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Motivation for studying weak annihilation rare decays in  mesonsB0
s

•  Heavy flavored hadrons decaying via “weak annihilation” Feynman diagrams  are suppressed within the SM ( ) 

•  In the last decade, study of these decays have gained impetus both theoretically and experimentally ( LHCb/Belle ) 
• Their predicted branching fraction ( ) lies in the range of  

• However, owing to rescattering effects their  can be enchanced upto a maximum of the order of 100  
• Pure annihilation diagrams are an excellent probe to investigate new physics (NP)  

• Additionally, weak annihilation  decays can be used to extract  angle of the CKM matrix

𝒪(λn fB
mB

)

ℬ 10−6 − 10−8

ℬ

B0
s γ

 Significant deviation between experiment and theory in the decay channel,  B0
s → π+π−

PRD 87, 036008 (2013) 

PLB 740 (2015) 

PLB 459 (1999) 

PRL 78, 21 (1997) 

PRD 91, 344 014011 (2015) 

Rescattering effect 
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The Belle detector

• SVD : Vertex reconstruction of B mesons 
• CDC : Measure momentum of charged tracks 
• TOF/ACC : Particle identification together with CDC 
• ECL : Measure energy deposition of charged and 

           neutral particles 
• KLM : Identification of  and  KL μ

NIM A 479 117 (2003) / PTEP 2012 04D001 (2012)

• General purpose  hermetic detector 
• Asymmetric in energy to provide Lorentz 
 boost to B mesons required for CPV studies 

4π
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Production of  mesons near  resonanceB0
s Υ(5S)

σ ∝
1

E2
CM

ECM = s = 10.86 (GeV)

σΥ(5S)
bb̄

= (0.340 ± 0.016) nb
fs = 0.201 ± 0.031

ℒ = 121.4 fb−1

NB0
s B̄0

s
= ℒ ⋅ σΥ(5S)

bb̄
⋅ fs = (8.30 ± 1.34) × 106 pairs

e+e− → qq̄ (q = u, d, s, c)
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Outline / Analysis strategy 

Event  
Generation

Preliminary 
Event Selection 

Signal MC 
studies

PDF 
parametrization

Continuum 
suppression

Background 
MC studies

Ensemble 
study

Control sample 
study Data

Simulated MC data Select hadronic events

Fine tuning of  
selection criteria 

Understand bkg 
levels

Multivariate analysis
Develop fit model

Estimate biases Validate analysis strategy See results

Blind analysis
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Branching fraction predictions from theory: B0
s → π0π0

• It is a neutral, charmless, non-leptonic, strangeness non-conserving rare decay channel. 
• Within the Standard Model (SM), it proceeds via W-exchange and ‘penguin’-annihilation topological diagrams.

W-exchange ‘Penguin’ annihilation 

Quantity Flavor SU(3) pQCD QCDF

ℬ (10−6) 0.40 ± 0.27 0.28 ± 0.09 0.13 ± 0.05

Phys. Rev. D 91, 344 014011 (2015) 

• Previously searched by L3 experiment in 1995 by  
producing  from 3 million Z decays 

• Did not find any significant signal yield and hence 
put an UL on the  of less than  at 90% CL 

• First search at Belle with  of data collected 
at  resonance.

B0
s

ℬ 2.1 × 10−4

121.4 fb−1

Υ(5S)

PLB 363, 127 (1995) 
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Signal MC study

MCtruth : Correctly reconstructed signal 
candidates

Mbc = E*2
beam − p*2

B0
s

ECM = s = 10.86 (GeV)

E*beam = ECM/2 = E*B0
s

ΔE′ = E*B0
s

− E*beam + Mbc − MB0
S

2.36σ

•  has a greater mass  dependency than    
•  provides greater discrimination than  
• For correctly reconstructed signal candidates,  should 

peak around zero(0) 
• However, neutrals in the final state cause shower leakage 

in the ECL crystals which elongates the tail of the 
distribution

ΔE′ Mbc
ΔE′ Mbc

ΔE′ 
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Background MC study

continuum

bsbs non − bsbs

Background MC statistics = 6 × 121.4 fb−1

Continuum is the dominant background !

∝ 1 + cos2θ ∝ sin2θ

Event shape distributions
Jet-like topology Spherical topology

Associated Legendre’s Polynomial

Fox-Wolfram moments

3 mom. of ith and jth FSP
Phys. Rev. Lett. 41, (1978)

Bsbs and non-bsbs backgrounds do not survive the selection criteria
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Continuum Suppression: Neural Network

16 mFW moments + thrust angle are given as inputs to neural network

Neural network is used to classify the signal and the background !

𝒞NN ≥ 0.90
Signal loss = 53 %

Background loss = 99 %

NN output is transformed for easier parametrization

𝒞′ NN = log(
𝒞NN − 𝒞NN(min)

𝒞NN(max) − 𝒞NN
)

𝒞NN(min) = 0.90, 𝒞NN(max) = 0.99
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1D PDF parametrizations

Fit model : 3D(Mbc × ΔE′ × 𝒞′ NN)Linear correlations among the fit variables are negligible  
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Ensemble study  : Fit bias, linearity and correlations 

Fit bias = -3.3%

No significant correlation
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Control sample :  (similar final state)B0
d → π0π0
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Summary of MC study for B0
s → π0π0

BCS : Best Candidate Selection

χ2 =
(Mrec − MPDG)2

σ2
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Results for  B0
s → π0π0

• Solid blue : Total fit function 
• Red dashed : Continuum background 
• Cyan-filled : Signal

Signal enhanced projections : Signal region selection criteria has been applied for each of the distributions for the other two variables.

