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Neutrino oscillations
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n Three neutrino flavors

n Neutrino oscillations
¤ Quantum phenomena where neutrino can change its flavor 

in propagation
¤ Flavor transition probability

¤ Precisely measured by using solar, atmospheric, reactor, 
accelerator neutrinos

𝑃 𝜈! → 𝜈" = sin# 2𝜃 sin#
Δ𝑚# 𝐿
4𝐸

𝜈!𝜈"𝜈#
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Cf. Three charged leptons

𝜏𝜇𝑒

(simple two-flavor case)



Neutrino properties
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n Mixing angles and mass squared differences are measured 
very precisely

n Unknown properties

¤ Absolute masses of neutrinos (𝑚! "#$%&'(& ?  Mass ordering ?)

¤ CP violations (Dirac phase ?   Majorana phase(s) ?)

¤ Dirac or Majorana fermions 

sin! 𝜃"! = 0.307#$.$""&$.$"!

sin! 𝜃!' = 0.454#$.$"(&$.$")

sin! 𝜃"' = 0.02224#$.$$$*+&$.$$$,(

Δ𝑚!"
! = 7.41#$.!$&$.!" ×10#, eV!

Δ𝑚'"
! = 2.505#$.$!(&$.$!* ×10#' eV!

(NuFIT 5.3 (2024), www.nu-fit.org)

(NH case)
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We do not know how neutrinos obtain masses.



Important Questions
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Origin of neutrino masses

• What mechanism ?
• New particle(s) ?
• New interaction(s) ?
• …

Implications to other physics

Further,…
• New powerful 𝜈 source ?
• New experiment method ?
• Applications to other 

science ?
• …

Experimental tests
• Search @LHC, Belle-II, …
• LNV, LFV
• CPV
• Cosmology (𝛾, GW, …)
• …

𝜈
• Baryogenesis ?
• Dark matter ?
• Planck scale physics ?
• …
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Contents

n Origin of neutrino masses
¤ Standard Model with right-handed neutrinos

and the seesaw mechanism

n Cosmological implication of the seesaw mechanism
¤ Baryon Asymmetry of the Universe

n Experimental tests of seesaw mechanism
¤ Neutrinoless Double Beta Decays

n Summary
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Origin of 
Neutrino Masses

2024/06/05Takehiko Asaka (Niigata Univ.)

6



Origin of neutrino masses
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n Why neutrino masses are so small ?

In the SM
n Masses and mixings are originated in Yukawa interaction terms

n Neutrino masses might be generated in mechanism different 
from other quarks and leptons
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62 Neutrinos

or why there is such a large gap between the neutrino and the charged fermion masses. We suspect, however,
that this may be Nature’s way of telling us that neutrino masses are “di↵erent.”
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Figure 4-2. Standard Model fermion masses. For the neutrino masses, the normal mass hierarchy was
assumed, and a loose upper bound mi < 1 eV, for all i = 1, 2, 3 was imposed.

This suspicion is only magnified by the possibility that massive neutrinos, unlike all other fermions in the
Standard Model, may be Majorana fermions. The reason is simple: neutrinos are the only electrically neutral
fundamental fermions and hence need not be distinct from their antiparticles. Determining the nature of
the neutrino – Majorana or Dirac – would not only help guide theoretical work related to uncovering the
origin of neutrino masses, but could also reveal that the conservation of lepton number is not a fundamental
law of Nature. The most promising avenue for learning the fate of lepton number, as will be discussed
in Sec. 4.3, is to look for neutrinoless double-beta decay, a lepton-number violating nuclear process. The
observation of a non-zero rate for this hypothetical process would easily rival, as far as its implications for our
understanding of nature are concerned, the first observations of parity violation and CP -invariance violation
in the mid-twentieth century.

It is natural to ask what augmented, “new” Standard Model (⌫SM) leads to non-zero neutrino masses. The
answer is that we are not sure. There are many di↵erent ways to modify the Standard Model in order to
accommodate neutrino masses. While these can di↵er greatly from one another, all succeed – by design –
in explaining small neutrino masses and all are allowed by the current particle physics experimental data.
The most appropriate question, therefore, is not what are the candidate ⌫SM’s, but how can one identify
the “correct” ⌫SM? The answer lies in next-generation experiments, which will be described throughout this
chapter.

For concreteness we discuss one generic mechanism in more detail. The e↵ect of heavy new degrees of
freedom in low-energy phenomena can often be captured by adding to the Standard Model higher-dimensional
operators. As first pointed out in [27], given the Standard Model particle content and gauge symmetries,
one is allowed to write only one type of dimension-five operator – all others are dimension-six or higher:

1

⇤
(LH)(LH) + h.c. )

v2

⇤
⌫⌫ + h.c., (4.5)

where L and H are the lepton and Higgs boson SU(2)L doublets, and the arrow indicates one of the
components of the operator after electroweak symmetry is broken. v is the vacuum expectation value of the
neutral component of H, and ⇤ is the e↵ective new physics scale. If this operator is indeed generated by
some new physics, neutrinos obtain Majorana masses m⌫ ⇠ v2/⇤. For ⇤ ⇠ 1015 GeV, m⌫ ⇠ 10�1 eV, in
agreement with the current neutrino data. This formalism explains the small neutrino masses via a seesaw
mechanism: m⌫ ⌧ v because ⇤ � v.

Fundamental Physics at the Intensity Frontier

ℒ = −𝐹) Ψ* ΦΨ+ + ℎ. 𝑐 𝑚, = 𝐹) Φ



Standard Model

Rt

(left-handed) (right-handed)

R

R

u
d

R

R

c
s

R

R

t
bL

u
d
æ ö
ç ÷
è ø

e L

e
n
æ ö
ç ÷
è ø Lµ

µ
n
æ ö
ç ÷
è ø Lt

t
n
æ ö
ç ÷
è ø

L

c
s
æ ö
ç ÷
è ø

Re Rµ

L

t
b
æ ö
ç ÷
è ø

Higgs
Boson

Quarks and Leptons Gauge 
Bosons

ℎ 𝑔

𝑍/

𝑊±

𝛾

2024/06/05Takehiko Asaka (Niigata Univ.)

8



Three right-handed neutrinos
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Why 𝝂𝑹 ?
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n Chiral structure of fermions in the SM

n Mass hierarchical patterns of fermion masses
¤ neutrino masses << masses of quarks and leptons

n Interesting phenomena by right-handed neutrinos
¤ Baryogenesis

l Leptogenesis / Mechanism by oscillations
¤ Dark matter

l ~10 keV mass right-handed neutrino is a candidate of 
WDM 
(it may be irrelevant in the seesaw mechanism)

¤ etc.

(𝑚-./ ≃ 50 meV ≪ 𝑚0 ≃ 0.5 MeV)

Takehiko Asaka (Niigata Univ.)
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Extension by right-handed neutrinos (𝝂𝑹)
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n Seesaw mechanism

¤ Light active neutrinos 𝜈
l Mass

¤ Heavy neutral leptons (HNLs) 𝑁
l Mass 𝑀- = 𝑀. and mixing Θ = 𝑀//𝑀.

n Mixing in weak interaction
l

Minkowski ʼ77, Yanagida ʼ79, Gell-Mann, Ramond, Slansky ʻ79
Glashow ʻ79

ℒ = ℒ12 + 𝑖𝜈3𝜕4𝛾4𝜈3 − 𝐹?𝐿𝜈3Φ+
𝑀5
2
𝜈36𝜈3 + ℎ. 𝑐.

ℒ ⊃ "
!

F𝜈7, 𝜈36
0 𝑀8
𝑀8 𝑀5

𝜈76
𝜈3

+ ℎ. 𝑐. = "
!
𝜈̅, 𝑁6 𝑀9 0

0 𝑀:

𝜈6
𝑁 + h. c.

𝑀9 = −𝑀8
; 1
𝑀5

𝑀8 𝑀9 ≪ 𝑀8
Smallness of 𝑀9 is 
naturally explained

𝜈$ = 𝑈 𝜈 + Θ 𝑁%

𝑀8 ≪ 𝑀5

𝑁0
𝑊,𝑍

ℓ1 , 𝜈1𝑔 Θ10



Scale of seesaw (mass of HNL)
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𝐹 =
𝑚9𝑀:

Φ 𝑚! = 5×10"## GeV
𝑀9 = −𝑀8

; 1
𝑀5

𝑀8



Various Physics of HNL
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GUTnMSM

Leptogenesis

Resonant Leptogenesis

Baryogenesis via neutrino oscillation

Dark
Matter

Baryogenesis

𝝉
𝑵
>
𝒕𝟎

Θ # =
𝑀$
#

𝑀%
# =

𝑚&
𝑀%



Cosmological implication 
of the seesaw mechanism
-Baryon Asymmetry of the Universe
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Baryons vs antibaryons
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n We observe baryons mostly, not antibaryons
¤ Existence of antiproton

l In cosmic rays, 𝑝 + 𝑝 → 𝑝 + 𝑝 + 𝑝 + 𝑝̅
l At colliders, 𝑝 + 𝑝̅ → 𝑋

n Asymmetry in numbers of baryons and antibaryons
¤ HOW LARGE ?  

