
Testing tree level TeV scale seesaw scenarios in μTRISTAN

Arindam Das
Hokkaido University

2nd Hokkaido Workshop on Particle Physics at Crossroads
March 3 − 6, 2026



proposed in 60s and observed in 2012 by LHC

proposed to be massless, however, neutrino
oscillation and flavor mixing confirm the

presence of tiny neutrino mass

Higgs (H)

Neutrinos

Dark Matter relic abundance
Baryon asymmetry of the universe
Strong CP problem

Other sourses of beyond the SM scenario

SM needs to be extended

Standard Model of elementary particles and Beyond the Standard Model

2

Several proposals
1. Tree level

2. Quantum level

3. Gauge extension

4. Higher dimensional operators
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Some (interesting) unknown facts about the neutrinos
Nature of the neutrinos : Dirac/ Majorana

The origin of tiny neutrino mass

Neutrino mass hierarchy

Lepton number conserving/ violating

The mechanism of neutrino mass generation

Normal hierarchy/Inverted hierarchy

Type of neutrino mixing matrix :
UPMNS : unitary/non − unitary

values of Dirac/ Majorana CP phases

Neutrino interactions how do the neutrinos interact?
any involvements of BSM physics





Seesaw scenario SM + at least two generations of Majorana type Right Handed Neutrinos

MD =
YDv

2
Dirac mass after electroweak symmetry breaking

Neutrino mass matrix

diagonalizing mν ≃ − MDm−1
N MT

D

as a result light and heavy neutrino mass eigenstates are mixed
ν ≃ 𝒩νm + VNm, V ≃ MDm−1

N

modified charged (CC) and neutral (NC) current interactions of the lepton sector



SM singlet

Another interesting aspect : U(1) extension of the SM

Fields SU(3)c ⊗ SU(2)L ⊗ U(1)Y U(1)X

BSM fields
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3 right handed neutrinos
Scalar field

a linear combination of
U(1)B−L and U(1)Y

providing anomaly free scenario

provides a new neutral gauge boson Z′￼

with the SM gauge bosons
(RHNs) carry information of {xH, xΦ}



The Yukawa interaction

The renormalizable scalar potential

Seesaw mechanism

mN =
YNvΦ

2

Majorana mass :Dirac mass :

mD =
Yνv

2

light neutrino mass −mDm−1
N mT

D

After the U(1)X and electroweak symetries are broken

After the breaking of U(1)X symmetry mass of Z′￼ is generated
MZ′￼

= 2gXvΦxΦ gX is U(1)X coupling

Neutrino mass matrix

< Φ > =
vΦ

2
< H > =

v

2

we consider in our analysisxΦ = 1



diagrams proportional to 4th power of mixing are strongly suppressed



Production and decay of heavy neutrinos

Cross section normalized by mixing branching ratios

s = 346 GeV, 1ab−1 luminosity

combined generic backgrounds :ℓ+2j + 3ν, ℓ±2j + ν/ν̄
pj

T > 20 GeV, |η | < 4.5, pℓ
T > 20GeV, |η | < 2.5, Emiss

T < 60 GeV mjj ∈ [70,90] GeV mℓjj ∈ [MN − 20, MN + 20] GeV



Signal and backgrounds before and after cuts



Limits on light − heavy mixing angles 2410.21956



Interaction between Z′￼ and fermions

qfL,R
= f(xH, xΦ)

Limits on U(1) coupling from e−e+ → ff̄ considering MZ′￼
≫ s

Λf±
XX : effective scale obtained from lepton collider studies (LEP − II, ILC)

xΦ = 1

bounds from different experiments

M2
Z′￼

≥
g2

X

4π
|qeL/R

qfL/R
|2 (Λf±

XX)2

Scattering experiments : ν − e (Borexino, Tenono, GEMMA, CHARM − II), ν − N (COHERENT)
e± beam dump(BD) : NA64, E774, Orsay, KEK p+ BD : LSND, PS191, NOMAD, CHARM

( = 209 GeV)

High energy scattering

LEP − II, LHC(dilepton, dijet), ILC
2104.10902

Z′￼ induced scenarios :

Low energy bounds from



Current constraints (1) xH = − 2, xΦ = 1 : U(1)R case
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(2) xH = 0, xΦ = 1 : U(1)B−L case



Interesting aspects of Z′￼ induced scenarios in μTRISTAN

s = 346 GeV

μ+e− → μ+e−2401.00696



s = 2 TeVμ+μ+ → μ+μ+



Heavy neutrino pair production in muon collider
μ+

μ−

Z′￼

N

N

∝
g4

X

(s − M2
Z′￼

)2 + Γ′￼Z
2M2

Z′￼

≈
g4

X

M4
Z′￼

+ Γ′￼Z
2M2

Z′￼

s < MZ′￼
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MN = 1 TeV

gX = 0.7

gX = 0.9

gX = 0.8

xH = 0

s = 3 TeV : σ(NN) = 3 fb, 5 fb, 8 fb
(BR(N → ℓW) × W → jj)2 × 1ab−1 :

roughly 100 − 500 same sign dilepton plus two jet events

Lepton number violating signature

detailed cut based analysis will appear soon

(in progress)

MZ′￼
= 7.5 TeV



Conclusions and future prospects of μTRISTAN and muon colliders in search of BSM physics

1. μ+e− → Nν : long lived heavy neutrinos in forward direction

modifies ν − e scattering : constrains gX − MZ′￼
plane

4. Muon beam dump (Z′￼, heavy neutrino production), muon ion scattering (MuSIC), etc

2. Neutrinos@μ colliders : a possible signature of BSM physics ν − e scattering and neutrino NSI

1. We studied heavy neutrino production at μTRISTAN and proposed a viable parameter region
which could be probed in this collider .

2. We propose the possibility to study left − right asymmetry through Z′￼ the same context .
3. Heavy neutrino pair production in muon colider through Z′￼ : NOT suppressed by |V |4 , manifests

lepton number violating signature .

μ+

μ−
μ−

μ+γ γ

Future direction

ν ν

ν̄ ν̄

NSI (in progress)ν − e scattering (in progress)

Z′￼



Thank You


