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Back to 200X

nIn 2005 we published two papers

I was PD fellow at EPFL 
(Lausanne, Switzerland).

The first beam in the LHC at CERN
was on 10 Sept. 2008.  

Thus, they are written in the pre-LHC era.

Phys. Lett. B631 (2005) 151 Phys. Lett. B620 (2005) 17
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Prologue:  Physics beyond the MSM
� About 10 years ago …,
zThere was no “convincing” evidence for physics 

beyond the minimal standard model (MSM)

z People looked for physics beyond the MSM “mainly”
based on theoretical arguments:
• Hierarchy problem
• Gravity, String, …
• Strong CP problem
• Why 3 generations?
• Why anomalies cancel?
• …
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Neutrino Oscillations

Cosmic Microwave
Background (CMB)

[SuperK]

[WMAP]
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Physics beyond the MSM
� In the last decade(s),  we have collected quite 

“convincing” evidences for physics beyond the MSM

zNeutrino oscillations Æ non-zero neutrino masses

z Baryon asymmetry

zDark matter

zDark energy

zScale-invariant density perturbations
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Physics beyond the MSM
� In the last decade(s),  we have collected quite 

“convincing” evidences for physics beyond the MSM

zNeutrino oscillations Æ non-zero neutrino masses

z Baryon asymmetry

zDark matter

zDark energy

zScale-invariant density perturbations

� Today, I would like to explain the QMSM, which can 
solve first three problems!

??

??
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Neutrino oscillations

n Evidence of neutrino oscillations 
à non-zero neutrino masses

nNeed for new physics beyond the Standard Model (SM)

n Important questions:
l What is the origin of neutrino masses ?

l How can it be confirmed experimentally ?

l What are the consequences of new physics ?

l …

∆𝑚!"#
$ ≃ 2.5×10%& eV$ ∆𝑚'()

$ ≃ 7.4×10%* eV$
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The SM with right-handed 
neutrinos
--the seesaw mechanism
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nAdding three right-handed neutrinos 𝜈!", 𝜈!#, 𝜈!$

l 18 new parameters
•3 Majorana masses (𝑀+)
•15 parameters in Yukawa coupling matrix (𝐹)
• 3 Yukawa couplings (real positive numbers)
• 6 mixing angles 
• 6 phases

l Mass term for neutrinos

Origin of neutrino masses

ℒ = ℒ,+ + 𝑖𝜈-𝛾.𝜕.𝜈- − 𝐹 8𝐿Φ𝜈- +
𝑀+

2
𝜈-/ 𝜈-+ ℎ. 𝑐.

−ℒ =
1
2
𝜈0 , 𝜈-/

0 𝑀1
𝑀1
2 𝑀+

𝜈0/
𝜈-

+ h. c.
𝑀1 = 𝐹 Φ

𝑀+

l Dirac type mass
l Majorana type mass
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nIf Majorana masses ≫ Dirac masses,

l Active neutrinos 𝜈", 𝜈#, 𝜈$

l Heavy neutral leptons (HNLs) 𝑁", 𝑁#, 𝑁$

nMixing in CC current

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

0 𝑀1
𝑀1
2 𝑀+

⟹ 𝑀3 0
0 𝑀4

𝑀3 = −𝑀1
2𝑀+

%5𝑀1 = 𝑈∗diag 𝑚5, 𝑚$, 𝑚& 𝑈7
𝑀% ≪ 𝑀&

𝑀4 = 𝑀+ = diag(𝑀5, 𝑀$, 𝑀&)

⟹ smallness of neutrino masses is naturally explained

𝜈'( = 𝑈() 𝜈) + Θ(* 𝑁*+

(𝛼 = 𝑒, 𝜇, 𝜏) (𝑖 = 1,2,3) (𝐼 = 1,2,3) ΘEF = 𝑀1 EF /𝑀F

l PMNS mixing for active neutrinos 

l Mixing for HNLs
𝑈EF
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𝑁F

Φ

𝐿E

Important parameters of HNL
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n Interactions of HNL

n Two key parameters of HNL
l Mass

l Mixing

𝐹EF

𝑁F

𝑊,𝑍

ℓE , 𝜈E

gauge interaction through mixing Yukawa interaction

𝑔 ΘEF

𝑀*

Θ(*

à relevant for search experiments

𝑔 ΘEF = 𝑔
𝐹EF Φ
𝑀4

~𝐹EF
𝑚G

𝑀4

NOTE



Yukawa coupling and Majorana mass for HNL
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𝐹 =
𝑚!𝑀"

Φ
𝑚! = 5×10#$$ GeV

Seesaw
does 
not 
work !

𝑚! =
𝑀%
𝑀&

×𝑀%=
𝐹' Φ '

𝑀"



Yukawa coupling and Majorana mass for HNL
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𝐹 =
𝑚!𝑀"

Φ
𝑚! = 5×10#$$ GeV

Seesaw
does 
not 
work ! Leptogenesis

(Fukugita, Yanagida ʻ86)

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

TA, Shaposhnikov ʼ05)

Resonant Leptogenesis
(Pilaftsis, Underwood ʻ04)



Mixing and Mass of HNL
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Θ ' =
𝑀%
'

𝑀"
' =

𝑚!
𝑀" 𝑚! = 5×10#$$ GeV

Leptogenesis

Baryogenesis via neutrino oscillation

Resonant Leptogenesis



Various Physics of HNL
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GUTnMSM

