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1. Introduction

Right-handed neutrinos NR are naturally required by

U(1)X gauge symmetry extension of the SM

[U(1)X is generalization of U(1)B-L , U(1)R , etc.] 

anomaly cancellation

Spontaneously broken U(1)X

Massive new scalar 𝜙 and gauge boson Z’ 

that couple with NR

Lepton number violating (LNV) Yukawa 𝑌𝑁Φ𝑁𝑅
𝐶𝑁𝑅

New scalar field Φ

Connection to neutrino mass generation



1. Introduction

LNV signal can be induced via Higgs/Z boson decay

They are good target in current/future Higgs/Z factories

➢ LHC ➢ Future lepton colliders

FCCee, CEPC, ILC, Muon colliders

Lepton flavor violation (LFV) can be also induced

*We focus on LNV without LFV in this work

*New scalar and Z’ bosons are assumed to be heavy



2. Model setup

The SM is extended adding a local U(1)X symmetry

Field contents : SM fields

                              + one complex singlet scalar Φ

                              + Three right-handed neutrinos 𝑵𝑹

Charge assignments (𝑺𝑼 𝟐 , 𝑼(𝟏)𝒀, 𝑼(𝟏)𝑿)
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2. Model setup

Interaction Lagrangian and potential

U(1)X is spontaneously broken by 𝚽 VEV

𝑌𝑁Φ𝑁𝑅
𝐶𝑁𝑅 →

1

2
𝑌𝑁(𝑣Φ+ ෨𝜙)𝑁𝑅

𝐶𝑁𝑅

LNV Yukawa interaction and mass term



2. Model setup

Neutrino mass

Light neutrino mass via type-I seesaw

𝑚𝜈 ≈ 𝑚𝐷𝑀𝑁
−1𝑚𝐷

𝑇 𝑚𝐷 =
𝑌𝜈

2
𝑣, 𝑀𝑁 =

𝑌𝑁

2
𝑣Φ

𝜈′𝐿
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𝑐

0 𝑚𝐷
𝑇

𝑚𝐷 𝑀
𝜈′𝐿

𝑐

𝑁𝑅

Heavy-light neutrino mixing

𝜈′𝑙 ≈ 𝜈𝑙 + 𝑉𝑙𝑁𝑖
𝑁𝑖 𝑉𝑙𝑁𝑖

≈ 𝑚𝐷/𝑀 𝑙𝑁𝑖



2. Model setup

Scalar mixing

diagonalizing

Z-Z’ mixing

Mixing angle



2. Model setup

Relevant interactions in mass basis

𝐿 ⊃
1

2
𝑌𝑁 ℎ 𝑠𝑖𝑛𝛼 + 𝜙 𝑐𝑜𝑠𝛼 𝑁𝑅

𝐶𝑁𝑅

Z/h decay into NN

N decay



2. Model setup

❖ NR decay : 𝑁𝑅 → 𝑊±∗𝑙∓ → 𝑙∓𝑗𝑗

For simplicity we assume

the lightest N couples with only e

𝑉𝑒𝑁1
~1 ≫ 𝑉𝜇𝑁1

, 𝑉𝜏𝑁1

We focus on the lightest N



2. Model setup

❖ Higgs decay modes with NR 

❖ Z boson decay into a NR pair



2. Model setup

Higgs decay BR for 𝒉 → 𝑵𝑵 mode 



3. Signal and analysis

LNV signals from Higgs boson decay

➢ Hadron collider 

𝑝𝑝 → ℎ → 𝑁𝑁

→ 𝑙±𝑙±𝑗𝑗𝑗𝑗

➢ 𝒆+𝒆− colliders 

𝑒+𝑒− → 𝑍ℎ → 𝑍𝑁𝑁

→ 𝑙±𝑙±𝑗𝑗𝑗𝑗𝑗𝑗

2-same sign leptons 

+ 4 jets (2SSL4j)

2-same sign leptons 

+ 6 jets (2SSL4j)

➢ 𝝁+𝝁− colliders (for Higgs production) 

𝜇+𝜇− → ℎ → 𝑁𝑁

→ 𝑙±𝑙±𝑗𝑗𝑗𝑗
2SSL4j

Blas, Gu, Liu, PRD 106 (2022)



3. Signal and analysis

Backgrounds and cuts

With charge misidentification

To reduce # of backgrounds we impose kinematical cuts:

BGs:

For hadron collider

For lepton collider

We simulate signal and BGs using MadGraph5



3. Signal and analysis

Signal cross sections and events

❖ Signal from Higgs decay (with cuts, BR=1)

