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Symmetries in the SM
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• C, P, CP, T, CPT

• Lepton Flavor

• Quark Flavor

• Lepton Number

Lepton: 𝐿 = 1

𝐿 = 𝐿𝑒 + 𝐿𝜇 + 𝐿𝜏

• Baryon Number

Quark: 𝐵 = Τ1 3

Baryon: 𝐵 = 1

Test of Conservation Laws

Particle Data Group, PHYSICAL REVIEW D 110, 030001 (2024)



Lepton Number
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• The lowest-dimension operator containing only SM fields that breaks baryon or 
lepton number is d = 5, lepton-number-violating (LNV) ‘Weinberg’ neutrino-mass 
operator

ℒLNV =
𝑦

𝛬
ത𝐿𝐶𝐻𝐻𝑇𝐿

• 𝜟𝑳 = 𝟐 interactions yields a Majorana mass 

for the light active neutrino

• Effective Majorana mass is one of the channels to

access neutrino mass

𝑇1/2
0𝜈

−1
= 𝐺0𝜐 𝑀0𝜐 2

𝑚𝛽𝛽

LamLAND-Zen, H. Miyake, PIC2024

https://indico.cern.ch/event/1414470/contributions/6157703/attachments/2953026/5191516/KLZ_HMiyake_PIC2024.pdf


Neutrinoless Double-Beta Decay
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• Search for neutrinoless double-beta decay (𝟎𝝊𝜷𝜷) of atomic nuclei
𝑍, 𝐴 → 𝑍 + 2, 𝐴 + 𝑒− + 𝑒−

• The current best limit, obtained by KamLAND-Zen with 𝟏𝟑𝟔𝑿𝒆
𝜏1/2 > 2.3 × 1026𝑦𝑟

1000 kg Xe

LamLAND-Zen, H. Miyake, PIC2024

arXiv:2602.09097

https://indico.cern.ch/event/1414470/contributions/6157703/attachments/2953026/5191516/KLZ_HMiyake_PIC2024.pdf


LNV at Colliders

• The BSM interactions in the see-saw mechanism for neutrino mass

𝛬 ~ GUT scale, υ mass ~ eV, 𝑦 ~ Fermion Yukawa coupling

• If LNV scale 𝜦~𝟏 𝐓𝐞𝐕, LNV signature at colliders

• LNV observables at colliders, same sign dileptons 

𝑌 → 𝑋 + 2𝑒−, 𝑌 → 𝑋 + 2𝜇+

• The results from colliders complement those obtained from 𝟎𝝊𝜷𝜷
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CPC 49, 103002 (2025)



LNV at Flavor Factories

• 𝝁 factory: SINDRUM, Mu2e, Comet, 𝜇−Ti → 𝑒+Ca

• 𝝉 factory: Babar, Belle/BelleII 𝜏− → 𝑒+𝜋−𝜋−

• 𝑲 factory: NA62, KOTO, … 𝐾+ → 𝜋−𝜇+𝜇+

• 𝑫 factory: BESIII, LHCb, Belle, … 𝐷+ → 𝜋−𝜇+𝜇+

• 𝑩 factory: LHCb, Babar, Belle, … 𝐵− → 𝜋+𝜇−𝜇−

• Provide useful bounds on the effective Majorana neutrino mass matrix

𝑚𝑙𝑙′~Σ𝑖𝑈𝑙𝑖𝑈𝑙′𝑖𝑚𝜈𝑖

• Although not as strong as the constraints on 𝒎𝒆𝒆 from 𝟎𝝊𝜷𝜷
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LNV                    BNV&LNV

LNV in 𝑫𝟎 decay

• 𝑫𝟎
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HFLAV Group, PRD 113, 012008 (2026)

𝑫𝟎 → 𝒉−𝒉−𝒍+𝒍(′)+

UL: 10−7~10−4 𝑙𝑒𝑣𝑒𝑙



LNV

LNV in 𝑫+ decay

• 𝑫+
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HFLAV Group, PRD 113, 012008 (2026)

𝑫+ → 𝒉−𝒍+𝒍(′)+

UL: 10−8~10−4 𝑙𝑒𝑣𝑒𝑙



LNV

LNV in 𝑫𝒔
+ decay

• 𝑫𝒔
+
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HFLAV Group, PRD 113, 012008 (2026)

𝑫𝒔
+ → 𝒉−𝒍+𝒍(′)+

UL: 10−8~10−4 𝑙𝑒𝑣𝑒𝑙



LNV at BESIII

With the 1010 𝐽/𝜓 events & their intermediate decay products

The upper limits at 90% C. L.

