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Neutrino masses
• Neutrino masses have been confirmed by oscillation experiments, which are 
not accommodated within the standard model 
• Mass-squared differences and mixing angles have been measured precisely 
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We still don’t understand 

• Mass hierarchy (ordering) 
• CP violation in the lepton sector 
• Origin of neutrino masses 
• Neutrino is Dirac or Majorana

In this talk, we consider  

• The origin of neutrino masses 

• Its experimental tests



Seesaw mechanism
• We consider the seesaw mechanism for neutrino masses by introducing 
right-handed neutrinos (RHNs) 

• It can naturally explain the smallness of neutrino masses  

• RHNs can generate the baryon asymmetry via lepton asymmetry 
creation 

• RHN can be a DM candidate 

• RHN naturally appears as part of the 16-dim. spinor representation in 
SO(10) GUT 
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Short summary
• We consider the seesaw mechanism with two RHNs, which is the 
minimal option to explain the two mass square differences observed 
by oscillation experiments. 

At least two generations of active neutrinos must have non-zero 
masses 

• Especially we consider the TeV scale RHNs, which can be probed by 
future experiments  

• Since the seesaw mechanism induces lepton number violation (LNV),  
we investigate the LNV processes like , 
( )

e±e± → W±W± μ±μ± → W±W±

ΔL = ± 2
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Seesaw mechanism with two 
right-handed neutrinos



Model
• SM + two RHNs( ) 

• Two types of neutrino masses 

• Seesaw mechanism( )

I = 1,2

MD ≪ MI
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:HiggsH:Yukawa couplingYαI :Right-handed neutrinoNR

Three active neutrinos( )νi Two heavy neutral leptons( )NI
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Neutrino mixing
• Neutrino mixing in the charged current interaction 

• Mixing elements of heavy neutral leptons
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,:Mass-eigenstate neutrinosνi, NI:PMNS matrixUαi :Mixing elements ΘαI
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Parametrization of Yukawa couplings
• Yukawa couplings 

• PMNS matrix

9

,  D m = diag( m1, m2, m3) D M = diag( M1, M2)

for NH, for IH

:complex free parameterω

[Casas,Ibarra(2001)]
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TeV scale seesaw mechanism
• Active neutrinos and heavy neutral leptons in the seesaw mechanism 
are Majorana fermions 

• Lepton number is violated at Lagrangian level 

• Non standard model LNV processes 

• Meson decays ( ) 

• Neutrinoless double beta ( ) decay 

• ,  

B− → Nμ− → π+μ−μ−

0ν2β

e±e± → W±W± μ±μ± → W±W±
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TeV scale RHNs can be probed by future lepton colliders



LNV processes in the seesaw 
mechanism



 decay by massive Majorana active neutrinos0ν2β
• Process 

(A, Z)  (A, Z + 2) +  

• Effective mass 
 

• Current experimental bound 
 meV( ) 

→ 2e−

meff = ∑
i

U2
eimi

meff < (28 − 122) 136Xe

A:Mass number,  Z:Atomic number
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[KamLAND-Zen(2024)]
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FIG. 3: Allowed region for the 136Xe 0ωεε rate and the long-
lived spallation background rate in the energy region 2.35 <
E < 2.70MeV (0ωεε window). The red dot and contour lines
correspond, respectively, to the best-fit and the 1ϑ, 90%, 95%,
99% C.L. intervals for two degrees of freedom. The horizontal
line indicates the MC-based prediction.

2097 kg yr of 136Xe, more than double the amount of the
previous search [3]. The 0ωεε decay rate is estimated
from a simultaneous likelihood fit to the binned energy
spectra of SD and LD between 0.5 and 4.8MeV. The
binned energy spectra are made by dividing the 2.5-m-
radius fiducial volume into 40 equal-volume bins (illus-
trated in Fig. 1), considering the time variation of event
rates. The contributions from major backgrounds in the
Xe-LS, such as 85Kr, 40K, 210Bi, the 228Th-208Pb sub-
chain of the 232Th series, and long-lived spallation prod-
ucts, are free parameters and are left unconstrained in the
spectral fit. The contributions from the 222Rn-210Pb sub-
chain of the 238U series and short-lived spallation prod-
ucts are constrained by their independent measurements.
The parameters of the detector energy response model
are constrained by 214Bi data. The energy spectral dis-
tortion parameter (a linear rescaling) for the long-lived
spallation products is constrained by its estimated un-
certainty (Fig. 10 in Ref. [26]).