Leptogenesis

Resonant Leptogenesis

Baryogenesis via neutrino oscillation

Dark
Matter

Baryogenesis

𝝉
𝑵
>
𝒕𝟎



Dark matter of the Universe
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nCosmological parameters are well determined now !
l From CMB anisotropies

n Particle physics candidate
l “dark” (charge neutral)
l stable within the age of the universe 𝜏 > 𝑡H = 𝑂(105I) sec
l abundance must be ΩJ#ℎ$

l avoids cosmological constraints

à No candidate in the SM

Dark energy (68%)

Baryon (5%)Dark matter
(27%)

Dark matter

[Planck ’18]

Ω,-ℎ# = 0.120 ± 0.001

Ω*+ = 𝜌*+
, /𝜌-.,

ℎ ∶ 𝐻, in	unit	of	100	km/s/Mpc
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𝜌/0 = 10.5 ℎ' GeV m#1

ℎ = 0.674 ± 0.005



Massive Active Neutrinos as Dark Matter
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nMassive active neutrinos were classical candidate for dark 
matter, but they cannot be dark matter since they are 
too hot !

n Planck 2018:
l Upper bound on sum of active neutrino masses

l Too small to explain the Dark Matter density

Σ𝑚K < 0.12 eV  (95%CL)

[arXiv:1807.06209]

Ω%ℎ# =
Σ𝑚)

93.14 eV
< 0.00129

Ω,-ℎ# = 0.120 ± 0.001



Sterile Neutrino (HNL) as Dark Matter
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n Sterile neutrino (HNL) 𝑁" with 𝑀" = 𝑂 10 keV is a good 
candidate for warm dark matter.

n DM 𝑁" is not completely stable 
(without introducing symmetry)
l Dominant decay: 𝑁 → 3 𝜈

l Lifetime can be very long !

Θ

+ …

𝜏.L = 5×10#/sec
keV
𝑀"

0 1012

Θ#

[Peebles ʼ82, Olive, Turner ʼ82, …



n Due to smallness of Yukawa couplings,
DM 𝑁! is not thermalized in the early universe

n Production scenarios:
l Dodelson-Widrow scenario
•Production via active-sterile neutrino mixing 

•Dominant production at 𝑇 ≈ 100MeV +!
MNO

5/&

l Shi-Fuller scenario
•Production is boosted in the presence of lepton asymmetry due 
to the MSW effect

Production of DM

W,Z na N1𝚯
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[Phys. Rev. Lett. 72, 17, 1994]

[Phys. Rev. Lett. 82, 2832, 1999]



Cosmological Constraints 
n Radiative decays of DM

l Subdominant decay: 𝑁5 → 𝜈 + 𝛾
l Severely restricted from X-ray observations
⇒ Upper bound on mixing angle !

n Structure formation
l DM 𝑁1 plays as WDM and may erase structures on small scales!
⇒ Lower bound on mass (Ly-a forest observations)

•𝑀5 ≳ 8 keV (DW scenario)
n Phase-space analysis (Tremaine-Gunn bound)

•𝑀5 ≳ 1 − 2 keV

𝜆Q,~Mpc
keV
𝑀5

𝑞4
𝑞3

Boyarsky, Lesgourgues, 
Ruchayskiy, Viel ’09,’09
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Tremaine, Gunn ‘79
Boyarsky, Ruchayskiy, Iakubovskyi ‘08
Gorbunov, Khmelnitsky, Ruvakov ‘08

Θ = 𝑀1/𝑀5



Mixing angle required for DM abundance
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TA, Laine, Shaposhnikov ʻ07
Mixing angle required for

Ω. = Ω34

sin$ 2𝜃 ≃ 8×10%R
𝑀4

1keV

$

𝑴𝑵 < 𝟑 keV 
is possible !

Not allowed 
since it is too warm!



Mixing angle required for DM abundance
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n Resonant production
due to lepton asymmetry
Smaller mixing can 
account for the correct
dark matter abundance

Laine, Shaposhnikov ʻ08

𝑴𝑵 < 𝟓𝟎 keV 
is possible !



Constraints from Ly-𝜶 forests
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n Constraints from Ly-𝜶 forests 
for Shi-Fuller scenario is 
shown by blue region

n Viable region exists!

Figure 8. Constraints from Ly-↵ forest in the RPSN (m⌫s , sin
2 2✓) parameter space. The iso-L contours are

displayed in black along with the corresponding value of L6. Gold squares indicate the set of parameters for
which we computed the P'(k) by solving the non-linear hydrodynamics. The black dot with error bar denotes
the right-handed interpretation of the 3.55 keV X-ray line in the stacked spectra of galaxy clusters for which
we used the parameters reported in [80]: m⌫s = 7.14±0.07 keV and sin2 2✓ = 4.9+1.3

�1.6⇥10�11. The blue shade
encompasses models excluded by over 3� by the Ly-↵ forest BOSS power spectrum. The hatched rectangle
corresponds to the 3� island of the right panel of Fig. 7 (see text for details). The absence of monochromatic
X-ray lines (apart from the 3.55 keV signal) translate into upper bounds in sin2 2✓(m⌫s): the green shade are
models inconsistent beyond 3� with a compilation of X-ray data from the Milky Way, Andromeda and other
galaxies.

