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Baryon Asymmetry of the Universe

Sakharov’s Three Conditions for Baryogenesis

• Baryon number violation

• C and CP violation

• Departure from thermal/chemical equilibrium

Ways to search for baryon number violation (BNV):

decays of tau lepton, Decays of B mesons, Proton decay, Oscillations… 
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Violation of CP Invariance, C asymmetry, and baryon asymmetry of the universe -Sakharov, A.D. Pisma Zh.Eksp.Teor.Fiz. 5 (1967) 32-35,
JETP Lett. 5 (1967) 24-27, Sov.Phys.Usp. 34 (1991) no.5, 392-393, Usp.Fiz.Nauk 161 (1991) no.5, 61-64



Baryon Number Violation via Baryon-Antibaryon Oscillations 

(1). Neutron-antineutron oscillations

(2). Charmed and bottom baryon oscillations (proposed by D. McKeen and A. Nelson)

LHCb searched for Ξ𝑏
0 oscillations in 2017 and set an upper limit on oscillation rate of 𝜔 <

0.08 𝑝𝑠−1 at the 95% confidence level

In this analysis, we search for Ξ𝑐
0 oscillations
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𝐵−→ Ξ𝑐
0Λ𝑐

−

Mode1 𝐵−→ Ξ𝑐
0Λ𝑐

− SM

Mode2 𝐵−→ Ξ𝑐
0
Λ𝑐
− BNV

Mode3 𝐵+→ Ξ𝑐
0
Λ𝑐
+ SM

Mode4 𝐵+→ Ξ𝑐
0Λ𝑐

+ BNV

In this analysis we search for baryon number violation either due to direct non-SM process 
or via charmed baryon-antibaryon oscillations using two-body decay 𝐵−→ Ξ𝑐

0Λ𝑐
−.

Discovered by Belle:  Chistov, R., et. al., Physical Review D, 74, 111105 (2006)

For oscillations hypothesis, charge of Λ𝑐
− tags the flavor of 𝐵 meson at production time, so 

we know the flavor of the other charmed baryon (i.e., Ξ𝑐
0 is expected, but we may detect Ξ𝑐

0
). 



Decay Channels Used in the Analysis
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Belle Collaboration: Li, Y. B., Shen, C. P., Yuan, Physical Review Letters, 122, 082001 (2019).

Branching fractions for 

Ξ𝑐
0→Ξ−𝜋+/ΛK−𝜋+/pK−K−𝜋+

are from recent Belle measurement

In our analysis we use 3x2=6 channels:

Ξ𝑐
0 → Ξ−𝜋+/ΛK−𝜋+/pK−K−𝜋+

Λ𝑐
− → p𝐾𝑆

0/pK+𝜋−

Channel

Product of all 
relevant  
branching 
fractions 
(10^-7)

1 Ξ𝑐
0→Ξ−𝜋+ Λ𝑐

−→p𝐾𝑆
0 2.80

2 Ξ𝑐
0→Ξ−𝜋+ Λ𝑐

−→pK+𝜋− 11.1

3 Ξ𝑐
0→ΛK−𝜋+ Λ𝑐

−→p𝐾𝑆
0 1.81

4 Ξ𝑐
0→ΛK−𝜋+ Λ𝑐

−→pK+𝜋− 7.16

5 Ξ𝑐
0→pK−K−𝜋+ Λ𝑐

−→p𝐾𝑆
0 0.875

6 Ξ𝑐
0→pK−K−𝜋+ Λ𝑐

−→pK+𝜋− 3.45



Belle Detector @ KEKB e⁺e⁻ collider
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Operated between 1999 and 2010

Integrated luminosity collected at ϒ(4S): 711 𝑓𝑏−1

(771 million 𝐵𝐵 meson pairs)

Charged particle tracking : SVD, CDC

Particle identification: CDC, TOF, ACC, KLM and ECL

EM Calorimetry: Csl (ECL)

Excellent tracking performance:

1. Abashian et al. (Belle Collaboration), Nucl. Instrum. Methods Phys. Res. Sect. A 479, 117 (2002); 
2. also see Section 2 in J. Brodzicka et al., Prog. Theor. Exp. Phys. 2012, 04D001 (2012).
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Selection Criteria