B
*0 s

B̄*0 s
(8

7%
)

B
0 s
B̄*0 s

(7
%

)

B
0 s
B̄0 s(

5%
)

• Data equivalent to luminosity of  
• Signal and background yields are obtained 

from 3D fit to 

121.4 fb−1

Mbc, ΔE′ , 𝒞′ NN

Belle preliminaryBelle preliminary Belle preliminary
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Systematic uncertainties in   analysis proceduresB0
s → π0π0
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Branching fraction and upper limit (UL) calculation

Use Bayesian approach to set UL on the branching fraction 
(assuming null or background only hypothesis)

Without systematics

With systematics

Significance = 1σ
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Summary

(Belle publication council)
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Some recent  publications from Belle ( 2021 - 2022 )B0
s

• Search for the decay  , T. Pang, V. Savinov et al. , PRD 106, 051123 (2022) 

• Search for the decay , B. Bhuyan, K. J. Nath, J. Borah et al. , PRD 105, 012007 (2022) 

• Search for the decay , N. K. Nisar, V. Savinov et al. , PRD 104, L031101 (2021) 

• Search for  at Belle using a semi-inclusive method, S. Dubey, T. E. Browder et al., PRD 104, 012007 (2021)

B0
s → η′ K0

s

B0
s → ηη

B0
s → η′ η

B0
s → η′ Xss̄

https://doi.org/10.1103/PhysRevD.106.L051103
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.105.012007
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.L031101
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.104.012007


J.Borah | IITGXXV DAE-BRNS HEP  2022 19

Thank You
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Additional slides
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Standard Model and B Physics

Image Courtsey : Wikipedia

ℒ = SUc(3) × SUL(2) × UY(1) •  Mesons are bound states of quark-antiquark pairs held together by strong 
interactions 

• B mesons are composed of a bottom quark and any of the other four anti-b quarks 
giving,     

•  At Belle,  are well studied with topics ranging from 
searches for rare decay modes, CP violation measurements, CKM matrix elements 
determination, Lepton Flavor Universality tests (LFU) and many other interesting 
aspects of flavor physics.

B+(b̄u), B+
c (b̄c), B0(b̄d), B0

s (b̄s)
B+(b̄u), B0(b̄d), B0

s (b̄s)

u
dc
st

b

X

GIM suppressed 

• Decays which do not transit via usual  transitions are rareb → c
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Event generation and event selection

• A large sample of signal MC events are generated and 
simulated for experiments dedicated to  resonance. 

• They are then scaled to their corresponding luminosities. 
• Background MC study is performed with statistics which is 

six times the integrated luminosity of data collected at  
resonance.

Υ(5S)

Υ(5S)

EvtGen 

(generation)  

GEANT 

(simulation)

Set of selection criteria selecting hadronic Bs events
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Signal MC study

MCtruth : Correctly reconstructed signal candidates

Misreconstruction
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Background MC study

continuum

bsbs non − bsbs

Background MC statistics = 6 × 121.4 fb−1

Continuum is the dominant background !
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Continuum Suppression

Associated Legendre’s Polynomial

Fox-Wolfram moments

3 mom. of ith and jth FSP
Phys. Rev. Lett. 41, (1978)

•  16 modified Fox-Wolfram (mFW) moments are used to 
differentiate between signal and continuum 

• Thrust axis : Axis along which there is a maximum 
projection of the 3-mom of the final state particles 

• Thrust angle : Angle between the signal thrust axis and 
the ROE ( Rest-of-event ) thrust axis.

16 mFW moments + thrust angle are given as inputs to neural network

∝ 1 + cos2θ ∝ sin2θ

Event shape distributions
Jet-like topology Spherical topology

Neural network is used to classify
 the signal and the background !
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Neural Network (NN) output

FOMmax = 0.98

For reference

𝒞NN ≥ 0.90
Signal loss = 53 %

Background loss = 99 %

NN output is transformed for easier parametrization

𝒞′ NN = log(
𝒞NN − 𝒞NN(min)

𝒞NN(max) − 𝒞NN
)
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Neural Network

Validation Plot

Modified FW moments PRD 66 092002 (2002)
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Correlation among the fit variables ( Linear correlation coefficients )

-0
.0

77

-0
.0

78

-0
.0

48 0.028

0.005

0.009

0.006

-0.011 0.011

0.026

Signal MC

Background MC No significant correlations are observed
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Control Sample Study: B0
d → π0π0

Target Sample Control Sample (MC) Control Sample (Data)

Our aim is to test the analysis procedure using the control sample
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1D PDF parametrizations: B0
d → π0π0



J.Borah | IITGXXV DAE-BRNS HEP  2022 31

Cut-flow table
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Rare  decaysB0
s
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Ensemble study ( Pull distributions ) : B0
s → π0π0

All signal parameters and background ARGUS end point is fixed  
All other background parameters are floated
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Yield distributions from ensemble study



J.Borah | IITGXXV DAE-BRNS HEP  2022 35

Addition of three production channels : 1D PDF parametrizations

PRD.87.031101

The production fractions are  
fixed in the final fit

5.7%

7.3%

87.0%
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Data sideband/MC cross-check

ΔE′ Mbc

𝒞′ NN χ2
π0
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Systematic uncertainty due to PDF parametrization and NN selection criterion
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Bayesian approach to calculate the upper limit on the branching fraction



J.Borah | IITGXXV DAE-BRNS HEP  2022 39

Data/MC correction factors ( control sample )
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Inputs to the NN

Not used

Physics of the B-factories