17

Baur et al [1706.03118]
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Figure 6: The average sterile neutrino momentum, 〈q〉s, normalised to the active neutrino equilibrium
value, 〈q〉a ≡ 7π4T0/180ζ(3) ≈ 3.15T0. Left: case 1. Right: case 2.

abundance account for all of the observed energy density in dark matter, leads to the (lepton

asymmetry dependent) mass–angle relation shown in Fig. 4.

The most direct constraint on the sterile neutrino dark matter scenario comes from com-

paring these curves with X-ray observations (Fig. 4). For nνe/s = 0.0 we are in the allowed

region only for M1 ≤ 3 keV. Increasing the asymmetry to nνe/s & 8 × 10−6 opens suddenly

a whole range of allowed mass values, up to M1 & 25 keV. Increasing the asymmetry further

relaxes the upper bound even more but rather slowly; for instance, if the asymmetry is in-

creased to nνe/s & 25×10−6, then we read from Fig. 4 the upper bound M1 <∼ 40 keV, while

the maximal allowed asymmetry nνe/s & 2500× 10−6 yields the upper bound M1 <∼ 50 keV.

Another important effect comes from the modification of the sterile neutrino spectrum

through a lepton asymmetry. As already found in ref. [2], the non-equilibrium spectrum

of the dark matter sterile neutrinos created in the presence of a lepton asymmetry is very

different from the thermal one. Some examples are shown in Fig. 5.

Now, an observation of small scale structures in the Lyman-α data puts an upper bound

on the free-streaming length and, consequently, on the average velocity of the dark matter

particles. This converts to a lower bound on the inverse velocity, which, in the absence of an

actual analysis with non-equilibrium spectra, can be roughly estimated as [32]

M1
〈q〉a
〈q〉s

>∼ M0 ⇔ M1 >∼ M0
〈q〉s
〈q〉a

, (5.1)

where 〈q〉a and 〈q〉s are the average momenta of active and sterile neutrinos, respectively, at

the moment of structure formation, and the value of M0 is M0 & 14 keV (95% CL) according

17



DM in the 𝝂MSM
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n Dodelson-Widrow scenario conflicts with cosmological constraints 
⇒ Other production mechanism is needed
•Shi-Fuller mechanism with large lepton asymmetry

•Addition of new d.o.f (scalar, Z ,̓ …)

n Large lepton asymmetry for Shi-Fuller mechanism can be 
generated by HNL 𝑁$,&
l Baryogenesis at 𝑇 ≳ 𝑀G

l Leptogenesis before 
DM production

Shaposhnikov, Tkachev ‘06, Kusenko ‘06, Petraki, Kusenko ‘06
Bezrukov, Gorbunov ’10, Bezrukov, Kartavtsev, Lindner ‘12,

Canetti, Drewes, Shaposhnikov ’13
Canetti, Drewes, Frossard, Shaposhnikov ‘13

Laine, Shaposhnikov ʻ08

NH



Diract Search for DM

nTritium beta-decay T → He + 𝑒1 + E𝜈5 (KATRIN exp.)

arXiv:1409.0920
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Figure 1. a: A tritium �-decay spectrum with no mixing (dashed black line) compared to a spectrum
with a keV sterile neutrino mass of 10 keV and a mixing angle of sin2 ✓ = 0.2 (solid red line). One can
clearly see a kink-like signature of the keV-scale sterile neutrino at the electron energy E = E0 �ms

and its influence on the spectral shape below the kink energy. b: Ratio of a tritium �-decay spectrum
without mixing and a spectrum with a 10 keV neutrino mass and a mixing amplitude of sin2 ✓ = 10

�7.
The error bars correspond to a total statistics of ⇠ 10

18 electrons, as would be achieved with the
KATRIN tritium source after 3 years of measurement time.

2.2 Imprint of Active-Sterile Neutrino Mixing on the Beta-Decay Spectrum

If the electron neutrino contains an admixture of a neutrino mass eigenstate with a mass ms

in the keV range, the different mass eigenstates will no longer form one effective neutrino mass
term. In this case, due to the large mass splitting, the superposition of the �-decay spectra
corresponding to the light effective mass term mlight and the heavy mass eigenstate ms, can
be detectable. In the following analysis we assume a single heavy mass eigenstate ms and an
effective light neutrino mass eigenstate mlight. In this scenario the differential spectrum can
be written as

d�

dE
= cos

2 ✓
d�

dE
(mlight) + sin

2 ✓
d�

dE
(ms), (2.5)

where ✓ describes the active-sterile neutrino mixing, and predominantly determines the size of
the effect on the spectral shape. The light neutrino mass mlight is set to zero in our analysis,
as ms � mlight is assumed. Figure 1a shows for an (unrealistically) large mixing angle of
✓ ⇡ 26

�, how an admixture of a heavy mass eigenstate of ms = 10 keV manifests itself in the
shape of the tritium �-decay spectrum.

In the energy region E < E0�ms, the tritium � decay into a keV-scale sterile neutrino is
energetically allowed, leading to a kink in the spectrum at Ekink = E0 �ms. Due to its large
mass, a keV-scale sterile neutrino is still non-relativistic at energies of a few keV, resulting in
a characteristic spectral modification in the electron energy range up to E < Ekink.

In the case of very small mixing, it is helpful to visualize the effect of a keV-scale
sterile neutrino as the ratio of the spectrum with and without mixing, as shown in figure 1b.
Taking into account the statistical error bars expected for a total statistics of ⇠ 10

18 electrons
(as expected from the KATRIN tritium source, see section 3), a small mixing amplitude of
sin

2 ✓ ⇡ 10
�7 still leads to both a clearly visible kink signature and an extended spectral

distortion for E < Ekink.