Baryon
proton （𝐵 = +1)
neutron （𝐵 = +1)

Antibaryon
antiproton （𝐵 = −1)
antineutron （𝐵 = −1)

15
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Baryon Asymmetry of the Universe (BAU)
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n Observational value

𝑌& =
𝑛&
𝑠 = (0.872 ± 0.004)×10'"(

𝑛' ∶ baryon number density, 𝑠 ∶ entropy density

Planck 2018 [1807.06209]

[Strumia 06] [PDG]

CMBR BBN

16

Takehiko Asaka (Niigata Univ.)



Baryogenesis
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n Inflation sets baryon number 𝐵 = 0 and non-zero 𝐵 must be 
generated after the inflation 
à Baryogenesis

n Conditions for baryogenesis:   Sakharov (1967)

(1) Baryon number B is violated

(2) C and CP symmetries are violated

(3) Out of thermal equilibrium

n We need physics beyond the Standard Model to satisfy all these 
conditions.

17
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Baryogenesis conditions in the SM

n B and L violation
¤ B and L violations in anomalous EW “sphaleron” which is in 

thermal equilibrium for T>100GeV

n CP violation
¤ 1 CP phase in the quark-mixing (CKM) matrix
à too small

n Out of equilibrium
¤ Strong 1st order phase transition if 𝑚2 < 72 GeV

but 𝑚2 = 125.25 GeV
à not satisfied

2 2 2 2 2 2 2 2 2 2 2 2 12 19CPV ( )( )( )( )( )( ) / 10CP t c t u c u b s b d s d EWJ m m m m m m m m m m m m T -µ - - - - - - 

[Kajantie, Laine, 
Rummukainen, Shaposhnikov]

à We have to go beyond the MSM !!

2024/06/05
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Baryogenesis conditions and 𝝂𝑹
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n B and L violations
¤ EW sphaleron︓B and L are violated but (B-L) invariant

¤ L violation due to Majorana masses

n C and CP violations
¤ 1 CP phase in quark sector
¤ 6 CP phases in lepton sector (three 𝜈+ case)

l Rich CP violation

n Out of equilibrium (⇦ depends on scenarios)
¤ Out of equilibrium decay
¤ Departure from thermal bath
¤ … 

𝐵$ =
8𝑁% + 4
22𝑁% + 13

𝐵 − 𝐿 & = 0.35 𝐵 − 𝐿 & [Khlebnikov, Shaposhnikov ʻ88, Harvey, Turner ʻ90]

19
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à Three conditions can be satisfied !!



Leptogenesis
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n Decays of right-handed neutrinos can be a source of BAU
¤ CPV in decay

¤ L can be converted into B by sphaleron

𝜀( =
Γ 𝑁( → 𝐿 + Φ) − Γ 𝑁( → ?𝐿 + Φ
Γ 𝑁( → 𝐿 + Φ) + Γ 𝑁( → ?𝐿 + Φ

[Giudice et al ʻ03]

𝑀&' > 𝑂 10( GeV

𝑛3
𝑠
∝ 𝜀4 ∝ 𝑀4

→ Experimental test is impossible 

[Fukugita, Yanagida ʼ86]
20
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Resonant leptogenesis
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n Resonant production of lepton asymmetry occurs 
if right-handed neutrinos are quasi-degenerate

𝜀' ∝
𝑀&
#

Δ𝑀#

⟹ Leptogenesis is possible even for 𝑀( ≪ 10* GeV

（for Δ𝑀# > 𝑂(𝑀%Γ%)）

Pilaftsis ʼ97
Pilaftsis, Underwood ʼ04

Δ𝑀 ≪ 𝑀-

𝜀# =
Γ 𝑁# → 𝐿' + 4Φ − Γ 𝑁# → 𝐿' +Φ
Γ 𝑁# → 𝐿' + 4Φ + Γ 𝑁# → 𝐿' +Φ

Δ𝑀 = 𝑀# −𝑀(

𝑀% = (𝑀#+𝑀()/2

huge enhancement

Note that 𝑀# ≳ 10( GeV in this case
in order to convert lepton asymmetry into baryon asymmetry 
by EW sphaleron process (𝑇 ≳ 10( GeV)

21
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Baryogenesis via Neutrino Oscillation

¤ Oscillation starts at 𝑻𝒐𝒔𝒄~ 𝑴𝟎 𝑴𝑵 𝜟𝑴 𝟏/𝟑

¤ Asymmetries are generated since evolution rates of 𝐿1 and 
𝐿9 are different due to CPV

Akhmedov, Rubakov, Smirnov (ʼ98) / TA, Shaposhnikov (ʻ05)
Shaposhnikov (ʼ08), Canetti, Shaposhnikov (ʻ10)
TA, Ishida (ʻ10), Canetti, Drewes, Shaposhnikov (ʼ12), TA, Eijima, Ishida (ʻ12)
Canetti, Drewes, Shaposhnikov (ʻ12),  Canetti, Drewes, Frossard, Shaposhnikov (ʻ12) 
...

N NL

Medium effects
𝑁=

𝑁>
𝑉- =

𝑇=

8 𝑘
𝐹?𝐹

𝐿1

𝐿1 𝐹)$𝐹)#∗
𝐿) 𝐿)𝑁# 𝑁*

2024/06/05
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Baryogenesis region
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TA, Tsuyuki ʻ15

Leptogenesis
(Fukugita, Yanagida ʻ86)

Baryogenesis via neutrino oscillation
(Akhmedov, Rubakov, Smirnov ʼ98,

TA, Shaposhnikov ʼ05)

Resonant Leptogenesis
(Pilaftsis ʻ97, Pilaftsis, Underwood ʻ05)
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BAU and CPV in neutrino sector

2022/03/09

n Neutrino Yukawa couplings

𝐹 =
𝑖
Φ

𝑈 𝑀+,-./0
'/# Ω 𝑀&,-./0

'/#

Dirac phase 𝛿
Majorana phase(s) 𝜂 (𝜂ʼ)

Phase(s) for 𝜈+

These phases are essential for BAU !

𝑀& = −𝑀$
, 𝑀%,./01

2( 𝑀$ Casas, Ibarra (ʻ01)

In mixing matrix 𝑈
of active neutrinos

In mixing matrix 𝑈
of RH neutrinos
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BAU and CPV in neutrino sector

2022/03/09

n T2K and NOνA indicate CPV in neutrino sector 

T2K Collaboration
Nature 580, 339 (2020)

Important step to understand baryogenesis by RH neutrinos !

Non-zero Dirac phase

𝛿~ −
𝜋
2

𝑜𝑟
3𝜋
2

25

342 | Nature | Vol 580 | 16 April 2020

Article

error of 3.9 × 10−5 eV2/c4 on the m∆ 32
2  interval. More details of the sys-

tematic uncertainties on neutrino interaction modelling can be found 
in the Methods.

The observed number of events at SK can be seen in Fig. 1. The  
probability of observing an excess over prediction in one of our five 
samples at least as large as that seen in the electron-like charged  
pion sample is 6.9%, assuming the best-fit value of the oscillation  
parameters. We find that the data shows a preference for the  
normal mass ordering with a posterior probability of 89%, giving  
a Bayes factor of 8. We find θsin = 0.532

23 −0.04
+0.03  for both mass  

orderings. Assuming the normal (inverted) mass ordering we find 
m c∆ = (2.45 ± 0.07) × 10 eV /32

2 −3 2 4   m c(∆ = (2.43 ± 0.07) × 10 eV / )13
2 −3 2 4 . 

For δCP our best-fit value and 68% (1σ) uncertainties assuming the  
normal (inverted) mass ordering are −1.89 ( − 1.38 )−0.58

+0.70
−0.54
+0.48 , with  

statistical uncertainty dominating. Our data show a preference for 
values of δCP that are near maximal CP violation (see Fig. 4), while  

both CP conserving points, δCP = 0 and δCP = π, are ruled out at the 95% 
confidence level. Here we also produce 99.73% (3σ) confidence and 
credible intervals on δCP. In the favoured normal ordering the  
confidence interval contains [−3.41, −0.03] (excluding 46% of the 
parameter space). We have investigated the effect of the excess seen 
in the 1e1de sample on this interval and find that had the observed 
number of events in this sample been as expected for the best-fit 
parameter values the interval would have contained [−3.71, 0.17] 
(excluding 38% of parameter space). In the inverted ordering the  
confidence interval contains [−2.54, −0.32] (excluding 65% of the 
parameter space). The 99.73% credible interval marginalized across 
both mass orderings contains [−3.48, 0.13] (excluding 42% of the 
parameter space). The CP-conserving points are not both excluded 
at the 99.73% level. However, this experiment has reported closed 
99.73% (3σ) intervals on the CP-violating phase δCP (taking into account 
both mass orderings), and a large range of values around +π/2 are 
excluded.
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Fig. 4 | Constraints on PMNS oscillation parameters. a, Two-dimensional 
confidence intervals at the 68.27% confidence level for δCP versus sin2θ13 in the 
preferred normal ordering. The intervals labelled T2K only indicate the 
measurement obtained without using the external constraint on sin2θ13, 
whereas the T2K + reactor intervals do use the external constraint. The star 
shows the best-fit point of the T2K + reactors fit in the preferred normal mass 
ordering. b, Two-dimensional confidence intervals at the 68.27% and 99.73% 
confidence level for δCP versus sin2θ23 from the T2K + reactors fit in the normal 
ordering, with the colour scale representing the value of negative two times the 
logarithm of the likelihood for each parameter value. c, One-dimensional 
confidence intervals on δCP from the T2K + reactors fit in both the normal and 
inverted orderings. The vertical line in the shaded box shows the best-fit value 
of δCP, the shaded box itself shows the 68.27% confidence interval, and the error 
bar shows the 99.73% confidence interval. We note that there are no values in 
the inverted ordering inside the 68.27% interval.