Figure 2 shows the energy spectra of selected candi-
date SD and LD events within a 1.57-m-radius spherical
volume together with the best-fit curves. The exposure
of 136Xe for SD in this reduced volume is 1.13 ton yr. The
best-fit background contributions are summarized in Ta-
ble I. The 0ωεε signal best-fit is 0 events, indicating no
event excess over the background expectation. We ob-
tain a 90% confidence level (C.L.) upper limit on the
number of 0ωεε decays of < 10.0 events (< 8.0 events in
the range 2.35 < E < 2.70MeV), which corresponds to
a limit of < 8.9 (ton yr)→1 in units of 136Xe exposure, or
T 0ωεε
1/2 > 3.4 → 1026 yr (90% C.L.). An analysis based

on the Feldman-Cousins procedure [29] gives a slightly
stronger limit of 4.3 → 1026 yr (90% C.L.), indicating a
limited impact of the physical boundary on the 0ωεε
rate at low statistics. An MC simulation of an ensemble
of experiments assuming the best-fit background spec-
trum rwithout a 0ωεε signal indicates a median sensi-
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FIG. 4: E!ective Majorana neutrino mass →mωω↑ as a func-
tion of the lightest neutrino mass mlightest. The dark shaded
regions are predictions based on best-fit values of neutrino
oscillation parameters for (a) the normal ordering (NO) and
(b) the inverted ordering (IO), and the light shaded regions
indicate the 3ϑ ranges calculated from oscillation parameter
uncertainties [30, 31]. The horizontal lines indicate 90% C.L.
upper limits on →mωω↑ with 136Xe from KamLAND-Zen (this
work), considering an improved phase space factor calcula-
tion [32, 33] and phenomenological NME calculations: shell
model [34–37] (dot-dashed lines), quasiparticle randomphase
approximation (QRPA) [38–42](dotted lines), energy-density
functional (EDF) theory [43–45] (solid lines), interacting bo-
son model (IBM) [46, 47] (dashed lines). (c) The correspond-
ing limits for 136Xe, 76Ge [48], and 130Te [49]. Three theoreti-
cal predictions in the IO region are also shown: (A)[4], (B)[5],
(C)[6].

tivity of 2.3 → 1026 yr. The probability of obtaining a
limit stronger than that reported here is 24%. In addi-
tion to the frequentist analyses above, we also performed
a statistical analysis within the Bayesian framework, as-
suming a flat prior for 1/T 0ωεε

1/2 . The Bayesian limit and

median sensitivity are 3.4→1026 yr and 2.4→1026 yr (90%
C.L.), respectively.

Figure 3 shows the allowed region of the 136Xe 0ωεε
rate and the long-lived spallation background rate from a
combined fit of the KamLAND-Zen 400 and 800 datasets,
giving a limit of

T 0ωεε
1/2 > 3.8→ 1026 yr (90% C.L.). (1)

The best-fit long-lived spallation background rate is
30.2± 4.5 (ton yr)→1indicating good consistency between
the MC-based prediction and the LD analysis. This com-
bined analysis has a sensitivity of 2.6 → 1026 yr, and the
probability of obtaining a stronger limit is 29%. The
lower limit on T 0ωεε

1/2 can be converted to an upper limit
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 decay in the seesaw mechanism0ν2β

•  

•  decay gives upper bound on 

meff = ∑
i

U2
eimi + ∑

I

Θ2
eI f(MI)MI

0ν2β ΘeI

13

: suppression factor,  ~ f(MI) ∼
⟨p2⟩

⟨p2⟩ + M2
I

⟨p2⟩ O(100MeV)
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,  at future lepton collidere±e± → W±W± μ±μ± → W±W±

•  processes 

• Advantages over  decay:  

• Clean experimental signature 

• Free from uncertainties in nuclear matrix elements 

• A good target for searching heavy neutral leptons at TeV scale 

ΔL = ± 2

0ν2β
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Sensitivity at future lepton colliders

 

• Target: RHNs with TeV scale mass and large mixing elements
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FIG. 3. Sensitivity of µTRISTAN (purple curves) and e→e→ collider (red curves) to neutrinophilic scalars (left) and HNLs
(right) based on a signal rate analysis. The solid (dashed) curves are for

→
s = 1 TeV (

→
s = 250 GeV) with an integrated

luminosity of 1 ab→1 (100 fb→1). The gray-shaded regions are existing constraints; see text for details.

and HL-LHC projections. At low masses, mω ↭ 1
GeV, µTRISTAN surpasses the expected sensitivity of
the FPF, while for higher masses, µTRISTAN outper-
forms both the FPF and DUNE. Increasing the energy
to

→
s = 1 TeV, we see that µTRISTAN probes neu-

trinophilic scalars up to mω ↑ 800 GeV, far beyond the
sensitivity of DUNE and LHC experiments. In addition,
µTRISTAN fully probes the relic abundance lines of self-
interacting sterile neutrino dark matter [56, 58, 59] and ω-
mediated Dirac fermion dark matter [57, 59] benchmarks,
depicted by the black dashed and dot-dashed curves, re-
spectively. Overall, we see that a same-sign muon collider
like µTRISTAN has an unprecedented sensitivity to neu-
trinophilic scalars.