– 4 –

kink by DM

𝑀J#

arXiv:1911.00328
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Energy spectrum of 𝑒% Sensitivity



Direct Search for DM
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n Laboratory searches
l Beta capture:  EX)  SS

5S&Dy + 𝑁5 → SI
5S&HoT + 𝑒% 5
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FIG. 4. Electron spectra of CνkeV Band SνBcaptures on
163Dy and subsequent 163Ho decays, for an exposure of
100 ton·year and a 0.5 keV energy resolution (FWHM).

by minimizing the following χ2 function

χ2 = −2 ·
∑

i

(Nobs(Ei)−Nexp(Ei)

+Nobs(Ei) · ln
Nexp(Ei)
NobsEi)

),

(9)

where Nobs and Nexp = NCνkeVB + (1 + β) · NSνB +
(1 + γ) · Nho are the observed and expected number of
counts, respectively. The nuisance parameters β, γ for
both the SνBcapture rate (NSνB) and the total 163Ho
decays (Nho) are left free in this analysis. After minimiz-
ing the χ2 function over the nuisance parameters β, γ, the
90% C.L. exclusion contours are computed as a function
of m4 and sin2 θe4 such that ∆χ2 = χ2(m4, sin

2 θe4) −
χ2
min < 4.6 since both m4 and sin2 θe4 could be measured

in a real-time experiment. Figure 5 shows the expected
sensitivity for CνkeV B real-time detection for two differ-
ent exposures, 300 kg·year and 100 ton·year, assuming
an energy resolution of 0.5 keV (FWHM). Using a few
100 kg of 163Dy a 90% sensitivity down to sin2 θe4 ∼ 10−6

is attainable for m4 varying from 2.83 to 100 keV. Mix-
ing angles as low as sin2 θe4 ∼ 10−9 could in principle be
explored with 100 tons of 163Dy, provided detector back-
grounds are less than the SνBcapture rate.

We presented and investigated a new method to search
for Cosmic keV Neutrino Background, in the keV mass
range, that could account for Dark Matter. This ap-
proach aims at the detection of hypothetical keV ster-
ile neutrinos confined inside our galactic halo and is
therefore complementary to projects using tritium β-
decay [76, 77] or xenon [78]. In this new concept the
CνkeV Bcould be captured on stable 163Dy if sterile neu-

si
n2 (θ
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m4 (keV)

 

 

10−8
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CνkeVB − Real−time − 100 kg x 3 years
CνkeVB − Real−time − 100 ton x 10 years

FIG. 5. 90% C.L. sensitivity for CνkeV B real-time detection
for two exposures, 300 kg·year and 100 ton·year (of 163Dy),
assuming an energy resolution of 0.5 keV (FWHM).

trino masses are greater than 2.83 keV. Two experimen-
tal cases are studied. First, by an integral experiment in
which one counts the number of 163Ho atoms in a 163Dy
ore exposed over a geologic time. In this case the sensitiv-
ity to the CνkeV B is strengthened through the accumu-
lation of the captures over the last 30000 years. This ap-
proach is limited by the capture of solar neutrinos (SνB),
at the level of sin2 θe4 ∼ 10−6. Second, by a real-time ex-
periment measuring the electron spectrum in a Dy-based
detector. The characteristic signal is a mono-energetic
peak at Te = E0 +m4, thus greatly reducing the impact
of the SνB.
To conclude, experiments using several kilograms

of 163Dy, for the integral approach, and ∼100 kg of
163Dy, for the real-time measurement, could already
reach an unprecedented sensitivity of sin2 θe4 ∼ 10−5 in
comparison with past laboratory searches. Thanks to
the stability of the dysprosium target this experiment
is scalable, in principle. Looking into a farther future
a cosmological relevant sensitivity of sin2 θe4 ∼ 10−9

could potentially be achievable with 100 tons of 163Dy
exposed for 10 years. Proof-of-concept experiments shall
be conducted to experimentally assess backgrounds and
technical feasibility, however.

Special thanks goes to J. Rich for many useful inputs
and valuable comments. The authors gratefully acknowl-
edge V. Fischer, L. Gastaldo, G. Korschinek, M. Martini,
G. Mention, W. Potzel and S. Schönert for fruitful discus-
sions on ν-capture and detection techniques. We would
like to thank B. Mac Donough, C. Jaupart, M. Chaussi-
don, F. Moynier, and B. Marty regarding their inputs on
geological issues. T. Lasserre would like to acknowledge
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explored with 100 tons of 163Dy, provided detector back-
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for Cosmic keV Neutrino Background, in the keV mass
range, that could account for Dark Matter. This ap-
proach aims at the detection of hypothetical keV ster-
ile neutrinos confined inside our galactic halo and is
therefore complementary to projects using tritium β-
decay [76, 77] or xenon [78]. In this new concept the
CνkeV Bcould be captured on stable 163Dy if sterile neu-

si
n2 (θ

e4
)

m4 (keV)

 

 

10−8

10−6

10−4

10−2

100 101 102

CνkeVB − Real−time − 100 kg x 3 years
CνkeVB − Real−time − 100 ton x 10 years

FIG. 5. 90% C.L. sensitivity for CνkeV B real-time detection
for two exposures, 300 kg·year and 100 ton·year (of 163Dy),
assuming an energy resolution of 0.5 keV (FWHM).