Fig. 3 | Event prediction model tuning to near-detector data.  
a, b, Reconstructed muon momentum in two of the ND280 CCQE-like event 
samples for both neutrino (a) and antineutrino (b) beam mode. The prediction 
with all parameters set to their best-fit value from a fit to the ND280 data are 
shown by the coloured histograms, split into true neutrino CCQE, antineutrino 
CCQE, neutral current and all other interactions. The dashed line shows the 
prediction before a fit to the ND280 data. The vertical error bars on the data 
represent the standard deviation due to statistical uncertainty. c, The ratio of 
the observed data to the best-fit Monte Carlo prediction in both neutrino-mode 
and antineutrino-mode samples.
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BAU and Dirac Phase

2022/03/09
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Figure 5: The baryon asymmetry |YB| as a function of the Dirac phase δ varying in the
interval δ = [0, 2π] in the case of Dirac CP-violation, α32 = 0; 2π, hierarchical RH neutrinos
and NH light neutrino mass spectrum, for M1 = 5× 1011 GeV, real R12 and R13 satisfying
|R12|2 + |R13|2 = 1, |R12| = 0.86, |R13| = 0.51, sign (R12R13) = +1, and for i) α32 = 0
(κ′ = +1), s13 = 0.2 (red line) and s13 = 0.1 (dark blue line), ii) α32 = 2π (κ′ = −1),
s13 = 0.2 (light blue line).
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Pascoli, Petcov, Riotto ʻ07

Hierarchical 
RHN with 
𝑀! = 5×10!!GeV
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Figure 1: Contour plots of Y
MAX

B
in the NH case. Y

MAX
B

is positive or negative in the region with bright or dark

color. In the left or right panel the plot is shown in the ±CP-(Æ21°Æ31) plane when Re!23 =º/4 or the Re!23-±CP

plane when Æ21 °Æ31 =º, respectively. The green lines shows the central value of ±CP from the global neutrino

oscillation analysis.

which is found from the parameter dependence in "ÆI as well as the strength of the wash-out effects, i.e. , the

structures in the partial decay rates °
≥
NI ! `Æ+©

¥
. On the other hand, the right panel in Fig. 1 shows the

contour in the mixing angle Re!23 and ±CP plane when Æ21 °Æ31 = º. It is found that Y
MAX

B
depends on Re!23

and the observed BAU cannot be generated when the mixing of ∫R ’s disappears at Re!23 = 0, º/2.

Next, we turn to consider the IH case. It is found from Fig. 2 that Y
MAX

B
is at most O (10°8), and hence

resonant leptogenesis in the IH case is less effective compared with the NH case. Moreover, the dependence

on the CP phases are different from the NH case. In the left panel of Fig. 2 the contour plot of Y
MAX

B
is shown

in the ±CP-Æ21 plane when Re!21 =º/4. We find that YB depends on the Majorana phase significantly as in the

NH case, however the dependence on the Dirac phase is much milder than the NH case. This behavior can also

be seen in the right panel, which shows the contour plot of Y
MAX

B
in the Re!12-±CP plane when Æ21 = º. It is

found that the dependence on the CP phases are approximately given by

YB / sin
≥Æ12

2

¥
. (11)

Note that the subleading effect which disturbs the above dependence is larger than that in the NH case. The

observed BAU cannot be produced for the vanishing mixing between ∫R ’s at Re!12 = 0, º/2 similar to the NH

case. In addition, the sign of the BAU correlates with the sign of Re!12.

As described above, Y
MAX

B
depends on the Dirac and Majorana phases and the mixing angle of ∫R ’s. We then

discuss the case with the Dirac phase which is the central value from the global neutrino oscillation analysis in

6

Degenerate 
RHNs with 
𝑀! = 10" GeV

TA, Yoshida ʻ18

Figure 2: Parameter regions in the δ-η plane accounting for the observed baryon asymmetry in
the NH case are shown by lines. The red solid lines are for ξ = +1 while the blue dashed lines
are for ξ = −1. Here we take M3 = 5 GeV, ∆M2

32/M
2
3 = 10−8, Reω = π/4, and sin2 θ13 = 0.053.

We take sin2 θ23 = 0.5 (left) and 0.36 (right), respectively.

which will be tested in future oscillation experiments, is significant to determine YB in the

considering case.

On the other hand, when θ13 = 0, the CP asymmetry parameter becomes

δν = sin 4θ23 cos θ12(1− rm cos2 θ12) sin η , (33)

including the higher order term of rm. In this case the asymmetry depends only on the Majorana

phase η as expected (since the Dirac phase δ always appears together with s13). It is very

important to note that δν = 0 when θ13 = 0 and θ23 = π/4. In this case, the generation of BAU

in the NH case is ineffective and YB at O(F 6) vanishes.

Next, we turn to consider the IH case, where the CP asymmetry parameter δν at O(r0m) is

estimated as

δν =
1

4
sin 2θ12 cos

2 θ13
[

− 5− 3 cos 4θ23 + cos 2θ13(7 + cos 4θ23)
]

sin η

+ sin 4θ23 cos
2 θ13 sin θ13(sin δ cos η − cos 2θ12 cos δ sin η) +O(r2m) . (34)

It is then found that δν at the leading order depends only on the Majorana phase when θ23 =

π/4, which should be compared with the NH case. This behaviour is shown in the left panel of

Fig. 3. Moreover, we discover that δν in the IH case does not vanish even when θ23 = π/4 and

θ13 = 0;

δν =
1

2

[

1 + (1 + r2m)
1/2 + 3[1− (1 + r2m)

1/2] cos 2θ12
]

sin 2θ12 sin η

= sin 2θ12 sin η

[

1 +
1

4
(1− 3 cos 2θ12)r

2
m +O(r4m)

]

. (35)

10

Degenerate 
RHNs 
with 𝑀! = 5GeV

TA, Ishida ʻ10
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n Canonical leptogensis n Resonant leptogensis

n Baryogenesis via neutrino oscillation



Experimental Test 
of the seesaw mechanism
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Consequences of seesaw mechanism

2024/06/05

n Important consequence of the seesaw mechanism

¤ Lepton number is violated at Lagrangian level

¤ Active neutrinos and HNLs are both Majorana fermions

⇨ Non-SM Lepton Number Violating (LNV) processes
l Meson decays (𝐵F → 𝑁 𝜇F → 𝜋G 𝜇F 𝜇F)
l 𝑝𝑝 → ℓG𝑁 → ℓG ℓG𝑗 𝑗
l 𝑒F𝑒F → 𝑊F𝑊F

l …
l Neutrinoless Double Beta Decay (NDBD)  

ℒ = ℒH. + 𝑖𝜈+𝛾I𝜕I𝜈+ − 𝐹 X𝐿Φ𝜈+ +
𝑀.

2
𝜈+J 𝜈++ ℎ. 𝑐.
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Φ 𝑳 = 𝝂, 𝒆 𝑻 𝜈+
𝐿 0 +1 +1



Beta decays
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n Beta decays
¤ 𝛽F mode: (A, Z) → (A, Z+1) + 𝑒F + [𝜈K
¤ 𝛽G mode: (A, Z) → (A, Z−1) + 𝑒G + 𝜈K

16 J.J. GÓMEZ-CADENAS, J. MARTÍN-ALBO, M. MEZZETTO, F. MONRABAL and M. SOREL
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Fig. 6. – Atomic masses of A = 136 isotopes. Masses are given as differences with respect to the
most bound isotope, 136Ba. The red (green) levels indicate odd-odd (even-even) nuclei. The
arrows β−, β+, β−β− indicate nuclear decays accompanied by electron, positron and double
electron emission, respectively. The arrows EC indicate electron capture transitions.

Table II. – Current best direct measurements of the half-life of ββ2ν processes. The values
reported are taken from the averaging procedure described in [23].

Isotope T 2ν
1/2 (year) Experiments

48Ca (4.4+0.6
−0.5)× 1019 Irvine TPC [28], TGV [29], NEMO3 [30]

76Ge (1.5± 0.1) × 1021 PNL-USC-ITEP-YPI [31], IGEX [32], H-M [33]
82Se (0.92± 0.07) × 1020 NEMO3 [34], Irvine TPC [35], NEMO2 [36]
96Zr (2.3± 0.2) × 1019 NEMO2 [37], NEMO3 [38]

100Mo (7.1± 0.4) × 1018 NEMO3 [34], NEMO-2 [39], Irvine TPC [40]
116Cd (2.8± 0.2) × 1019 NEMO3 [30], ELEGANT [41], Solotvina [42], NEMO2 [43]
130Te (6.8+1.2

−1.1)× 1020 CUORICINO [44], NEMO3 [45]
136Xe (2.11± 0.21) × 1021 EXO-200 [24]
150Nd (8.2± 0.9) × 1018 Irvine TPC [40], NEMO3 [46]

the one for 136Xe, which has been measured for the first time only in 2011 [24](5).
The neutrinoless mode (ββ0ν),

(23) (Z,A) → (Z + 2, A) + 2 e−,

was first proposed by W. H. Furry in 1939 [47] as a method to test Majorana’s theory

(5) The 10% accuracy in the 136Xe ββ2ν decay measured half-life in [24] should be contrasted
with a spread of more than one order of magnitude in the corresponding theoretical expectations
from several nuclear structure calculations [25, 26, 27].