Heavy Neutral Leptons

The Majorana HNL analysis has the same require-
ments as the neutrinophilic scalar case, with the addi-
tion of a cut on the missing transverse energy, E

miss
T <

20 GeV, since the signal has no missing energy. This en-
forces that we are probing actual LNV and significantly
improves the reach for this model. This feature can be
used to easily distinguish the HNL vs the neutrinophilic
scalar in case of a measurement di!erent from the SM.

In the right plot of Fig. 3, we show the sensitivity
of same-sign lepton colliders to HNLs. The reach of
µTRISTAN at

→
s = 250 GeV with a luminosity of 100

fb→1 is shown by the dashed purple curve. We see that
the reach goes beyond existing ATLAS and CMS searches
[41, 43] (gray shaded regions), as well as HL-LHC pro-
jected sensitivity [88] for mN ↫ 300 GeV. Increasing
the center-of-mass energy and luminosity to 1 TeV and

1 ab→1, respectively, pushes the reach to higher masses
and is competitive to FCC-hh projections [88]. Further-
more, µTRISTAN goes beyond constraints from elec-
troweak precision observables depicted by the horizontal
gray line at |Uµ|2 ↓ 0.01 [89].

We also show the sensitivity of an e
→

e
→ collider with

the red curve in Fig. 3. The analysis, in this case, re-
quires final state leptons of a di!erent flavor, with the
dominant background being the same as before, but with
the W

+ ↔ µεµ. The reach, in this case, is weaker, but it
is a proof of concept to probe di!erent flavor couplings.
This opens the possibility of probing, for example, tau-
coupled HNLs in the same sign muon collider.

The sensitivity of µTRISTAN for direct HNL produc-
tion is depicted by the light-purple curve in Fig. 3. Be-
cause the initial beams are anti-muons, we require the
HNL to decay to a muon N ↔ W

+
µ
→. The signa-

ture in this case is µ
+
µ

+ ↔ W
+
W

+
µ

+
µ
→ and vio-

lates lepton number by two units. Again, we consider
hadronic W decays and select final states with two op-
posite sign muons with p

ε
T > 20 GeV, 4 jets that each

have p
j
T > 20 GeV and no additional leptons. In the SM,

the main background has additional missing energy as it
comes from µ

+
µ

+ ↔ W
+
W

+
µ

+
µ
→

ε̄µε̄µ. Therefore, we
require E

miss
T < 20 GeV since the signal has no missing

energy. We see that µTRISTAN probe regions of param-
eter space complementary to existing LHC searches and
future sensitivity of HL-LHC.

DISCUSSION

This work has explored the unique advantages of same-
sign lepton colliders in probing LNV, a phenomenon that

Figure 8: 2� exclusion limit of |VµN1 |2 as a function of varying Majorana neutrino mass

MN . The green solid line corresponds to the semi-leptonic processes at a muon collider withp
s = 1TeV,L = 1 ab�1. The red solid line corresponds to the pure-leptonic processes at a

muon collider with
p
s = 1TeV,L = 1 ab�1. The dark-blue line corresponds to the hadronic

processes at a muon collider with
p
s = 1TeV,L = 1 ab�1. The black line corresponds to

the hadronic processes at a muon collider with
p
s = 10TeV,L = 1 ab�1. The black dotted

line corresponds to the hadronic processes at a muon collider with
p
s = 10TeV,L =

10 ab�1. The experimental result from LHC and other simulation results are also added

for comparison.