trino masses are greater than 2.83 keV. Two experimen-
tal cases are studied. First, by an integral experiment in
which one counts the number of 163Ho atoms in a 163Dy
ore exposed over a geologic time. In this case the sensitiv-
ity to the CνkeV B is strengthened through the accumu-
lation of the captures over the last 30000 years. This ap-
proach is limited by the capture of solar neutrinos (SνB),
at the level of sin2 θe4 ∼ 10−6. Second, by a real-time ex-
periment measuring the electron spectrum in a Dy-based
detector. The characteristic signal is a mono-energetic
peak at Te = E0 +m4, thus greatly reducing the impact
of the SνB.
To conclude, experiments using several kilograms

of 163Dy, for the integral approach, and ∼100 kg of
163Dy, for the real-time measurement, could already
reach an unprecedented sensitivity of sin2 θe4 ∼ 10−5 in
comparison with past laboratory searches. Thanks to
the stability of the dysprosium target this experiment
is scalable, in principle. Looking into a farther future
a cosmological relevant sensitivity of sin2 θe4 ∼ 10−9

could potentially be achievable with 100 tons of 163Dy
exposed for 10 years. Proof-of-concept experiments shall
be conducted to experimentally assess backgrounds and
technical feasibility, however.

Special thanks goes to J. Rich for many useful inputs
and valuable comments. The authors gratefully acknowl-
edge V. Fischer, L. Gastaldo, G. Korschinek, M. Martini,
G. Mention, W. Potzel and S. Schönert for fruitful discus-
sions on ν-capture and detection techniques. We would
like to thank B. Mac Donough, C. Jaupart, M. Chaussi-
don, F. Moynier, and B. Marty regarding their inputs on
geological issues. T. Lasserre would like to acknowledge

Lasserre et al [1609.04671]

See also
Li, Xing [1009.5870], Li, Xing [1104.4000]
Long et al [1405.7654]
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n Yukawa couplings of DM 𝑁" should be very suppressed
l DM 𝑁5 decouples from the seesaw mechanism
•Number of RH neutrinos should be # ≥ 3
for explaining neutrino oscillations and dark matter
•When #=3, the lightest active neutrino 𝑚$ < 𝑂 10#2 eV

l DM 𝑁5 decouples from baryogenesis

l DM 𝑁5 decouples from 0n2b decays

n Heavier HNLs 𝑁# and 𝑁$ are responsible for
l Seesaw mass matrix for neutrino masses
l Baryon asymmetry of the universe

Consequences of DM in the 𝝂MSM

2021/11/07 Takehiko Asaka (Niigata Univ.) 30

TA, Blanchet, Shaposhnikov ‘05

Bezrukov ’05



Active neutrino masses

2021/11/07 Takehiko Asaka (Niigata Univ.) 31



Baryon Asymmetry of the 
Universe

2021/11/07 Takehiko Asaka (Niigata Univ.) 32



nWe find baryons mostly, not antibaryons !
l Existence of antiproton

In cosmic rays,  𝑝 + 𝑝 → 𝑝 + 𝑝 + 𝑝 + 𝑝̅
At TEVATRON,  𝑝 + 𝑝̅ →X

nAsymmetry between baryons and antibaryons in our 
Universe

2021/11/07 33

Baryon v.s. antibaryon

How large ??? 

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

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

Takehiko Asaka (Niigata Univ.)



nObservational value

Baryon Asymmetry of the Universe (BAU)

2021/11/07 Takehiko Asaka (Niigata Univ.) 34

𝑌6 =
𝑛6
𝑠
= (0.872 ± 0.004)×101"7

𝑛3 ∶ baryon number density, 𝑠 ∶ entropy density

Planck 2018 [1807.06209]

[Strumia 06]

[PDG]

CMBR BBN



Baryogenesis

2021/11/07 Takehiko Asaka (Niigata Univ.) 35

nInflation sets baryon number 𝐵 = 0 and non-zero 𝐵
must be generated after the inflation 

nConditions for baryogenesis:   Sakharov (1967)
(1) Baryon number B is violated

(2) Both C and CP symmetries are violated

(3) Out of thermal equilibrium

à Baryogenesis



Baryogenesis conditions in the MSM

nB and L violation
l B and L violations in anomalous EW “sphaleron” which is in 

thermal equilibrium for T>100GeV

nCP violation
l 1 CP phase in the quark-mixing (CKM) matrix

à too small

nOut of equilibrium
l Strong 1st order phase transition if 𝑚U < 72 GeV

but 𝑚U = 125 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]

2021/11/07 Takehiko Asaka (Niigata Univ.) 36
à We have to go beyond the MSM !!



Baryogenesis in the nMSM

nB and L violations
l EW sphaleron
l L violation due to Majorana masses
•Now we take Majorana masses 𝑀" < 100 GeV
• Its violating effects can be neglected 
for high temperatures 𝑇 > 100 GeV

nC and CP violations
l 1 CP phase in quark sector
l 6 CP phases in lepton sector
•Rich CP violation

2021/11/07 Takehiko Asaka (Niigata Univ.) 37



nOut of equilibrium
l No 1st order EW phase transition as in the MSM
l But, sterile neutrinos can be out of equilibrium
if Yukawa couplings are small enough
•To ensure this condition up to T~100GeV

•To explain neutrino masses

nThe nMSM can potentially realize all three conditions 
for baryogenesis for T>100GeV

Baryogenesis conditions in the nMSM

17GeV (atm)M £

7
1,2,3 2 10f -< ´ 13

1[DM: 6 10 ]f -´!