J.J. Gomez-Cadenas, J. Martin-Albo, M. Mezzetto, F. Monrabal and M. Sorel, (2012) arXiv:1109.5515 [hep-ex]

Atomic masses of 𝐴 = 136 isotopes



Double beta decay (2nbb decay)

2024/06/05

n 2nbb decay

¤ Second order of weak interaction
à Very long lifetime

𝐴 𝑍,𝑁 → 𝐴 𝑍 ± 2,𝑁 ∓ 2 + 2 𝑒∓ + 2𝜈̅3(2𝜈3)
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Fig. 6. – Atomic masses of A = 136 isotopes. Masses are given as differences with respect to the
most bound isotope, 136Ba. The red (green) levels indicate odd-odd (even-even) nuclei. The
arrows β−, β+, β−β− indicate nuclear decays accompanied by electron, positron and double
electron emission, respectively. The arrows EC indicate electron capture transitions.

Table II. – Current best direct measurements of the half-life of ββ2ν processes. The values
reported are taken from the averaging procedure described in [23].

Isotope T 2ν
1/2 (year) Experiments

48Ca (4.4+0.6
−0.5)× 1019 Irvine TPC [28], TGV [29], NEMO3 [30]

76Ge (1.5± 0.1) × 1021 PNL-USC-ITEP-YPI [31], IGEX [32], H-M [33]
82Se (0.92± 0.07) × 1020 NEMO3 [34], Irvine TPC [35], NEMO2 [36]
96Zr (2.3± 0.2) × 1019 NEMO2 [37], NEMO3 [38]

100Mo (7.1± 0.4) × 1018 NEMO3 [34], NEMO-2 [39], Irvine TPC [40]
116Cd (2.8± 0.2) × 1019 NEMO3 [30], ELEGANT [41], Solotvina [42], NEMO2 [43]
130Te (6.8+1.2

−1.1)× 1020 CUORICINO [44], NEMO3 [45]
136Xe (2.11± 0.21) × 1021 EXO-200 [24]
150Nd (8.2± 0.9) × 1018 Irvine TPC [40], NEMO3 [46]

the one for 136Xe, which has been measured for the first time only in 2011 [24](5).
The neutrinoless mode (ββ0ν),

(23) (Z,A) → (Z + 2, A) + 2 e−,

was first proposed by W. H. Furry in 1939 [47] as a method to test Majorana’s theory

(5) The 10% accuracy in the 136Xe ββ2ν decay measured half-life in [24] should be contrasted
with a spread of more than one order of magnitude in the corresponding theoretical expectations
from several nuclear structure calculations [25, 26, 27].

J.J. Gomez-Cadenas, J. Martin-Albo, M. Mezzetto, F. Monrabal and M. Sorel, (2012)
arXiv:1109.5515 [hep-ex]
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if non-zero
Majorana masses
of neutrinos

2nbb decay 0nbb decay

31

Takehiko Asaka (Niigata Univ.)



Neutrinoless double beta decay (NDBD)

2024/06/05

n 0nbb decay

¤ Clear experimental signature

¤ Lepton number violation (Δ𝐿 = ±2)
l new physics beyond the Standard Model

𝐴 𝑍,𝑁 → 𝐴 𝑍 ± 2,𝑁 ∓ 2 + 2 𝑒∓

Furry, Phys. Rev. 56, 1184 (ʻ39)

2nbb decay

0nbb decay

Energy of two electrons
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Effective mass in NDBD decay

2024/06/05

n Decay rate

n Effective mass from active neutrinos

𝑇'/#
4+ 5'

= 𝐺4+ ℳ4+ # 𝑚677
#

ℳ4& : Nuclear matrix element (NME) 
𝐺4& : Phase space factor 

𝑚566 : Effective mass

𝑚677 =M
8

𝑈38# 𝑚8

𝑈38

𝑈38

𝑖

𝑖

𝑚8

𝑚7 : active neutrino masses
𝑈87 : PMNS neutrino mixing elements
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Masses and mixings of active neutrinos

2018/03/25Takehiko Asaka (Niigata Univ.)
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n Active neutrino masses (𝑚4, 𝑚=, 𝑚>)

n PMNS mixing matrix (𝜃LM , δ, 𝛼=4, 𝛼>4)

Normal Hierarchy (NH)
𝑚# > 𝑚( > 𝑚9

𝑚677 = 𝑚'𝑐'## 𝑐'*# +𝑚#𝑠'## 𝑐'*# 𝑒8)NO +𝑚*𝑠'*# 𝑒8()PN5#:)

𝑈 =
𝑐(#𝑐(9 𝑠(#𝑐(9 𝑠(9𝑒27:

−𝑠(#𝑐#9 − 𝑐(#𝑠#9𝑠(9𝑒7: 𝑐(#𝑐#9 − 𝑠(#𝑠#9𝑠(9𝑒7: 𝑠#9𝑐(9
𝑠(#𝑠#9 − 𝑐(#𝑐#9𝑠(9𝑒7: −𝑐(#𝑠#9 − 𝑠(#𝑐#9𝑠(9𝑒7: 𝑐#9𝑐(9

1 0 0
0 𝑒7

;#$
# 0

0 0 𝑒7
;%$
#

Inverted Hierarchy (IH)
𝑚9 > 𝑚# > 𝑚(

𝜈(
𝜈#

𝜈9

𝜈9

𝜈(
𝜈#



Current status

2024/06/05

KamLAND-Zen PRL117, 082503 (ʻ16)

|𝑚'QQ| [eV]

Cosm
ological bound

KamLAND-Zen

arXiv:2203.02139
𝑚'QQ < 36 − 156 meV
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Predicted range of |𝑚'QQ
! |

𝑚566
& = f

(1.45 − 3.68) meV (NH)
(18.6 − 48.4) meV (IH)

(for 𝑚"#$%&'(& = 0)



0nbb decay and Majorana phase
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𝑚'QQ ≃ 𝑐4>= 𝑚4
=𝑐4=R +𝑚=

=𝑠4=R + 2 cos 𝛼=4 𝑚4𝑚=𝑐4== 𝑠4== 4/=

𝑚'QQ
[meV]

Majorana phase 𝛼=4

n IH case with 𝒎𝟐 > 𝒎𝟏 ≫ 𝒎𝟑

To demonstrate the low background levels achieved in the
0νββ region, Fig. 2 shows the energy spectra within a 1-m
radius, together with the best-fit background composition
and the 90% C.L. upper limit for 0νββ decays. Combining
the results, we obtain a 90% C.L. upper limit of
< 2.4 ðkton dayÞ−1, or T0ν

1=2 > 9.2 × 1025 yr (90% C.L.).
We find that a fit including potential backgrounds from
88Y, 208Bi, and 60Co [3] does not change the obtained limit.
A MC of an ensemble of experiments assuming the best-fit
background spectrum without a 0νββ signal indicates a
sensitivity of 5.6 × 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 12%. For
comparison, the sensitivity of an analysis in which
the 110mAg background rates in period 1 and period 2 are
constrained to the 110mAg half-life is 4.5 × 1025 yr.
Combining the phase-I and phase-II results, we

obtain T0ν
1=2 > 1.07 × 1026 yr (90% C.L.). This corresponds

to an almost sixfold improvement over the previous

KamLAND-Zen limit using only the phase-I data, owing
to a significant reduction of the 110mAg contaminant and the
increase in the exposure of 136Xe.
From the limit on the 136Xe 0νββ decay half-life, we

obtain a 90% C.L. upper limit of hmββi < ð61 − 165Þ meV
using an improved phase space factor calculation [17,18]
and commonly used NME calculations [19–25] assuming
the axial coupling constant gA ≃ 1.27. Figure 3 illustrates
the allowed range of hmββi as a function of the lightest
neutrino mass mlightest under the assumption that the decay
mechanism is dominated by exchange of a pure-Majorana
Standard Model neutrino. The shaded regions include the
uncertainties inUei and the neutrino mass splitting, for each
hierarchy. Also drawn are the experimental limits from
the 0νββ decay searches for each nucleus [2,26–28]. The
upper limit on < mββ > from KamLAND-Zen is the most
stringent, and it also provides the strongest constraint on
mlightest considering extreme cases of the combination of
CP phases and the uncertainties from neutrino oscillation
parameters [29,30]. We obtain a 90% C.L. upper limit
of mlightest < ð180–480Þ meV.
In conclusion, we have demonstrated effective back-

ground reduction in the Xe-loaded liquid scintillator by
purification, and enhanced the 0νββ decay search sensi-
tivity in KamLAND-Zen. Our search constrains the mass
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FIG. 2. (a) Energy spectrum of selected ββ candidates within a
1-m-radius spherical volume in period 2 drawn together with
best-fit backgrounds, the 2νββ decay spectrum, and the 90% C.L.
upper limit for 0νββ decay. [(b) and (c)] Close-up energy spectra
for 2.3 < E < 3.0 MeV in period 1 and period 2, respectively.
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FIG. 3. EffectiveMajorana neutrino mass hmββi as a function of
the lightest neutrino mass mlightest. The dark shaded regions are
the predictions based on best-fit values of neutrino oscillation
parameters for the normal hierarchy (NH) and the inverted
hierarchy (IH), and the light shaded regions indicate the 3σ
ranges calculated from the oscillation parameter uncertainties
[29,30]. The horizontal bands indicate 90% C.L. upper limits on
hmββi with 136Xe from KamLAND-Zen (this work), and with
other nuclei from Refs. [2,26–28], considering an improved
phase space factor calculation [17,18] and commonly used NME
calculations [19–25]. The side panel shows the corresponding
limits for each nucleus as a function of the mass number.
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Future prospects
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Slide by J. Shirai
@Neutrino2016
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Neutrinoless double beta 
decays in the low-scale 
seesaw mechanism