6 Conclusions and Outlook

In this paper, we investigate the potential of searching for Majorana neutrinos at future

muon collider through the µ+µ+ ! W+W+ scattering process. It is a typical 0⌫�� like

process and can be used to research LNV phenomenon. In our simulation, we focus on the

collider phenomenology of µ+µ+ ! W+W+ process, to find the kinematic features that

help to increase the detection potential, such as the distribution of cos ✓`` in pure-leptonic

processes and M4j in hadronic processes. We have studied three final states and four

di↵erent conditions with fast simulation, determined the value of mixing elements squared

|VµN1 |2 corresponding to various Majorana neutrino mass at CL=95%. We also performed

full simulation in pure-leptonic channel, the results show roughly similar distributions as

fast simulation. Furthermore, we use BDT training on hadronic processes at
p
s = 1TeV,

the result shows that the variable M4j can be used to distinguish signal and backgrounds

e↵ectively. The distribution of some significant variables and associated cut-flow tables

in pure-leptonic, semi-leptonic and hadronic channels are presented with collision energyp
s = 1TeV and L = 1 ab�1. We studied the fatjet signature at collision energy

p
s =

10TeV, L = 1 ab�1 and 10 ab�1 respectively, it turns out that these channels provide

– 11 –
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μ±μ± → W±W±

[R.Jiang et al. (2023)][C.Lima et al. (2024)]



Upper bounds on  
 ( , )σ e±e± → W±W± μ±μ± → W±W±



Case for the seesaw mechanism
•  is induced at  effect, and large  is required 

•  is severely restricted by stringent constraint on  from  
decay [Asaka, Tsuyuki(2015)] 

• As for , such a constraint might be avoided and cross section 
might be large at detectable level   

• However,  and  are not independent free parameters and are related to 
each other in the seesaw mechanism  

• In this analysis, we estimate the upper bounds on cross sections of 
 and   by imposing the constraints from the  

decay as well as the electroweak precision measurements

l±l± → W±W± |Θl |
4 Θl

e±e± → W±W± Θe 0ν2β

μ±μ± → W±W±

Θe Θμ

e±e± → W±W± μ±μ± → W±W± 0ν2β
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Ratio between mixing elements
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• In the seesaw mechanism, the mixing elements  and  are 
related to each other  
• In the NH case,  can be much smaller than , and thus a 
stringent bound on  from the  decay does not affect  

|Θe |2 |Θμ |2

|Θe |2 |Θμ |2

|Θe |2 0ν2β |Θμ |2



Upper bounds on cross sections
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In the seesaw mechanism with two RHNs, 
  is a good target of future muon colliders for the NHμ±μ± → W±W±

NH IH

e±e± → W±W±

μ±μ± → W±W±

Constraints
1.  decay:  <122meV  [KamLAND-Zen(2024)] 

2.EW precision measurements: upper bounds on  [M.Blennow(2023)] 

0ν2β meff

|ΘαIΘ*βI |

preliminary preliminary

μ±μ± → W±W±

e±e± → W±W±



Summary
• We considered the seesaw mechanism with two RHNs and investigated the 
lepton number violating processes when RHNs are TeV scale 

• Especially, we discussed ,  at future lepton colliders  

• The cross sections of ,  are severely restricted by 
the  decay 

• We found upper bound on  is relaxed for the NH,  

because  for NH while  for IH  

•  is a good target of future muon colliders for the NH

e±e± → W±W± μ±μ± → W±W±

e±e± → W±W± μ±μ± → W±W±

0ν2β

μ±μ± → W±W±

|Θe |2

|Θμ |2 = O(10−2 − 1) O(10−1 − 10)

μ±μ± → W±W±

20



Back up



Constraints from electroweak precision measurements

2N-SS Normal Ordering Inverted Ordering
68%CL 95%CL 68%CL 95%CL

ωee =
|εe|

2

2
6.4 · 10→6 9.4 · 10→6 [0.98, 4.4] · 10→4 5.5 · 10→4

ωµµ =
|εµ|

2

2
6.9 · 10→5 1.3 · 10→4 [0.20, 1.0] · 10→6 3.2 · 10→5

ωωω =
|εω |

2

2
8.6 · 10→5 2.1 · 10→4 [0.94, 2.8] · 10→5 4.5 · 10→5

Tr [ω] =
|ε|2

2
1.6 · 10→4 2.9 · 10→4 [1.1, 4.8] · 10→4 6.0 · 10→4

|ωeµ| =

∣∣εeε↑µ
∣∣

2
8.3 · 10→6 1.2 · 10→5 [0.37, 1.0] · 10→5 1.3 · 10→5

|ωeω | =
|εeε↑ω |

2
1.5 · 10→5 2.2 · 10→5 [0.25, 1.2] · 10→4 1.4 · 10→4

|ωµω | =
|εµε↑ω |

2
7.2 · 10→5 1.3 · 10→4 [0.38, 3.0] · 10→6 3.5 · 10→5

Table 4: Upper bounds (or preferred intervals) for the most minimal set-up with two heavy
neutrinos forming a single pseudo-Dirac pair (2N-SS), which are obtained from the boost-
rapped profiles in Fig. 2 and the equivalent ones (not-shown) for Tr [ω] and the o!-diagonal
elements. Note that these results directly apply to ω and to (half of) the squared active-sterile
mixings |εε|

2. They can also be easily translated to the ϑ-parametrization, as detailed in the
text.

be regardless of its particular flavour structure. Indeed, Tr [ω] is an invariant under changes
of basis and, given that ω is positive definite by construction, its trace corresponds to the sum
of its three eigenvalues.