La

F

tR QL

N2,3

2021/11/07 Takehiko Asaka (Niigata Univ.) 38

Is there a realistic scenario ???



nSterile neutrinos are created and oscillate with CPV

nThe total lepton number is zero but is distributed 
between active and sterile neutrinos

nThe asymmetry of active left-handed neutrinos is 
transferred into baryon asymmetry by sphaleron
effects

Baryogenesis via neutrino oscillations
Akhmedov, Rubakov, Smirnov ‘98

Idea:  Sterile neutrino oscillation is a source of BAU

2021/11/07 Takehiko Asaka (Niigata Univ.) 39



Key Point

2021/11/07

Baryogenesis via Leptogenesis

Baryogenesis via Neutrino Oscillation

B
B

L
L

sphaleron

sphaleron

B L B L

Takehiko Asaka (Niigata Univ.) 40



Baryogenesis via Neutrino Oscillation

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

l Asymmetries are generated since evolution rates of 𝐿E and 
𝐿" are different due to CPV

Akhmedov, Rubakov, Smirnov (’98) / TA, Shaposhnikov (‘05)
Shaposhnikov (’08), Canetti, Shaposhnikov (‘10)
TA, Ishida (‘10), Canetti, Drewes, Shaposhnikov (’12), TA, Eijima, Ishida (‘12)
Canetti, Drewes, Shaposhnikov (‘12),  Canetti, Drewes, Frossard, Shaposhnikov (‘12) 
...

N NL

Medium effects𝑁$

𝑁&
𝑉4 =

𝑇$

8 𝑘
𝐹7𝐹

𝐿E

𝐿E 𝐹"#𝐹"$∗
𝐿( 𝐿(𝑁# 𝑁$

2021/11/07 41Takehiko Asaka (Niigata Univ.)



Evolution of asymmetries

410 GeVLT !

9
2[10 ]N -D

Active sector

6[10 ]Lt
-D

6[10 ]eL
-D

6[10 ]Lµ
-D

6[10 ]Lµ
-D

Sterile sector

9
3[10 ]N -D

9
2[10 ]N -D

19
1[10 ]N -D

2021/11/07 Takehiko Asaka (Niigata Univ.) 42



Baryogenesis via neutrino osc.

Oscillation of heavy neutrinos can be a source of BAU
l Asymmetries are separated into LH and RH leptons
l Asymmetry in LH leptons is converted into BAU

Yield of BAU depends on 
Yukawa couplings 𝐹45 and masses

Especially, CP violating parameters
and mass difference

𝑇89:~ 𝑀7 𝑀. 𝛥𝑀 "/$

Takehiko Asaka (Niigata Univ.)2021/11/07 43



Baryogenesis Region

Region accounting for 
TA, Eijima ‘13

NH
IH

<]
=
= (8.55-9.00)×10#$$

IH

NH

Canetti, Shaposhnikov ‘10

𝑀. > 2.1 MeV (NH) 𝑀. > 0.7 MeV (IH)
2021/11/07 44Takehiko Asaka (Niigata Univ.)



Constraints on light RH neutrinos

Cosmology

Direct search

Normal hierarchy Inverted hierarchy

𝑀& > 163 MeV 𝑀& = 188 − 269 MeV
𝑀& > 285MeV

TA, Eijima ʻ13

PS191

2021/11/07 Takehiko Asaka (Niigata Univ.) 45



Baryogenesis region

2021/11/07 Takehiko Asaka (Niigata Univ.)

Normal Hierarchy Bound from BAU

TA, Eijima, Ishida, Minogawa, 
Yoshii ʼ17 [arXiv:1704.02692+𝛼]

Drewes, Garbrecht, Gueter, 
Klaric ʼ16  [arXiv:1609.09069]too small BAU

to avoid strong washout
Canetti, Shaposhnikov ʼ10

[arXiv:1006.0133]

46

Bound from Seesaw
to explain neutrino massesSeesaw

Θ " >
Σ𝑚#

2 𝑀$



Baryogenesis Region (recent progress)

2021/11/07 Takehiko Asaka (Niigata Univ.) 47

31

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)

Klaric, Shaposhnikov, Timiryasov arXiv:2103.16545



Direct searches

2021/11/07 Takehiko Asaka (Niigata Univ.) 48

nPeak search in meson decays (𝑀> → ℓ> 𝑁)
l Measure 𝐸^ in 𝜋T → 𝑒T 𝑁

nBeam dump experiments

𝑁 ⟶ ℓ> ℓ1 𝜈 + 𝑐. 𝑐.