2024/06/05
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NDBD decay in low-scale seesaw

n Both active neutrinos and HNLs contribute to NDBD

n Suppression Factor

2024/06/05

×

𝑊2

𝑊2

𝑒2

𝑒2

Θ38
𝑀<

Θ38

𝑁<

𝑁<

Faessler, Gonzalez, Kovalenko, Simkovic ʼ14
Barea, Kotila, Iachello ʻ15

𝑓T 𝑀0 =
ℳ- 𝑀0

ℳ! =
ΛT
=

ΛT
= +𝑀0

=

ΛT = 𝑝U= ~	200 MeV

ℳ<=< = ℳ& l
7

𝑚7𝑈87# +l
>

ℳ% 𝑀> 𝑀> Θ8>#

= ℳ& l
7

𝑚7𝑈87# +l
>

ℳ% 𝑀>
ℳ& 𝑀> Θ8>#

Effective mass 𝑚'QQ

ℳ& ⊃
1

𝑝# −𝑚7
# ≃

1
− 𝑝⃗?#

ℳ% ⊃
1

𝑝# −𝑀>
# ≃

1
− 𝑝⃗?# +𝑀>

#
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Effective mass in low-scale seesaw

n Effective mass

n 𝑁V may give a significant
contribution to 𝑚'QQ !

𝑚'QQ = q
LW4,=,>

𝑚L 𝑈KL= + q
0

𝑓T 𝑀0 𝑀0 ΘK0=

active neutrinos 𝝂# HNLs 𝑁V

2024/06/05

×

𝑊2

𝑊2

𝑒2

𝑒2

Θ38
𝑀<
Θ38

𝑁<

𝑁<

𝑓) 𝑀* =
Λ)(

Λ)( +𝑀*
(

𝑚'QQ
- =

𝑀0 ΘK0=

ΛT=

𝑀0
= 𝑀0ΘK0=

(𝑀0 ≪ ΛT)

(𝑀0 ≫ ΛT)

Λ)~	200 MeV

𝑚677
+ 𝑚677

&
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NDBD and HNLs

2024/06/05

n HNLs in the seesaw mechanism may give a significant, 
constructive or destructive contribution to effective mass
depending on masses and mixing elements

n What can we learn about HNLs in the seesaw mechanism
by forthcoming NDBD experiments ?
¤ Masses and mixings of HNLs

n To make a simple discussion, we consider 
the minimal seesaw model 

with TWO right-handed neutrinos.  

𝑚566 = 𝑚566
& + 𝑓@ 𝑀( 𝑀(Θ8(# + 𝑓@ 𝑀# 𝑀#Θ8##

𝑁4 𝑁=
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What if NDBD will not be 
observed ?



HNL may hide NDBD (𝑴𝟏 ≪𝑴𝟐)

2024/06/05

n Effective mass

¤ 𝑚"#$%&'(& = 0 in the minimal seesaw

n Consider 𝑀4 ≪ 𝑀= (𝑁= decouple)

KamLAND-Zen PRL117, 082503 (ʻ16)

𝑚566 = 𝑚566
& + 𝑓@ 𝑀( 𝑀(Θ8(# + 𝑓@ 𝑀# 𝑀#Θ8##

𝑚'QQ = 𝑚'QQ
! + 𝑓T 𝑀4 𝑀4ΘK4= =0

Whatʼs happen ?

⟹ NDBD is hidden by HNL contribution 

|𝑚566
& | = 1.5 − 3.7meV (NH)

19 − 48 meV (IH)
?
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Consequence 1

2022/03/09

n Range of mixing element |ΘK4|= is predicted
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Figure 6: The region of the mixing element |£e1|2 for the vanishing effective neutrino mass (between two
red lines) in the NH (left panel) or IH (right panel) case. Here we vary the Majorana phase ¥= 0 to º. The
shaded regions are excluded by the direct searches for HNL. The dotted lines shows the sensitivities on
|£e1|2 by future search experiments.

we obtain

|£1|2 =

8
>>>>>><
>>>>>>:

1
M1

"
m3 +m2

2

°
≥2 +1

¢1/2 ± m3 °m2

2
1° |A|2

p
(1° |A|2)2 +4ReA2

#
for the NH case

1
M1

"
m2 +m1

2

°
≥2 +1

¢1/2 ± m2 °m1

2
1° |A|2

p
(1° |A|2)2 +4ReA2

#
for the IH case

, (32)

We show in Fig. 7 the maximal and minimum values of |£1|2 by varying the value of ¥ as a free parameter.

Note here that |£1|2 in the considering case is bounded from below [48] by considering X! = 1 and!r = 0

as

|£1|2 ∏
m§
M1

, (33)

where m§ = m2 or m1 for the NH or IH case, respectively. This bound is also shown in Fig. 7 as the black

line. It is thus found that |£1|2 becomes proportional to M1 for M1 &§Ø, and hence a wide region of our

possibility can be tested by future experiments together with the null observation of the 0∫ØØ decay.

Finally, we mention the properties of heavier HNL N2. We have assumed so far that its mass is much

heavier than §Ø so that N2 decouples from the 0∫ØØ decay process. On the other hand, since X! ¿ 1

or X °1
! ¿ 1 as M1 gets heavier, the Yukawa coupling constants of N2 become rather large and exceed

the perturbative values when the mass of N2 becomes large. See, for example, Ref. [48]. Since all other

parameters than M2 are already fixed by the conditions related to N1 or observables of the neutrino

11
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by denoting f cr
Ø

(M1) = fØ(M1)|§Ø=§cr
Ø

, the cancellation condition gives us that

M1£
2
e1 =°

m∫
eff

f cr
Ø

(M1)
. (28)

By inserting this expression into Eq.(10) with dropping N2 contribution, we get

meff = m∫
eff

√
1°

fØ(M1)

f cr
Ø

(M1)

!
, (29)

where fØ(M1) can be different from the critical value depending on the elements. Namely, if fØ(M1)

becomes bigger than f cr
Ø

, which corresponds to§Ø&
p

2§cr
Ø

, the predicted effective mass can be greater

than |m∫
eff| at another experiment. As shown in Fig. 4, the predicted effective mass can overcome |m∫

eff|
when§Ø& 290 MeV in the both mass hierarchy.

4 Impacts on search for heavy neutrino

Next, we turn to discuss the consequences of the no 0∫ØØ decay due to the destructive contribution of

N1. Since the complex parameter ! is fixed as shown in Eq. (21), the mixing elements of N1, £Æ1, are

predicted by its mass and the Majorana phase when we use the central values of mixing angles, mass

squared differences and the Dirac phase from the oscillation experiments [44].

Especially, among all flavor mixing elements, the electron-type mixing element is simply given by

|£e1|2 =
|m∫

eff|
M1 fØ(M1)

, (30)

which is a direct consequence of meff = 0. Note that |£e1|2 is independent of the choice of ! = !+ or

!° and is uniquely determined solely by the mass M1 as well as active neutrino parameters in m∫
eff. On

the other hand, the elements with !=!+ are larger than those with !=!° for |£µ1|2 and |£ø1|2 in the

wide region of ¥ as shown in Fig. 5 where we fix M1 = 1 GeV. This feature is almost independent of the

choice of M1. Depending on the choice of!, the muon- and tau-type elements are very different, namely

whether making a peak or a bump, which is helpful to identify the value of X! (i.e. , the imaginary part

of !).

Further, the relative sizes of the mixing elements are very sensitive to the Majorana phase ¥. In

Fig. 5 we show the relative size of each mixing elements in terms of the Majorana phase. In the NH

case, the electron-type mixing element is always smallest among all flavors, in the IH case, on the other

hand, there is some possibilities where the electron-type element can be the largest when ! = !+ and

further it is always largest when ! = !°. In addition to that, the order between muon- and tau-type

elements depends on ¥. When ! = !+ in the NH case, the electron element becomes far below than

others. When ! = !° in the NH case, the magnitude of all flavor mixing elements gets closer but the

flavor structure is different from those of !+ in wide region of ¥. On the other hand, in the IH case,

9
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depends on mass ordering and Majorana phase

TA, Ishida, Tanaka arXiv:2012.13186

10
-11

10
-10

10
-9

10
-8

 0  0.5  1

NH

ω=ω+

|Θ
α

1
|2

η/π

10
-11

10
-10

10
-9

10
-8

 0  0.5  1

ω=ω−

|Θ
α

1
|2

η/π

10
-12

10
-11

10
-10

10
-9

10
-8

 0  0.5  1

IH

ω=ω+

|Θ
α

1
|2

η/π

10
-12

10
-11

10
-10

10
-9

10
-8

 0  0.5  1

ω=ω−

|Θ
α

1
|2

η/π

Figure 5: The mixing elements |£Æ1|2 for the vanishing effective neutrino mass in the NH (upper panel)
or IH (lower panel). The left or right panel is for the case with !=!+ or !=!° in Eq. (21), respectively.
Here we take the N1 mass M1 = 1 GeV.