It is interesting to note that in this scenario the results are rather di!erent between the
profiles for normal and inverted orderings. Besides the di!erent ranges for each ωεε, as it can
be seen in Fig. 2, we find a non-unitary best-fit point for IO, while this does not happen for
NO. This qualitative di!erence, which also conditions the di!erent values obtained for the
allowed ranges, can be understood as an interplay between the preference of the data and the
constrained flavor structure of ω in this model.

On the one hand, in Table 1 a mild (→ 1ϖ) preference for a non-zero ωee + ωµµ from MW

and s2w can be seen, as well as an also mild (→ 1ϖ) preference for ωee > ωµµ from the LFU
ratios. Furthermore, the CKM data strongly disfavors non-zero values of ωµµ, as they can
only worsen the Cabibbo anomaly, and there is also no preference for a non-zero ωωω . On
top of that, the strong cLFV bounds7 on the µ-e sector require either the electron or the
muon mixing to be very small. Combining all these aspects, we obtain that the data prefers
a non-zero ωee with suppressed ωµµ and ωωω . This is represented with a black star in Fig. 3,
where we display the possible flavor patterns for both normal and inverted orderings and for
the di!erent scenarios under consideration.

On the other hand, the flavor structure of the 2N-SS is very restricted. It is determined
7
Notice that in the 2N-SS we expect mixings to all three flavors, since all of them are proportional to the

overall scale ω. This implies that the cLFV rates cannot be avoided by turning just a single ωω o!, and thus

they are specially constraining for this 2N-SS scenario.
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θαθ*β = ∑
I

ΘαIΘ*βI

[M.Blennow et al. (2023)]



To get large mixing and cross section

 

 Want to get large Yukawa coupling 
Use Casas-Ibarra parametrization 

　　　　　　　　  

 
 

We can enhance  
Both mixing and cross section increase 

ΘμI =
YμIv
MI

⇒

Y ∝ Ω =

cos ω, sin ω ∼ e−i(Reω)eImω

⇓

Xω ≡ eImω

⇒

<latexit sha1_base64="iwgIdE6HXrTLKsAlB9J8/tA2Ip8="></latexit>


0 0

cosω → sinω
sinω cosω



 ,

<latexit sha1_base64="oE4rI8JO12wdmIJl7QdUzowXGjQ="></latexit>


cosω → sinω
sinω cosω
0 0




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Experimental upper bound on mixing
• Mixing is constrained by various experiments. 

• Data come from direct search (beam dump, collider) and indirect 
search ( , EW precision, meson decays)0ν2β
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<latexit sha1_base64="HVuKEO3P00miviRmtbz70mqm45w="></latexit>

10→8 → 10→3
<latexit sha1_base64="HVuKEO3P00miviRmtbz70mqm45w="></latexit>

10→8 → 10→3
<latexit sha1_base64="rvrkkhGWjr8fP67n6WpIeGuJS8Q="></latexit>

10→5 → 10→2

Flavor Main experiments Bounds

electron 0ν2β, TRISTAN, DELPHI

muon CHARM-Ⅱ, NuTeV, Bell Ⅱ

tauon Bell, DELPHI, ATLAS



Prospects of lepton colliders

• ILC(Japan) 
 collider(250-500 GeV), 1-2  

• CILC(CERN) 
 collider(Max 3 TeV),  

• TRISTAN(Japan) 
 collider(Max 3 TeV),  

•  Muon collider(USA) 
collider(Max 10 TeV), 

e−e+ ab−1

e−e+ 5ab−1

μ

μ+μ+, μ+e− 6 × 10−7fb−1s−1

μ+μ− 10ab−1
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Processes
<latexit sha1_base64="vQNgB3QfKfaMZH+bQxOZ0kjcM/s="></latexit>

L = +
g→
2
W+

µ ω̄cµε
µPRµ

c + h.c.
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These processes violate lepton number and are forbidden in the SM
• Key parameter 

ΘμI =
YμIv
MI