𝑀𝑏𝑐: beam-constrained B mass:

𝑀𝑏𝑐 = 𝐸𝑏𝑒𝑎𝑚
2 − 𝑝𝐵

2

∆𝐸: energy difference:
∆𝐸 = 𝐸𝐵 − 𝐸𝑏𝑒𝑎𝑚

• Best candidate selection using 𝜒2 obtained from vertex fits to Λ𝑐
−, Ξ𝑐

0, Ξ− candidates

• Likelihood-based Particle Identification (PID) is used:
𝑅𝑖,𝑗 = 𝐿𝑖/(𝐿𝑖 + 𝐿𝑖) , 𝑖, 𝑗 ∈ {𝜋, 𝐾, 𝑝, 𝑒}
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Reconstructed Invariant Masses of Signal Particle Candidates in MC

Ξ𝑐
0 Λ𝑐

−

Belle MC, preliminary

Belle MC, preliminary

Belle MC, preliminary

Belle MC, preliminary
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Signal Variables for 2D Maximum Likelihood Fit

𝑀𝑏𝑐: beam-constrained B mass:

𝑀𝑏𝑐 = 𝐸𝑏𝑒𝑎𝑚
2 − 𝑝𝐵

2

∆𝐸: energy difference:

∆𝐸 = 𝐸𝐵 − 𝐸𝑏𝑒𝑎𝑚

Belle MC, preliminary

Belle MC, preliminary
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2D Maximum Likelihood Fit is Used to Extract Signal

PDF 𝑀𝑏𝑐 ∆𝐸

Signal Gaussian Double-
Gaussian

Background ARGUS 1st-order 
Chebychev

Background PDF: a product of two 1D PDFs

Signal PDF: strong correlation between signal 
variables, however, signal region is very narrow,
so a product of 1D PDFs is tentatively used also  

Belle MC, preliminary Belle MC, preliminary

Belle MC, preliminary Belle MC, preliminary
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Toy MC experiment for Ch1 & Ch2 SM mode

Toy MC experiment for Ch1 & Ch2 Standard Model mode:
• 50 signal events, predicted based on branching fraction measured in previous analysis
• 73 background events, predicted by generic MC and sideband of real data

Belle MC, preliminary
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Belle MC, preliminary

Toy MC experiment for Ch1 & Ch2 BNV mode

Toy MC experiment for Ch1 & Ch2 Baryon-number-violating mode:
• 5 signal events  (10% of Standard Model mode)
• 27 background events, predicted by generic MC and sideband of real data
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90% Confidence Belt for Ch1 & Ch2

Upper limit on the branching fraction is estimated from a 
set a confidence belt obtained using frequentist method

90% confidence belt:

The lower bounds are given by 𝑁𝑠𝑖𝑔
𝑓𝑖𝑡

which 5% of the 

results are below this value. 

The upper bounds are given by 𝑁𝑠𝑖𝑔
𝑓𝑖𝑡

which 5% of the 

results are above this value.

Belle MC, preliminary
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90% Confidence belt for Ch1 & Ch2

Small statistics in signal region make 2D fits fail often

Data analysis strategy:  start with a 1D fit 

If 1D fit shows a hint of signal, perform a 2D fit 

0 signal event ensemble test (1D fit)

Belle MC, preliminary

0 signal event ensemble test (2D fit)
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Estimate of Upper Limit Using Ch1 & Ch2

Fit result example: 0 signal events -> the upper limit of 2 events

The branching fraction of BNV mode for ch1&ch2 would be

Belle MC, preliminary
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Estimate of upper limit for Ch1 & Ch2

Fit result example: 0 signal events -> the upper limit of 2 events

The branching fraction of BNV mode estimated using ch1&ch2 would be

The upper limit on BNV mode’s branching fraction will be re-interpreted as the upper limit on oscillation rate.



Summary

• Presented a search for baryon number violation in B decay 𝐵−→ Ξ𝑐
0Λ𝑐

−

• With MC study, we expect to have a 5 × 10−5 sensitivity with Belle data

Outlook

• For Belle II, with better vertex resolution, time-dependent oscillation 
measurement should be possible, 10 times larger statistics would improve 
sensitivity by the factor of at least 3
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Summary & Outlook
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Backup
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