

is about 200 MeV below (as soft as background)

Signal Background

•Reconstruct our candidate with charged particle and measure

𝐵0 → 𝑝Λ𝜋− simultaneously  
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Fitting variables
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PHSP Signal *Red line is signal region

• No significant discrepancy of 

distribution between TE and PHSP 

−0.14 < Δ𝐸 < 0.20 GeV

5.26 < 𝑀𝑏𝑐 < 5.30 GeV/c2

• Energy Difference (ΔE) : 

ΔE = 𝐸𝑟𝑒𝑐𝑜
∗ − 𝐸𝑏𝑒𝑎𝑚

•𝐸𝑏𝑒𝑎𝑚 Constrained Mass (𝑀𝑏𝑐) : 

𝑀𝑏𝑐 = 𝐸𝑏𝑒𝑎𝑚
2 − 𝑝𝐵

∗2

∗ means CM frame

TE Signal

5.23 < 𝑀𝑏𝑐 < 5.30 GeV/c2

−0.14 < Δ𝐸 < 0.00 GeV

• Fitting region:

• Signal region:
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Background study: rare & generic decays
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Decay channel

0.37

1.5 -

5.7

2.8 <0.9

0.3 <0.3

1.0 -

1.0 -

ℬ(10−6) in decay table ℬ(10−6) in PDG

•Main rare decay background list:

𝐵+ → 𝑝Σ

𝐵+ → 𝑝Λ

𝐵+ → 𝑝Λ𝜌0

𝐵+ → ΛΛ𝜋+

𝐵0 → ΛΛ

𝐵0 → ΛΣ

𝐵0 → ΣΣ

0.24−0.08
+0.10 ± 0.03

4.78−0.64
+0.67 ± 0.60

• Narrow down Δ𝐸 region can eliminate most rare decay

• Rest of rare decay are too rare and overrated by decay table

•𝐵+ → 𝑝Λ𝜌0

•Main generic decay background : 𝐵0 → 𝑝Λ𝑐
−

cut off 2.15<𝑀Λ𝜋 <2.30 GeV/c2
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PDF modeling
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• Signal :𝒫(𝑀𝑏𝑐) × 𝒫(Δ𝐸)

𝒫(𝑀𝑏𝑐): 1D HistPDF   

𝒫(Δ𝐸): 1D HistPDF 

•𝐵0 → 𝑝Λ𝜋− :

𝒫(𝑀𝑏𝑐): Double Gaussian   

𝒫(Δ𝐸): Triple Gaussian 

• Background :

(qq+BB+Rare decay)

𝒫(𝑀𝑏𝑐) × 𝒫(Δ𝐸)

𝒫(𝑀𝑏𝑐): ARGUS Function  

𝒫(Δ𝐸): 2nd Polynomial 

𝒫(𝑀𝑏𝑐) × 𝒫(Δ𝐸)

(Self-cross feed : 2D Kernel)
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Likelihood fit results
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𝑁𝐵0→𝑝Σ𝜋− = 50.29−17.38
+18.06

𝑁𝐵0→𝑝Λ𝜋− = 215.45−16.62
+17.36

•Whole 𝑀𝑝Λ region:

(a) whole fitting region

(b) projected in signal region

*Projected region :

5.26 < 𝑀𝑏𝑐 < 5.30 GeV/c2

−0.14 < Δ𝐸 < −0.05 GeV
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𝑁𝐵0→𝑝Σ𝜋− = 36.70−11.09
+11.82

𝑁𝐵0→𝑝Λ𝜋− = 184.82−14.52
+15.20

•𝑀𝑝Λ <2.8 GeV region:

2.8 GeV

(a) whole fitting region

(b) projected in signal region

Fit results in TE region

TE Region

*Projected region :

5.26 < 𝑀𝑏𝑐 < 5.30 GeV/c2

−0.14 < Δ𝐸 < −0.05 GeV
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Differential branching fractions in 𝑀𝑝Λ & 𝑐𝑜𝑠𝜃𝑝
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•𝐵0 → 𝑝Λ𝜋− channel:

Consistent with previous study

•𝐵0 → 𝑝Σ𝜋− channel:

Region Signal yield Significance (Stats) Significance (Stats+Sys)

Threshold<𝑀𝑝Λ<limit 50.29−17.38
+18.06 3.00𝜎 2.98𝜎

𝑀𝑝Λ < 2.8𝐺𝑒𝑉/𝑐2 36.70−10.09
+11.82 3.56𝜎 3.50𝜎
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Summary for 𝐵0 → 𝑝Σ
0
𝜋−
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Threshold Enhancement

Not enough statistics𝑐𝑜𝑠𝜃𝑝 Asymmetry 

𝐵0 → 𝑝Λ𝜋− 𝐵0 → 𝑝Σ𝜋−

Significance

𝐵0 → 𝑝Λ𝜋−

𝐵0 → 𝑝Σ𝜋−

B.F(10−6)