In Fig. 6 we show the range of the mixing element |£e1|2 by varying the Majorana phase from ¥ = 0

to º in terms of M1. The dependence on M1 drastically changes at around M1 = §Ø correlating with

Eq. (15). Namely, since M1 gets exceed §Ø, fØ works as a suppression factor, the mixing element |£e1|2

has to become larger (by enlarging X! or X °1
! ) to realize the cancellation of the effective mass. This

feature is advantageous for the direct search experiments. In Fig. 6 we also show the current bounds

from various searches [49–51] and also the sensitivities by the future experiments [52–55]. It is seen that

a wide range of |£e1|2 can be probed by the future experiments, especially for the IH case. On the other

hand, the results of other elements, |£µ1|2 and |£ø1|2, are shown in Appendix B.

Furthermore, the sum of the N1 mixing elements is given by

|£1|2 =
X
Æ
|£Æ1|2 =

8
>><
>>:

1
M1

hm3 +m2

4

°
X 2
!+X °2

!

¢
° m3 °m2

2
cos(2!r )

i
for the NH case

1
M1

hm2 +m1

4

°
X 2
!+X °2

!

¢
° m2 °m1

2
cos(2!r )

i
for the IH case

. (31)

Since the cancellation in meff requires the specific values of !r and X! as shown in Eqs. (22) and (26),
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Figure 5: The mixing elements |£Æ1|2 for the vanishing effective neutrino mass in the NH (upper panel)
or IH (lower panel). The left or right panel is for the case with !=!+ or !=!° in Eq. (21), respectively.
Here we take the N1 mass M1 = 1 GeV.

In Fig. 6 we show the range of the mixing element |£e1|2 by varying the Majorana phase from ¥ = 0

to º in terms of M1. The dependence on M1 drastically changes at around M1 = §Ø correlating with

Eq. (15). Namely, since M1 gets exceed §Ø, fØ works as a suppression factor, the mixing element |£e1|2

has to become larger (by enlarging X! or X °1
! ) to realize the cancellation of the effective mass. This

feature is advantageous for the direct search experiments. In Fig. 6 we also show the current bounds

from various searches [49–51] and also the sensitivities by the future experiments [52–55]. It is seen that

a wide range of |£e1|2 can be probed by the future experiments, especially for the IH case. On the other

hand, the results of other elements, |£µ1|2 and |£ø1|2, are shown in Appendix B.

Furthermore, the sum of the N1 mixing elements is given by

|£1|2 =
X
Æ
|£Æ1|2 =

8
>><
>>:

1
M1

hm3 +m2

4

°
X 2
!+X °2

!

¢
° m3 °m2

2
cos(2!r )

i
for the NH case

1
M1

hm2 +m1

4

°
X 2
!+X °2

!

¢
° m2 °m1

2
cos(2!r )

i
for the IH case

. (31)

Since the cancellation in meff requires the specific values of !r and X! as shown in Eqs. (22) and (26),
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n When all heavy neutrinos are degenerate 𝑀4 = 𝑀= = 𝑀-,

𝑚'QQ = 𝑚'QQ
! +q

0

𝑓T 𝑀0 𝑀0 ΘK0= = 𝑚'QQ
! + 𝑓T 𝑀- q

0

𝑀- ΘK0=

IH
TA, Eijima, Ishida ʻ11p This shows 𝑚'QQ does not depend 

on the mixing ΘK0
p Heavy neutrinos give destructive 

contribution
p In this case, there is no bound 

on the mixing from 0𝜈𝛽𝛽 decay

à 0ν𝛽𝛽 decay may be absent 
even if lepton number is violated
in the seesaw mechanism
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Seesaw relation between mixings
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n Range of mixing element |ΘK4|= is predicted depending on 𝑚'QQ
^_(

2

discuss the impacts on the mixing elements of RH⌫s.
First of all, let us explain the framework of the present

analysis, the minimal seesaw model. It is the Standard
Model extended by two right-handed neutrinos ⌫RI (I =
1, 2), which Lagrangian is given by

L =LSM + i⌫RI�
µ@µ⌫RI

�

✓
F↵IL↵�⌫RI +

MI

2
⌫cRI⌫RI + h.c.

◆
, (1)

where L↵ = (⌫L↵, eL↵)T (↵ = e, µ, ⌧) and � are the weak
doublets of left-handed lepton and Higgs, respectively.
The Yukawa coupling constants and the Majorana masses
for neutrinos are denoted by F↵I and MI . By assuming
that the Dirac masses F↵Ih�i are much smaller than the
Majorana mass MI , the seesaw mechanism works, and
the mass eigenstates of neutrinos are three active neutri-
nos ⌫i (i = 1, 2, 3) with masses mi and two heavy neutral
leptons (HNLs) NI with masses MI .

The mass ordering of active neutrinos is not deter-
mined by the oscillation data, and two possibilities, the
normal hierarchy (NH) with m3 > m2 > m1 = 0 and the
inverted hierarchy (IH) with m2 > m1 > m3 = 0, are
allowed. Note that the lightest active neutrino is mass-
less in the considering situation. On the other hand, we
can take the masses of HNLs as M2 � M1 without loss
of generality. The left-handed (flavor) neutrinos are then
written as

⌫L↵ =
X

i

U↵i ⌫i +
X

I

⇥↵I N
c
I , (2)

where U↵i is the mixing matrix of active neutrinos called
as the PMNS matrix while ⇥↵I is that of HNLs.

One of the most important consequences of the seesaw
mechanism is that active neutrinos and HNLs are both
Majorana particles. In this case the lepton number vio-
lating processes are induced by these particles, which is a
clear signature of physics beyond the SM. One promising
example is the 0⌫�� decay, and the quest for the decay
is going on by various experiments.

The rate for the 0⌫�� decay mediated by active neu-
trinos and HNLs is proportional |me↵ |

2, where me↵ is the
so-called e↵ective (neutrino) mass in the 0⌫�� decay. In
the minimal seesaw model it is given by

me↵ = m⌫
e↵ +mN

e↵ . (3)

Here the first term in the right-hand side represents the
contributions from the active neutrinos, which is given
by

m⌫
e↵ =

X

i

U2
ei mi . (4)

On the other hand, the contributions from HNLs are ex-
pressed as

mN
e↵ =

X

I

⇥2
eI MI f�(MI) , (5)
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FIG. 1: Upper and lower bounds on |⇥e1|2 for the NH (red
solid lines) and IH (blue dashed lines) cases. Here M1 =
1 GeV and M2 = 200 GeV.

where f� is the suppression factor compared to m⌫
e↵ due

to the heaviness of HNLs MI � mi. Here we apply the
result in Ref. [24, 25] and assume the following form

f�(M) =
⇤2
�

⇤2
� +M2

, (6)

where ⇤� = O(102) MeV denotes the typical scale of the
Fermi momentum in the 0⌫�� decay. Hereafter we take
⇤� = 200 MeV as a representative value.
In this letter we consider the impacts of the detection of

the 0⌫�� decay by future experiments on the properties
of HNLs. The measurement of the decay rate gives the
value of |me↵ |. Note that me↵ is a complex number.
First, we consider the case when right-handed neutrinos
possess the hierarchical masses M2 � M1. We then find
that the mixing element |⇥e1|

2 of the lighter HNL is given
by

⇥2
e1 =

me↵ �m⌫
e↵ [1� f�(M2)]

M1 [f�(M1)� f�(M2)]
. (7)

Here we have used the intrinsic relation between mixing
elements in the seesaw mechanism

0 =
X

i

U2
ei mi +

X

I

⇥2
eI MI . (8)

Importantly, the mixing element |⇥e1|
2 is given by me↵

and m⌫
e↵ together with masses M1 and M2. This means

that, if |me↵ | is found by the detection of the 0⌫�� de-
cay, the range of |⇥e1|

2 can be predicted. In practice
both upper and lower bounds on |⇥e1|

2 are obtained by
varying the unknown parameters in m⌫

e↵ (i.e., the Ma-
jorana phase ⌘ and the mass ordering) and the phase of
me↵ .
When M1 = 1 GeV and M2 = 200 GeV, these bounds

are shown in Fig. 1 in terms of the (would-be) observed
value of |me↵ | denoted by mobs

e↵ . In the present analysis
we take the central values of the mass squared di↵erences,
the mixing angles and the Dirac phase in the PMNS ma-
trix given in Ref. [26] for the estimation of |m⌫

e↵ |. We
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FIG. 2: Upper and lower bounds on |⇥e1|2 for the NH (left)
and IH (right) cases. We takemobs

e↵ =100 meV (red sold lines),
50 meV (blue dashed lines), and 10 meV (green dot-dashed
lines). Here M2 = 200 GeV. The current (conservative) up-
per bound on |⇥e1|2 from |me↵ | < 165 meV is shown by black
solid line (and the light-gray region is exluded). The dark-
gray regions are excluded by the direct search experiments.
The dotted lines shows the sensitivities by the future experi-
ments. See the detail in the main text.

find that |m⌫
e↵ | = 1.45–3.68 meV and 18.6–48.4 meV

for the NH and IH cases, respectively. It is found from
Eq. (7) that the lower bound on |⇥e1|

2 vanishes when
mobs

e↵ = |m⌫
e↵ |(1� f�(M2)).

