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Outline

Symmetries in the Standard Model
Lepton Number Violation

Baryon Number Violation

Summary

v
Sakharov Majorana

Baryogenesis demands Conditions Neutrinos Neutrino masses

BNV, C/CP vplataon, The BSM suggest |AL| = 2 LNV.
thermal non-equilibrium.

Imperative

Algebraic Symmetry

The B-L current is
anomaly-free.
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Symmetries in the SM

C,PCR T CPT

Test of Conservation Laws
Lepton Flavor

Quark Flavor

Accidental:

Lepton Number An output, not an input.

Lepton: L =1

L = Le + Ll’l' + LT :*:.'SI’///J//////—/ ///////////// ST L7777 S 7777777 ’/////’///n’7’77’|v+—:t
Baryon Number

Quark: B = 1/3 Quarks Leptons

(B =1/3) (L=1)
Baryon: B =1 / | / |
< — — ~—————— 7

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

* 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
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LamLAND-Zen, H. Miyake, P1C2024
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https://indico.cern.ch/event/1414470/contributions/6157703/attachments/2953026/5191516/KLZ_HMiyake_PIC2024.pdf

Neutrinoless Double-Beta Decay

* Search for neutrinoless double-beta decay (OvB ) of atomic nuclei
(Z,A) > (Z+2,A)+e +e”

* The current best limit, obtained by KamLAND-Zen with 136xe
Ty > 2.3 X 10%0yr

arXiv:2602.09097 W

1000 kg Xe

2025 2026 2027

KamLAND & KamLANDZ &

KamlLAND-Zen LamLAND-Zen, H. Miyake, PIC2024 KamLANDZ2-Zen
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https://indico.cern.ch/event/1414470/contributions/6157703/attachments/2953026/5191516/KLZ_HMiyake_PIC2024.pdf

LNV at Colliders

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

A ~ GUT scale, U mass ~ eV, y ~ Fermion Yukawa coupling
* If LNV scale A~1 TeV, LNV signature at colliders

LNV observables at colliders, same sign dileptons
Y > X+2e,Y > X+2u"

* The results from colliders complement those obtained from Qv f

Qe 40~

CPC 49, 103002 (2025)
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LNV at Flavor Factories

p factory:  SINDRUM, Mu2e, Comet, u~Ti - etCa

T factory:  Babar, Belle/Bellell T~ s etn n”
K factory: NA62, KOTO, ... Kt ->nutut
D factory:  BESIII, LHCb, Belle, ... Dt - utut
B factory:  LHCb, Babar, Belle, ... B~ -»nmntu u"

Provide useful bounds on the effective Majorana neutrino mass matrix
myy ~2UyUypym,,

Although not as strong as the constraints on m,, from QuBf
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1077~10"% level
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HFLAV Group, PRD 113, 012008 (2026)
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LNV in D] decay

LNV
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LNV at BESIII

With the 10'° J /1 events & their intermediate decay products

B 10.1 x 10° J/3 events

The upper limits at 90% C. L. . Hyperon . Light meson
* B(p omTnte e™) <1.3x 107>  cpcag, 043001 (2025) @ @

« Bn->nTnte e”) <4.6x107°%  PrD112, 112021 (2025) e @ o
e Blw—->n"nte e™) <2.8x107°% cpca9, 103002 (2025)
« B(J/Y > KtKte e™) < 2.1 x 1072 cpc 50, 013107 (2026)

» B(DS > h™h%*et) < ~1075 level JHEP 01,109 (2025)
B(E~- > Xte e”) <2.0x107°

arXiv:2511.15394 ~107
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Baryon Number

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+:  7(p = inv) > 1.1 x 10%° yr
Superk: t(p » etm®) > 2.4 x 103* yr

PRD 105, 112012 (2022), PRD 102, 112011 (2020)
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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 — n Oscillation

Experimental limits from SuperK (@90% C.L.)
Free neutron oscillation time: T,7 > 0.86 X 10% s w _____ _
Bound neutron (1©0) oscillation time:  7,, > 3.6 X 1032 yr

Effective Hamiltonian for the free (anti-)neutron

(n|Hepr|n) = (AlHersln) = m =5,

(n|Herr|m) = (R|Hepg|n) = 6m

With CPT conserved, t,, = 1/Aand t,,; = 1/|ém|
n- n oscillation rate P, .7 (t) = sin? (TL_)e"”,
nn

Fort < T, K T, Pra(t) - (é)2

¥, N\
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Search for A — A Oscillation at BESIII

In 2007, K.B. Luk pointed out A — A oscillation may exist

In 2010, X.W. Kang & H.B. Li gave a prospect of searching for A — A oscillation at
BESIII

2017, LHCb constrained on Ep — Ep oscillation
BESIII searched for A — A oscillation in oscillating

J/W - pK™A >)pK™ A

Oscillation rate P(A) < 4.4 X 107° (90% C.L.)
Oscillation parameter

Events/(0.4 MeV)

P(A)
OMyr = —-
AA Zrlz\

< 3.8 x 10~18GeV (90% C.L.) v

PRL 131, 121801 (2023)

1.09 1.1 1.11 1.12 113  1.14

M, (GeV
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BNV in Particle Decays at Colliders

For elementary particles, n— n oscillation involves qqq — qqq
The lowest dimension operators at dimension 9 in SMEFT:

1
_ E (9) BNV
]

(9 Afiap
Consequently, 6m a;” =5

Ayap ~QCD scale, current 7,7 bounds yields BNV mass scale of ~ 100 TeV
Search for BNV decays of short-lived particles

B(Z - pe,pu) < 1.8x107°

Bt~ - pu ut) <1.8x 1078

BBy » pu~) <26x107°
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BNV Searches at BESIII

A—=A 440 PRL131, 121801 (2023)
B0 —» Ke* 360 PRD108, 012006 (2023)
E'— Kte~ 190

D — pet 120 PRD105, 032006 (2022)
D? = pe~ 220

Dt - fiet+c.c 1430 PRD106, 112009 (2022)
D™ = pe +c.c 2920

D* - Ae* 110 PRD 101, 031102(2020)
DT - Aet 65

Dt — X0t 170

Dt — ¥l 130

Jhy — Afe~ 6.9 PRD 92, 072006(2019)
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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

Thank you!
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