• ℬ 𝜙 → 𝜋+𝜋+𝑒−𝑒− < 1.3 × 10−5 CPC 49, 043001 (2025)

• ℬ 𝜂 → 𝜋+𝜋+𝑒−𝑒− < 4.6 × 10−6 PRD 112, 112021 (2025)

• ℬ 𝜔 → 𝜋+𝜋+𝑒−𝑒− < 2.8 × 10−6 CPC 49, 103002 (2025)

• ℬ 𝐽/𝜓 → 𝐾+𝐾+𝑒−𝑒− < 2.1 × 10−9 CPC 50, 013107 (2026)

• ℬ 𝐷𝑠
+ → ℎ−ℎ0𝑒+𝑒+ < ~10−5 level JHEP 01, 109 (2025)

• ℬ Ξ− → Σ+𝑒−𝑒− < 2.0 × 10−5 arXiv:2511.15394
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Baryon Number
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• Grand Unified Theories (GUTs) combine leptons and quarks in the same symmetry 
multiplets

• Predict the violation of the baryon and lepton quantum numbers

• Proton decay @90% C. L.

SNO+: 𝜏 𝑝 → 𝑖𝑛𝑣 > 1.1 × 1029 𝑦𝑟

SuperK: 𝜏 𝑝 → 𝑒+𝜋0 > 2.4 × 1034 𝑦𝑟

PRD 105, 112012 (2022), PRD 102, 112011 (2020) SNOLAB, 2023

https://doi.org/10.1103/PhysRevD.105.112012
http://doi.org/10.1103/PhysRevD.102.112011
https://www.snolab.ca/news/snolab-captures-first-reactor-neutrinos-detected-by-water/


𝒏 − ഥ𝒏 Oscillation
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• Experimental limits from SuperK (@90% C.L.)

Free neutron oscillation time: 𝜏𝑛 ത𝑛 > 0.86 × 108 𝑠

Bound neutron (16O) oscillation time: 𝜏𝑚 > 3.6 × 1032 𝑦𝑟

• Effective Hamiltonian for the free (anti-)neutron

𝑛 ℋ𝑒𝑓𝑓 𝑛 = ത𝑛 ℋ𝑒𝑓𝑓 ത𝑛 = 𝑚 − 𝑖
𝜆

2
,  

𝑛 ℋ𝑒𝑓𝑓 ത𝑛 = ത𝑛 ℋ𝑒𝑓𝑓 𝑛 = 𝛿𝑚

• With CPT conserved, 𝜏𝑛 = Τ1 𝜆 and 𝜏𝑛 ത𝑛 = Τ1 𝛿𝑚

• 𝒏− ഥ𝒏 oscillation rate 𝒫𝑛 ത𝑛 𝑡 = 𝑠𝑖𝑛2(
𝑡

𝜏𝑛ഥ𝑛
)𝑒−𝜆𝑡, 

• For 𝑡 ≪ 𝜏𝑛 ≪ 𝜏𝑛 ത𝑛, 𝒫𝑛 ത𝑛 𝑡 → (
𝑡

𝜏𝑛ഥ𝑛
)2

Super-Kamiokande



Search for 𝚲 − ഥ𝚲 Oscillation at BESIII
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• In 2007, K.B. Luk pointed out Λ − ഥΛ oscillation may exist 

• In 2010, X.W. Kang & H.B. Li gave a prospect of searching for Λ − ഥΛ oscillation at 
BESIII

• 2017, LHCb constrained on Ξb
0 − തΞb

0 oscillation 

• BESIII searched for Λ − ഥΛ oscillation in 

• Oscillation rate 𝒫 𝛬 < 𝟒. 𝟒 × 𝟏𝟎−𝟔 (90% C.L.)

• Oscillation parameter

𝐉/𝛙 → 𝐩𝐊−ഥ𝚲
𝒐𝒔𝒄𝒊𝒍𝒍𝒂𝒕𝒊𝒏𝒈

𝐩𝐊−𝚲

𝜹𝒎𝚲ഥ𝚲 =
𝓟 𝚲

𝟐𝝉𝚲
𝟐 < 𝟑. 𝟖 × 𝟏𝟎−𝟏𝟖𝐆𝐞𝐕 (90% C.L.)

PRL 131, 121801 (2023)



BNV in Particle Decays at Colliders
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• For elementary particles, 𝒏− ഥ𝒏 oscillation involves 𝑞𝑞𝑞 → ത𝑞ത𝑞ത𝑞

• The lowest dimension operators at dimension 9 in SMEFT:

ℒ𝑛− ത𝑛 =
1

Λ5
෍

𝑗

𝛼𝑗
(9)

𝒪𝑗
BNV

• Consequently, 𝛿𝑚~𝛼𝑗
(9) ΛHAD

6

Λ5

• ΛHAD ~𝑄𝐶𝐷 𝑠𝑐𝑎𝑙𝑒, current 𝜏𝑛 ത𝑛 bounds yields BNV mass scale of ~ 100 TeV

• Search for BNV decays of short-lived particles

ℬ 𝑍 → 𝑝𝑒, 𝑝𝜇 < 1.8 × 10−6

ℬ 𝜏− → ҧ𝑝𝜇−𝜇+ < 1.8 × 10−8

ℬ 𝐵0 → 𝑝𝜇− < 2.6 × 10−9



BNV Searches at BESIII
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•



Summary

• Symmetries and their violation play key roles in the SM

• Discovery of LNV/BNV would represent a groundbreaking milestone

• Experiments of intensity frontiers, Belle II, LHCb, BESIII, … has contributed a 

lot in LNV/BNV searches

• More to expect in the future
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Thank you!