The predicted range of |⇥e1|
2 is shown in Fig. 2 where

the current upper bounds and the sensitivities on |⇥e1|
2

by future search experiments are also shown [27–33]. We
take the (would-be) observed value of the e↵ective mass
as |me↵ | = 100 meV, 50 meV, and 10 meV. Importantly,
the most of the predicted range can be tested by the
future experiments.

We should note that the understanding of f�(M) is im-
portant for the precise prediction of the mixing elements,
since it contains the uncertainty of the order unity. For
this purpose the better understanding of the nuclear ma-
trix elements of the 0⌫�� decay mediated by HNL is
crucial.

Next, let us consider the case when the masses of HNLs
are degenerate

M1 = M2 = MN . (9)

In this case, the total e↵ective mass is given by

me↵ = m⌫
e↵ [1� f�(MN )] , (10)

and hence the total value is always smaller than the that
from active neutrinos |me↵ | < |m⌫

e↵ | as long as HNLs
participate the 0⌫�� decay. Note that the arguments of
me↵ and m⌫

e↵ are the same. In this case, we find the
interesting consequences if |me↵ | is measured: First, the
mass of degenerate HNLs is determined depending on the
measured value of |me↵ | as

MN = ⇤�

s
mobs

e↵

|m⌫
e↵ |�mobs

e↵

. (11)
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FIG. 3: The degenerate mass MN and mixing element |⇥2
e1+

⇥2
e2| in terms of the observed value mobs

e↵ in the NH (red solid
line) or IH (blue dashed line). We take the Majorana phase
⌘ = 0.
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FIG. 4: Range of the mixing element |⇥2
e1 + ⇥2

e2| in terms
of the degenerate mass MN by taking the Majorana phase
⌘ = 0–⇡ in the NH (red solid line) or IH (blue dashed line).

This shows that, once mobs
e↵ is fixed, the unknown Majo-

rana phase in m⌫
e↵ determines MN . Second, the sum of

the mixing elements is found to be

��⇥2
e1 +⇥2

e2

�� = |m⌫
e↵ |

⇤�

s
|m⌫

e↵ |�mobs
e↵

mobs
e↵

. (12)

These results are shown in Fig. 3. Here we take the
Majorana phase as ⌘ = 0, and |m⌫

e↵ | = 3.54 meV and
48.4 meV for the NH and IH cases, respectively. It is seen
that the observed e↵ective mass mobs

e↵ of a few 10 meV
corresponds to the Majorana mass MN ' O(0.1�1) GeV
and the mass ordering is the IH since HNL contributions
are always destructive to the active neutrino ones. The
relation between MN and |⇥2

e1 +⇥2
e2| is shown in Fig. 4.

We find that in order to test the degenerate case the
improvement of the sensitivity by future experiments is
required especially for the NH case.

Before concluding the paper, we stress the impact
of the di↵erence among the 0⌫�� decay nuclei [21].
Throughout this paper, we have assumed the approx-
imated form of the suppression function f� to be
Eq. (6) and fixed the typical Fermi momentum as ⇤� =
200 MeV. The important point is that the nuclear matrix
elements including the suppression factor due to HNLs

𝑚566
=CD=100meV (red), 50meV (blue), 10meV (green)
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NDBD in different nuclei
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n Effective mass
¤ Active neutrino contribution

¤ HNL contribution

𝑚'QQ
! =q

L

𝑚L𝑈KL= independent on decay nuclei

𝑚'QQ
- =q

0

𝑓T 𝑀0 𝑀0 ΘK0=

𝑓T 𝑀0 =
ΛT
=

ΛT
= +𝑀0

=

dependent on decay nuclei !

Multiple detection/non-detection by NDBD using different nuclei
is crucial to reveal the properties of HNLs in the seesaw mechanism
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n When NDBD would be observed for the nucleus ΛT = 200 MeV
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Figure 5. Upper and lower bounds of predicted effective mass with Λ̃β = 150 MeV (left) and
Λ̃β = 250 MeV (right) in the NH case. We assume that the effective mass observed in the nucleus with
Λβ = 200 MeV to be 100 meV (red, solid), 50 meV (blue, bashed), and 10 meV (green, dot-dashed).
Here, we fix M2 = 200 GeV.

In figure 5, we plot the upper and lower values of the predicted effective mass with
different Fermi momentum from 200 MeV while assuming the 0νββ decay is observed at
the experiment with Λβ = 200 MeV in the NH case. We can obtain similar behavior
straightforwardly in the IH case as well. We take the observed value of the effective mass to
be 100 meV, 50 meV, or 10 meV. The uncertainly comes from both of the Majorana phase
and the phase in the observed Majorana mass, mobs

eff . Interestingly, the predicted effective
mass can be significantly enhanced when Λβ becomes larger enough than 200 MeV and M1
gets heavier. By inserting eq. (3.5) into the expression of the effective mass, we can obtain

m̃eff =
[
1 − f̃β(M2)

]
mν

eff

+
[
meff − mν

eff [1 − fβ(M2)]
] f̃β(M1) − f̃β(M2)
fβ(M1) − fβ(M2)

, (3.11)

where Λβ = 200MeV in fβ but Λβ ̸= 200MeV in f̃β which is denoted as Λ̃β . Since the last
fraction in the right-hand side of eq. (3.11) can be rewritten as

f̃β(M1) − f̃β(M2)
fβ(M1) − fβ(M2)

=
Λ̃2

β

Λ2
β

(
Λ2

β +M2
1

) (
Λ2

β +M2
2

)

(
Λ̃2

β +M2
1

) (
Λ̃2

β +M2
2

) ≃
Λ̃2

β

Λ2
β

(
Λ2

β +M2
1

)

(
Λ̃2

β +M2
1

) , (3.12)

where we have assumed N2 is decoupled from the system, we can understand the feature
of the predicted effective mass as follows. The predicted effective masses in a different
decaying nucleus, m̃eff , are comparable to the observed effective mass, meff , for M1 ≪ Λβ,
no matter what kind of nuclei is used. On the other hand, for M1 ≫ Λβ, m̃eff can receive
the factor of Λ̃2

β/Λ2
β. As clearly seen, since a significant enhancement/suppression could

happen depending on the type of nucleus due to the contributions from HNLs. Thus, we
can claim that the multiple detection by the 0νββ experiments using different nuclei is
crucial to reveal the properties of HNLs.

– 8 –

Observed 𝑚'QQ
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n Origin of neutrino masses is important for physics beyond SM
n SM with RH neutrinos are attractive scenarios

¤ Seesaw mechanism for very small neutrino masses
¤ RH neutrinos (HNLs)

l Baryon Asymmetry of the Universe (BAU)
l Various scenarios depending on masses (Leptogenesis, 

Resonant Leptogenesis, Baryogenesis via oscillations
n Neutrinoless double beta decays

¤ Light RH neutrinos may give a significant, 
constructive or destructive contribution 

¤ Multiple detections/non-detections by NDBD using different 
nuclei are crucial to reveal the properties of HNLs in the 
seesaw mechanism
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½T0ν
1=2"−1 ¼ A ·

!!!!mp

X
N
U2

eN
mN

hp2iþm2
N

!!!!
2

; ð13Þ

where

A ¼ G0νg4AjM00ν
N ðgeffA Þj2; ð14Þ

hp2i ¼ mpme

!!!!
M00ν

N ðgeffA Þ
M00ν

ν ðgeffA Þ

!!!!
2

; ð15Þ

with the values of the matrix elements M00ν
ν ;M00ν

N and
parameters hp2i andA given for various isotopes in Table I.
To estimate the accuracy of the approximate formula (13),
we compare it with the “exact” QRPA results in Fig. 1 for
76Ge and 136Xe, where the dotted curves correspond to the
interpolating formula (13). As seen, it is a rather good
approximation of the exact QRPA result except for the
transition region in which the accuracy is about 20%–25%.
The clear advantage of the formula (13) is that it shows

explicitly the mN dependence of the 0νββ amplitude or the
half-life. Therefore, it can be conveniently used for an
analysis of any contents of the neutrino sector without
engaging the sophisticated machinery of the nuclear struc-
ture calculations. Also, any upgrade of nuclear structure
approaches typically bringing out asymptotical NMEs for
mN ≪ pF and mN ≫ pF allows one to immediately recon-
struct with a good accuracy updated NMEs for arbitrarymN.
For completeness, let us give the 0νββ-decay half-life

formula for a generic neutrino spectrum, which incorpo-
rates a popular scenario neutrino Minimal Standard Model
(νMSM) [34,35], offering a solution of the dark matter
(DM) and baryon asymmetry (BAU) problems via massive
Majorana neutrinos. In Refs. [36], 0νββ decay has been
considered within the νMSM employing certain approx-
imations in order to estimate 0νββ-decay half-life. We note
that our Eq. (13) offers a suitable and systematic tool for

this purpose especially when both small and large values of
mN are involved.
Let the neutrino spectrum contain (i) three light neutrinos

νk¼1;2;3 with the masses mνðkÞ ≪ pF ∼ 200 MeV domi-
nated by νe;μ;τ, (ii) a number of the DM candidate neutrinos
νDMi with the massesmDM

i at the keV scale, (iii) a number of
heavy neutrinos N with the masses mN ≫ pF, plus
(iv) several intermediate massmh neutrinos h among which
there could be a pair highly degenerate in mass needed for
the generation of the BAU via leptogenesis [35]. In this
case, the interpolating formula (13) allows us to write down
for the half-life of any 0νββ-decaying isotope

½T0ν
1=2"−1 ¼ A

!!!!
mp

hp2i
X3

k¼1

U2
ekmk þ

mp

hp2i
X

i

ðUDM
ei Þ2mDM

i

þmp

X

N

U2
eN

mN
þmp

X

h

U2
ehmh

hp2iþm2
h

!!!!
2

: ð16Þ

Here, because of typically very small mixing between the
light and massive neutrino mass eigensates jUDM

ei j; jUeN j,
and jUehj ≪ jUekj, the mixing matrix of the light neutrinos
νk to a good accuracy can be identified with the element of
the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing
matrix Uek ≈UPMNS

ek .
Finally, the following observation might be of interest.