𝐸^ =
𝑚_
$ −𝑚^

$ −𝑀4
$

2 𝑚_

ev
en

ts

𝜋6 → 𝑒6 𝑁

𝜋6 → 𝑒6 ν

[Shrock ʼ80]

𝐾> → 𝑒> 𝑁

𝐸7

CERN
PS191

à SHiP,  LBNE (now DUNE)



Direct searches @colliders

2021/11/07 Takehiko Asaka (Niigata Univ.) 49

nSearch @LEP                          
l 𝑍 → 𝜈𝑁 (3.3×10S 𝑍)

à FCC-ee (10!" 𝑍)

nSearch @LEPII
l 𝑒T𝑒% → 𝜈𝑁 (𝑁 → 𝑒 𝑊 with 𝑊 → 𝑗𝑒𝑡𝑠)

à ILC ( 𝑠 = 500 GeV, 500 fb#!)

nSearch @LHC 
l 𝑝𝑝 → ℓT𝑁 → ℓT ℓT𝑗 𝑗

nSearch @LHCb
l 𝐵% → 𝑁 𝜇% → 𝜋T 𝜇% 𝜇%

nSearch @Belle/Belle II 
l 𝐵% → 𝑋ℓ𝑁, 𝑁 → 𝑒±𝜋∓ , 𝜇±𝜋∓



Limits on mixing of HNL

2021/11/07 Takehiko Asaka (Niigata Univ.) 50

nLimits on mixing Θ5* Deppisch, Dev, Pilaftsis ‘15



Sensitivities by future searches

2021/11/07 Takehiko Asaka (Niigata Univ.)

Normal Hierarchy

Sensitivity for Θ8
'

Adams et al ʻ13 [arXiv:1307.7335]

■ LBNE (DUNE)

■ SHiP

■ FCC-ee at Z-pole

FCC-ee
SHiP

LBNE Anelli et al ʻ13 [arXiv:1504.04956]

Blondel, Graverini, Serra, 
Shaposhnikov
(FCC-ee study team) ʻ14
[arXiv:1411.5230]

displaced vertex of 𝑁 decay

𝑁 decay inside near detector

beam dump exp.
BAU

51



Search for HNLs at T2K
Production of 𝑵 Detection of 𝑵
𝐾> → ℓ> + 𝑁 𝑁 → ℓ1+ℓ> + 𝜈

TA, Eijima, Watanabe
[JHEP1303 (2013) 125]

PS191

T2K

𝑉 = 61.25m!(9m!)10"%POT

0.86×10!" POT

2021/09/21 52
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Search for heavy neutrinos with the T2K near detector ND280
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constraints are valid only under strong assumptions of
the hierarchy of U2

e , U
2
µ and U2

⌧ . A “combined” approach
was then defined, in which all the heavy neutrino produc-
tion and decay modes (presented in Figure 3) and the ten
di↵erent analysis channels (five for each beam mode) are
considered simultaneously. For a given analysis channel
A, the contribution of a mode i is characterised by:

• the expected number of decays in the detector as-
suming U2

e = U2
µ = U2

⌧ = 1 and 100% selection
e�ciency, denoted �i ;

• the selection e�ciency of these decays in the cur-
rent channel "A,i ;

• the actual values of U2
e , U

2
µ and U2

⌧ via the factor
fi = U2

↵

P
U2
�j

with ↵,�j 2 {e, µ, ⌧} where ↵ is
the flavour involved at the production of the heavy
neutrino and �j are the flavours involved in its de-
cay (only one for charge current modes, several for
neutral current modes).

The expected number of events NA in a channel A
depends on the background in this channel BA and the
sum of the contributions from the di↵erent production
and decay modes:

NA = BA +
X

i

"A,i ⇥ fi(U
2
e , U

2
µ, U

2
⌧ )⇥ �i. (3)

Only a Bayesian method has been considered in this
combined approach. The likelihood is built using a Pois-
son function for the observed number of events nobs

A in
each channel A, with Poisson parameter NA:

L =
Y

A

Poisson
�
nobs
A ,NA

�
. (4)

The uncertainties on the flux and e�ciency are taken
into account in the forms of multivariate Gaussian priors
⇡� and ⇡" respectively. The priors on the background
⇡B are taken to be log-normal with means and standard
deviations given by the expected background and its un-
certainty in Table II. The priors on the mixing elements
U2
↵ are assumed to be flat.
The marginalised posterior probability p is then de-

fined as the product of the likelihood L and the priors,
integrating over all the nuisance parameters (flux, e�-
ciency and background):

p(U2
e , U

2
µ, U

2
⌧ ) =

Z
d� d" dB ⇥ L⇥ ⇡� ⇡" ⇡B ⇡U2 . (5)

A Markov Chain Monte Carlo method has been im-
plemented using PyMC [24] to perform this integration.
The output can then be used to define 90% domains, ei-
ther by profiling or by marginalising over the two other

mixing elements. For instance,

pprof(U
2
e ) = p(U2

e , U
2
µ,maxU

2
⌧,max), (6)

pmarg(U
2
e ) =

Z
p(U2

e , U
2
µ, U

2
⌧ )dU

2
µdU

2
⌧ , (7)

where U2
µ,max and U2

⌧,max are the values maximising the
likelihood.
Limits in 2D/3D parameter space may be obtained as

well. Limits on U2
e can be computed for 140 < MN < 493

MeV/c2, while limits on U2
µ and U2

⌧ can only be computed
for 140 < MN < 388 MeV/c2 due to the kinematic con-
straints presented in Figure 3.

IV. RESULTS

Following the selection from section III B, no events
were observed in any of the di↵erent signal regions, which
is consistent with the background-only hypothesis, allow-
ing upper limits on U2

e , U
2
µ and U2

⌧ to be placed.
An example of results from the single-channel approach

is presented in Figure 5. It shows the comparison of the
three methods (A, B, C), which give similar upper limits
with method A giving slightly more conservative limits
as expected.