❖ Background cross section after cuts

❖ Significance 

Charge misidentification rate

𝜖𝑒𝑓𝑓: signal efficiency𝑆𝐿𝑁𝑉 =
𝜖𝑒𝑓𝑓𝑁𝑆

𝜖𝑒𝑓𝑓𝑁𝑆 + 2𝜖𝑚𝑖𝑠𝑠𝜖𝑒𝑓𝑓
𝐵 𝑁𝐵



3. Signal and analysis

Sensitivity to scalar mixing via LNV Higgs decay signal



3. Signal and analysis

LNV signals from Z boson decay

𝑒+𝑒− → 𝑍 → 𝑁𝑁

→ 𝑙±𝑙±𝑗𝑗𝑗𝑗
2SSL4j

Backgrounds: 𝑒+𝑒− → 𝑙+𝑙−𝑗𝑗𝑗𝑗 With charge misidentification

Kinematical cuts

Signal efficiency under cuts

𝜖𝑒𝑓𝑓~0.091 − 0.035



3. Signal and analysis

Sensitivity for LNV Z decay signal

𝑆𝐿𝑁𝑉 =
𝜖𝑒𝑓𝑓𝑁𝑆

𝜖𝑒𝑓𝑓𝑁𝑆 + 2𝜖𝑚𝑖𝑠𝑠𝜖𝑒𝑓𝑓
𝐵 𝑁𝐵



Summary and Discussions

❖ U(1)X extension of the SM

✓ Three right-handed neutrinos from anomaly cancellation

✓ Spontaneous symmetry breaking via new scalar VEV

✓ Z’ and scalar boson couples to right-handed neutrinos

✓ Z-Z’ and scalar mixings induce Higgs/Z decay into NN mode

❖ LNV signal in Higgs/Z boson decays

✓ A NN pair from Higgs/Z decay

✓ N decay induce LNV signals

✓ Current LHC constraint

✓ Estimating sensitivity at future collider experiments

❖ Future directions

✓ Analysis for LNV + LFV signals

✓ Long-lived right-handed neutrino case
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  𝜙


   Y N Φ    N R C -  N R


   𝑵 𝑹


  𝑺 𝑼  ( 𝟐 ) ,     𝑼 ( 𝟏 ) 𝒀 ,     𝑼 ( 𝟏 ) 𝑿


   q L i :    (  2 ,    1 6 ,      x H 6 +    x Φ 3 ) ,      u R i :  (  1 ,    2 3 ,     2  x H 3 +    x Φ 3 ) ,


   d R i :    (  1 ,   −  1 3 ,   −    x H 3 +    x Φ 3 ) ,      l R i :  (  2 ,   −  1 2 ,   −    x H 2 −    x Φ 3 ) ,


   e R i :    (  1 ,   − 1 ,   −  x H −  x Φ ) ,      N R i :  (  1 ,   0 ,   −  x Φ ) ,


  H :    (  2 ,    1 2 ,      x H 2 ) ,     Φ :  (  1 ,   0 ,   2  x Φ ) ,


  𝚽


   Y N Φ    N R C -  N R →    1   2 Y N   ( v Φ +  𝜙 ~ )    N R C -  N R


   m 𝜈 ≈  m D  M N  − 1  m D T


   m D =    Y 𝜈   2 v ,


   M N =    Y N   2  v Φ


   (         𝜈 ′ L -      N R c - )  (     0   m D T    m D  M )  (       𝜈 ′ L c    N R )


    𝜈 ′ l ≈  𝜈 l +  V  l  N i  N i


   V  l  N i ≈    (   m D / M )  l  N i


  L ⊃    1   2 Y N  (  h   s i n 𝛼 + 𝜙   c o s 𝛼 )    N R C -  N R


   N R →  W  ± ∗  l ∓ →  l ∓ j j


   V  e  N 1 ~ 1   ≫  V  𝜇  N 1 ,  V  𝜏  N 1


  𝒉 → 𝑵 𝑵


  p p → h → N N


  →  l ±  l ± j j j j


   𝒆 +  𝒆 −


   e +  e − → Z h → Z N N


  →  l ±  l ± j j j j j j


   𝝁 +  𝝁 −


   𝜇 +  𝜇 − → h → N N


  →  l ±  l ± j j j j


   𝜖  e f f :


   S  L N V =    𝜖  e f f  N S     𝜖  e f f  N S + 2  𝜖  m i s s  𝜖  e f f B  N B


   e +  e − → Z → N N


  →  l ±  l ± j j j j


   e +  e − →  l +  l − j j j j


   𝜖  e f f ~ 0 . 091 − 0 . 035


   S  L N V =    𝜖  e f f  N S     𝜖  e f f  N S + 2  𝜖  m i s s  𝜖  e f f B  N B