Note that the parameter hp2i with the typical value
∼ð200 MeVÞ2 can be interpreted as the mean Fermi
momentum of nucleons pF in a nucleus. This is suggested
by the structure of the NME in Eq. (3). In fact, we can
schematically write for the mN dependence

M00νðmNÞ≃ const ·
Z

∞

0

hðp2Þp2dpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

N

p
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

N

p
þ ĒnÞ

≃ const ·
1

p2 þm2
N

≡ const ·
1

hp2iþm2
N
: ð17Þ

TABLE I. The values of the nuclear matrix elements for the light and heavy neutrino mass mechanisms defined in Eqs. (11) and (12)
and the parameters hp2i andA of the interpolating formula specified in Eqs. (13)–(15). The calculations have been carried out within the
QRPA with partial restoration of isospin symmetry [24]. Two different types of NN potential (CD–Bonn and Argonne) as well as
quenched (gA ¼ 1.00) and unquenched (gA ¼ 1.269) values of the nucleon axial-vector constant have been considered. The cases
presented are a) Argonne potential, gA ¼ 1.00; b) Argonne, gA ¼ 1.269; c) CD–Bonn, gA ¼ 1.00; and d) CD–Bonn, gA ¼ 1.269.

M00ν
ν M00ν

N

ffiffiffiffiffiffiffiffiffi
hp2i

p
(MeV) A (10−10 yrs−1)

Nucleus a b c d a b c d a b c d a b c d
48Ca 0.463 0.541 0.503 0.594 29.0 40.3 49.0 66.3 173.0 189.0 216.0 231.0 0.541 1.05 1.55 2.83
76Ge 3.886 5.157 4.211 5.571 204.0 287.0 316.0 433.0 159.0 163.0 190.0 193.0 2.55 5.05 6.12 11.5
82Se 3.460 4.642 3.746 5.018 186.0 262.0 287.0 394.0 161.0 165.0 192.0 194.0 9.12 18.1 21.7 40.9
96Zr 2.154 2.717 2.341 2.957 132.0 184.0 202.0 276.0 171.0 180.0 203.0 212.0 9.30 18.1 21.8 40.7
100Mo 4.185 5.402 4.525 5.850 244.0 342.0 371.0 508.0 167.0 174.0 198.0 204.0 24.6 48.3 56.8 107.
110Pd 4.485 5.762 4.856 6.255 238.0 333.0 360.0 492.0 160.0 166.0 189.0 194.0 7.07 13.8 16.2 30.2
116Cd 3.086 4.040 3.308 4.343 150.0 209.0 222.0 302.0 153.0 157.0 179.0 183.0 9.74 18.9 21.3 39.5
124Sn 2.797 2.558 3.079 2.913 146.0 184.0 224.0 279.0 158.0 186.0 187.0 214.0 5.00 7.94 11.8 18.2
128Te 3.445 4.563 3.828 5.084 215.0 302.0 331.0 454.0 173.0 178.0 204.0 207.0 0.705 1.39 1.67 3.14
130Te 2.945 3.888 3.297 4.373 189.0 264.0 292.0 400.0 175.0 180.0 206.0 209.0 13.2 25.7 31.4 59.0
136Xe 1.643 2.177 1.847 2.460 108.0 152.0 166.0 228.0 178.0 183.0 208.0 211.0 4.41 8.74 10.4 19.7
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We revisit the mechanism of neutrinoless double beta (0νββ) decay mediated by the exchange with the
heavy Majorana neutrino N of arbitrary mass mN , slightly mixed ∼UeN with the electron neutrino νe. By
assuming the dominance of this mechanism, we update the well-known 0νββ-decay exclusion plot in the
mN − UeN plane taking into account recent progress in the calculation of nuclear matrix elements within
quasiparticle random phase approximation and improved experimental bounds on the 0νββ-decay half-life
of 76Ge and 136Xe. We also consider the known formula approximating the mN dependence of the
0νββ-decay nuclear matrix element in a simple explicit form. We analyze its accuracy and specify the
corresponding parameters, allowing one to easily calculate the 0νββ-decay half-life for arbitrary mN for all
the experimentally interesting isotopes without resorting to real nuclear structure calculations.
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I. INTRODUCTION

After the triumph of the neutrino oscillation and the LHC
experiments in discovering two long-awaited key elements
of nature, neutrino mass and mixing as well as the Higgs
boson, the next breakthrough of comparable magnitude
may happen in neutrinoless double beta (0νββ)-decay
searches. This hope is fed from both the theoretical and
experimental sides. Lepton number violation (LNV) is
forbidden in the Standard Model, and therefore observation
of any LNV process would have a profound impact on
particle physics and cosmology. In particular, it would
prove that neutrinos are Majorana particles [1,2], indicate
the existence of a new high-energy LNV scale and related
new physics [3], and provide a basis for a solution of the
problem of matter-antimatter asymmetry of the Universe
via leptogenesis [4]. Among the LNV processes, 0νββ
decay is widely recognized as the most promising candi-
date for experimental searches. Another possible probe of
LNV, which, as it has been recently realized, could be
competitive or complementary to 0νββ decay, is the like-
sign dilepton [5,6] searches at the LHC [7–11]. However,
this option still requires detailed studies to clarify its status.
On the experimental side of the 0νββ decay, one expects a
significant progress in the sensitivities of near-future
experiments, stimulating the hopes for observation of this
LNV process (for a recent review, see e.g., Ref. [12]).
The theory of 0νββ decay deals with three energy scales

associated with rather different physics, namely, (1) the
LNV scale and underlying quark-level mechanisms of 0νββ
decay, (2) hadronic scale ∼1 GeV and QCD effects

including nucleon form factors, and (3) nuclear scale
pF ∼ ð100–200Þ MeV and nuclear structure arrangement
(pF is the nucleon Fermi momentum in a nucleus).
In the literature, all these three structure levels have
been addressed from different perspectives (see
e.g., Refs. [12–14]).
In the present paper, we revisit the mechanisms of 0νββ

decay mediated by Majorana neutrino N exchange with an
arbitrary mass mN [15]. Our goal is to update and extend
the analysis [16] of the case with several mass eigenstatesN
dominated by “sterile” neutrinos νs and with an admixture
UeN of the active flavor νe. Massive neutrinos N have been
considered in the literature in divers contexts (see
e.g., Ref. [17]) with the masses mN ranging from the eV
to the Planck scale. Their phenomenology has been actively
studied from various perspectives including their contri-
bution to particle decays and production in collider experi-
ments (for a recent review, see e.g., Refs. [18,19]). The
corresponding searches for N have been carried out in
various experiments [20]. An update of the previous
analysis of Ref. [16] is needed because of the recent
progress in the calculation of the double beta-decay nuclear
matrix elements (NMEs), which includes constraints on the
nuclear Hamiltonian from the two-neutrino double beta-
decay half-life [21,22], a self-consistent description of the
two-nucleon short-range correlations [23], and the restora-
tion of isospin symmetry [24]. Our framework is given by
the quasiparticle random phase approximation (QRPA).
Recently, the analysis of massive sterile neutrinos in 0νββ
decay within another approach, the interacting shell model,
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FIG. 9. The range of the total mixing angle U2 consistent with both the seesaw mechanism and

leptogenesis as a function of HNLs’ mass MN . The black solid lines show the results obtained

with the full kinetic equations and vanishing initial conditions for HNLs. The blue, dashed lines

correspond to thermal initial conditions. In this regime the freeze-in does not contribute to the

asymmetry generation. The red, dotted line corresponds to neglecting the e↵ect of the expansion

of the Universe on the distribution of the heavy neutrinos. In this case the freeze-out cannot

contribute and the asymmetry is generated during freeze-in. The color contours represent the

largest allowed value of the mass splitting �M/M . Within the white regions the mass splitting is

smaller than 10�6. The left (right) panel shows the case of normal (inverted) hierarchy.

C. Constraints on the heavy neutrino mass splitting

The mass splitting between the heavy neutrinos is one of the most important parameters

for both leptogenesis scenarios. The main reason why leptogenesis is so sensitive to the

mass splitting �M between the heavy neutrinos is that this parameter sets the scale for the

oscillations that violate CP and lead to a lepton asymmetry. The temperature corresponding

to the onset of oscillations depends on the Hubble rate and is given as [21]

Tosc ⇡ (M0M�M)1/3 if Tosc � MN , (52)

where M0 =
p

90/ (8⇡3g⇤)MPl and g⇤ is the e↵ective number of relativistic degrees of free-

dom. For heavier neutrinos, it is possible that the oscillations begin when they are already

non-relativistic, which gives us a di↵erent temperature since the typical HNL energy is M

instead of T

Tosc ⇡ (M0�M)1/2 if Tosc
<
⇠ MN . (53)
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