]2 [MeV/cNM
150 200 250 300 350 400 450 500

2 e
U

9−10

8−10

7−10

6−10

), analysis Aπ e(e→ eN →K 

), analysis Bπ e(e→ eN →K 

), analysis Cπ e(e→ eN →K 

PS191 (2-body)

PS191 (3-body)

FIG. 5. 90% upper limits on the mixing element U2
e as

a function of heavy neutrino mass using the single-channel
approach, considering only the contribution from K± !
e±N,N ! e±⇡⌥, with the three methods A, B and C. The
limits are compared to the ones of PS191 experiment [6, 7].

The results of the combined approach are shown in
Figure 6. They provide an improvement by a factor of
2-3 with respect to the single-channel approach, thanks
to the increased statistical power of the combination.
The limits are competitive with those of previ-

ous experiments such as PS191 [6, 7], E949 [5] and
CHARM [25], especially in the high-mass region (above
300 MeV/c2). The kinks clearly visible on U2

µ and U2
⌧

limits come from the changes in the contributing pro-
duction and decay modes as presented in Figure 3.

8

]2 [MeV/cNM
150 200 250 300 350 400 450 500

2 e
U

10−10

9−10

8−10

7−10

6−10

T2K

T2K, profiling

PS191 (2-body)

PS191 (3-body)

]2 [MeV/cNM
150 200 250 300 350

2 µ
U

10−10
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6−10

T2K

PS191 (2-body)

PS191 (3-body)

E949

]2 [MeV/cNM
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2 τ
U

6−
10

5−
10

4−10

3−
10 T2K

CHARM

FIG. 6. 90% upper limits on the mixing elements U2
e (top), U2

µ

(middle), U2
⌧ (bottom) as a function of heavy neutrino mass,

obtained with the combined approach. The blue solid lines
are obtained after marginalisation over the two other mixing
elements. In the top plot, the additional blue dashed line
corresponds to the case where profiling is used (U2

µ = U2
⌧ = 0).

The limits are compared to the ones of other experiments:
PS191 [6, 7], E949 [5], CHARM [25].

The limits are obtained after marginalisation over the
two other mixing elements. For U2

e , the limits after
profiling (equation 7) are also presented, which e↵ec-
tively corresponds to setting U2

µ = U2
⌧ = 0. Indeed,

for MN > 388MeV/c2, the correlations between U2
e and

U2
µ (as seen in Figure 7) would give limits on U2

e out-
side T2K’s reach. However, profiling leads to a loss in
the sensitivity on U2

e with respect to the marginalisation
as it forcefully suppresses the contributions of the decay
modes involving U2

µ or U2
⌧ .

It is worth mentioning that the limits depend on the
choice of prior on U2

↵. The limits on U2
e and U2

µ are quite
robust with respect to a change of prior as T2K data are
directly sensitive to these mixing elements (e.g. using
⇡U2(U2

↵) = U2
↵ varies the limit by less than 30%), while

the limit on U2
⌧ is strongly a↵ected (more than 50%).

It is also possible to define 2D contours, e.g. in the
U2
e �U2

µ plane, allowing the correlations between the mix-
ing elements to be visualised. Figure 7 presents a set of
such contours for di↵erent heavy neutrino masses. The
change of behaviour at MN = 388MeV/c2 corresponds
to the kinematic cut-o↵ for K± ! µ±N processes as seen
in Figure 3.
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FIG. 7. 2D contours in the U2
e � U2

µ plane, after profiling
over U2

⌧ (U2
⌧ = 0). Each line corresponds to a di↵erent heavy

neutrino mass hypothesis.

V. CONCLUSION

A selection of events with two tracks with opposite
charges originating from the ND280 TPC gas volumes
allows heavy neutrino decays to be e�ciently isolated
from expected background coming from standard neu-
trino interactions with matter. No events are observed
in the defined signal regions, which is consistent with the
background-only hypothesis.
Limits on the mixing elements U2

e , U
2
µ and U2

⌧ are ob-
tained using a combined Bayesian approach. Results ap-
ply to any model with heavy neutrinos with masses be-
tween 140MeV/c2 and 493MeV/c2 such as [26], and can,
in particular, be interpreted as constraints on the sum of
N2 and N3 coupling squared as explained in the intro-
duction, for the ⌫MSM.
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Neutrinoless double beta (0ν𝛽𝛽) decay
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nNeutrinoless double beta (0ν𝛽𝛽) decay

l LNV (Δ𝐿 = +2) process mediated 
by Majorana massive neutrinos

l Half-life of 0𝜈𝛽𝛽 decay

W.H. Furry 1939
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n The nMSM is SM with three RH neutrinos with 𝑀+ ≲ 𝑀G

l Lightest Heavy Neutral Lepton (N1)
•Dark Matter with 𝑀5 ∼keV
•Simple production scenario conflicts with cosmological obs.

l Heavier Heavy Neutral Leptons (N2 and N3)
•Quasi-degenerate with 𝑀"~100MeV-10GeV
•Seesaw mechanism for masses of active neutrinos
•Baryon Asymmetry of the Universe (BAU) through the 
mechanism via neutrino oscillation

n Heavy neutral leptons in the nMSM can be tested experimentally
Hunting, Discovering, Producing and Measuring HNLs are 

crucial to identify the origin of neutrino masses, 
but also to reveal mysteries of our universe (DM, BAU, …) !!!
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Limits on mixing of HNL
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nLimits on mixing Θ5* Deppisch, Dev, Pilaftsis ‘15
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nLimits on mixing ΘO* Deppisch, Dev, Pilaftsis ‘15
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nLimits on mixing ΘP* Deppisch, Dev, Pilaftsis ‘15