1.17−0.40
+0.43 ± 0.07

3.21−0.25
+0.28 ± 0.16

3.5𝜎

18.55𝜎

•The result of 𝐵0 → 𝑝Λ𝜋− is consistent with previous study

𝑐𝑜𝑠𝜃𝑝 distribution of 𝐵0 → 𝑝Σ𝜋− needs more data

• First measured 3.5 𝜎 𝐵0 → 𝑝Σ𝜋− signal with TE

• Agree with the theoretical expectation 

Phys. Rev. D 108, 052011 (2023)

https://inspirehep.net/literature/748975


Motivation for studying 𝐵+ → 𝑝𝑛𝜋0

• ℬ 𝐵0 → 𝑝ത𝑛𝐷∗− = 1.4 ± 0.4 ∗ 10−3 (CLEO) vs ℬ 𝐵0 → 𝑝 ҧ𝑝𝐷∗0

= 9.91.1 ∗ 10 −5 (BABAR), clear deviation from naïve isospin 

symmetry due to color suppression

• Significant yields for both ℬ 𝐵+ → 𝑝 ҧ𝑝𝜋+ = (1.62 ± 0.2) ∗ 10−6

and ℬ 𝐵0 → 𝑝 ҧ𝑝𝜋0 = 5.0 ± 1.9 ∗ 10−7

• Determine the contributions from the transition or current 

produced diagrams for baryon pair 

(a)𝐵± → 𝑝 ҧ𝑝𝜋± (b)𝐵+ → 𝑝ത𝑛𝜋0
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Mechanism for 𝑛 detection and identification

• 𝑛 has high chance to annihilate in Belle2 EM calorimeter, which 

has crystals with 16.1 X0 in length. This process makes extra 

energy deposited at GeV level with distinct shower shape.

• One can use machine learning to develop an 𝑛 tagging tool to 

separate 𝑛 from γ.

• The cross section 6cm X 6 cm of each crystal also provides good 

resolution in solid angle. This helps us to determine the direction

of 𝑛.    
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ത𝑛 selection and 𝐵+→ 𝑝𝑛𝜋0reconstruction

• 1. Get 𝐸𝑝, 𝐸𝜋, 𝑃𝑝, 𝑃𝜋 from CDC and other detectors.

• 2. Set constraints: 𝑀ത𝑛, 𝑀Β (from PDG) and

𝐸Β = 𝐸𝑝 + 𝐸𝜋 + 𝐸ത𝑛 ,  𝑃Β = 𝑃𝑝 + 𝑃𝜋 + 𝑃ത𝑛.

• 3. Get 𝜃, 𝜙 from ECL cluster and set:

ฏ𝑃ത𝑛 = (sin 𝜃 cos𝜙 , sin 𝜃 sin𝜙 , cos 𝜃 , 1 + 𝑀ത𝑛
2/𝑃ത𝑛

2 )

• 4. By applying  𝑀Β = 𝐸Β
2 − 𝑃Β

2 constraint,

we can determine 𝑃ത𝑛 to reconstruct 𝑃Β , 𝐸Β,

and  obtain Δ𝐸 = 𝐸Β − 𝐸𝑏𝑒𝑎𝑚
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• This model can well separate ഥ𝑛
from other particles, especially 

for γ.  

• The ROC curve shows background 

rejection rate against a fixed signal 

efficiency. It also shows the model 

having good performance from the 

AUC(>98%). 

BDT output from MVA ROC curve

Performance of 𝑛 tagger
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Compare MVA training information for data and MC
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Correction table from Λ → p +

Determine correction table

for different cut values

Apply MVA cut to 

obtain the eff. ratio in bins 
of p p and cosθ
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Validation using MVA to select p for 𝐵± → 𝑝𝑝ℎ±
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1.61  ± 0.18 5.5   ± 0.4



Systematic uncertainty for 𝑛 tagging 
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• Dominant source is the different 

annihilation cross-sections 

between 𝑛 and 𝑝 , especially in the 

low momentum region

• Correction table related statistical 

uncertainty and smearing across 

neighboring bins

• Total is estimated to be 6% for

𝐵+ → 𝑝𝑛𝜋0



Fit results for 𝐵+ → 𝑝𝑛𝜋0
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B(𝐵+ → 𝑝𝑛𝜋0) <  6.3 × 10−6

Signal yield = −28.7 ± 49.0
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Summary for 𝐵+ → 𝑝𝑛𝜋0
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• The search result for 𝐵+ → 𝑝𝑛𝜋0 is negative 

only upper limit is obtained

• Developing an 𝑛 tagging tool is successful 

Efficiency correction table and systematic uncertainty    

can be applied in future data analysis

• More decay modes such as 𝐵0 → 𝑝𝑛𝜋−, 𝐵0 → 𝑝𝑛𝐾−

etc. should be studied

Phys. Rev. D 108, 112007 (2023)

https://inspirehep.net/literature/748975


Prospects

•BelleII will collect 1 ab-1 data in two years and 

we will combine Belle and Belle II data for 

physics search 

•Some puzzles from baryonic B decays can still 

be tackled with Belle data

•More results of anti-neutron in the final state 

from B decays will be reported in the near 

future
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