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Outline

– Features of the neutrino minimal standard model (νMSM). Representation of
experimental constraints on the mixing – heavy neutral lepton (HNL) mass plane.

– Diagonalization of 6×6 mixing matrix in the extended leptonic sector. HNL
mass states in the see-saw type I. Active – sterile neutrino mixing. R-matrix.

– HNL dark matter in the νMSM model. Improved cosmological restrictions from
the HNL lifetime and the HNL DM energy.

– Summary
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sterile neutrino DM

S. Dodelson, L. M. Widrow, PRL 1994 (hep-ph/9303287)

neutrino minimal standard model (νMSM)

T.Asaka, S.Blanchet, M.Shaposhnikov, PLB 2005 (hep-ph/0503065)

– N1 sterile neutrino is a dark matter (DM) candidate
– explains the data on neutrino oscillations and DM without introducing new physics
above the EW scale
– ensures generation of baryon asymmetry.

Includes 18 weakly constrained parameters (3 Dirac mass term parameters, 3
Majorana mass term parameters, 6 mixing angles and 6 phases), so any exclusion
contours are related to their convolutions.
Experimental collaborations are using |U |2 −mass contour,
where |U | = MD/MN is somehow taken in the ’model-independent phenomenological
approach’, assuming that only a single HNL is phenomenologically accessible while
other (heavy) do not affect the analysis. There are two parameters in such a scheme:
MN and MD = YαIv for a given flavor α, assuming that mixing of other flavors does
not contribute. However, for a toy-model with only one generation of fermions we have
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see-saw with one generation of fermions

LM = −mD ν̄LNR − mN
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flavor state

ν = ν′(1− U2

2
) + UN ′

mixing parameter

U = −mD

mN

= −
√−mnemNe

mne +mNe

∼ −
√

mne

mNe

where mne, mNe are the mass eigenvalues. mne,mNe −→ mne, U gives a
rectangle → triangle, when U is mass dependent. Even in the toy model with one
generation ’model independent approach’ does not work.
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Collider exclusion contours for the three lepton events

Рис.: CMS Collaboration, CERN-EP-2018-006
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Three generations of fermions

Sterile Majorana neutrinos N1, N2, N3 with the see-saw mechanism type I

Lν = iNaRγµ∂µNaR −
(

YlaLlNaRΦ̃ +
1

2
MNabNC

a R NbR + h.c.
)

LT
l

= (νl, l)L, l = e, µ, τ , Φ̃m = ǫmnΦ∗
n, a, b = 1, 2, 3,

Yla is the Yukawa matrix 3×3.
SU(2) states νl and mass states νi: νlL = (UPMNS)liνiL.

The mass matrix of active neutrinos

(mν)lk = −(MD)la(M
−1

N
)ab(M

T
D)bk

(MD)la = Ylav/
√
2 3× 3 matrix of Dirac mass term

MN 3× 3 mass matrix of the three HNL, v =
√
2〈Φ〉, l, k = e, µ, τ.

DEF: Mixig matrix active – sterile θ = MD M−1

N

Flavor states and mass states:

(

νL
Nc

R

)

l

= U
(

νL
N

)

Li

; U = W · diag(U, V ∗)

U, V – 3×3 matrices diagonalizing active and sterile sectors
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WTMW =

(

U∗m̂U† 0

0T V ∗M̂V †

)

, M =

(

0 MD

MT
D

MN

)

M̂ = diag(M1,M2,M3) mass matrix for the HNL states Ni,
m̂ = diag(m1,m2, m3) mass matrix for active neutrinos, W-matrix can be
expressed as an exponent of the anti-hermitian matrix

W = exp

(

0 R
−R† 0

)

=

(

I − 1

2
RR† R

−R† I − 1

2
R†R

)

+O(R3),

with O(R2) accuracy θ = R

MD −R∗MN ≃ 0

−MDR† − R∗MT
D + R∗MNR† ≃ U∗m̂U† = mν

MN +RTMD +MT
DR ≃ V ∗M̂V †

so R∗ ≃ MDM−1

N
, mν = U∗m̂U† = −R∗MNR†

A. Ibarra, E. Molinaro, S. Petcov, JHEP 09 (2010) 108
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Active neutrino and HNL currents in the mass basis

with O(R2) accuracy

(νLk)flavor = (1− 1

2
RR†)UνL +RV ∗NL

(Nc
Rk)flavor = −R†UνL + (1− 1

2
RR†)V ∗NL

Lagrangian terms with active neutrino currents, UPMNS = (1− RR†/2)U

Lν
CC

= − g√
2
l̄γµνlLW

µ + h.c. = − g√
2
l̄γµ(UPMNS)liνiLW

µ + h.c.

Lν
NC

= g
2cW

ν̄iLU
†γµ(I − 1

2
RR† − 1

2
R†R)UνjLZ

µ + h.c.

νiL are the mass states of active neutrinos. Lagrangian terms with HNL currents

LN
CC = − g

2
√

2
l̄γµ(RV ∗)lk(1− γ5)NkW

µ + h.c.

LN
NC

=
(

− g
2cw

ν̄iL U† γµ(I − 1

2
RR†)(RV ∗)NjLZ

µ + h.c.
)

+ g
cW

N iLγ
νV T (− 1

2
RR†)V ∗NjLZ

µ

Mixing of HNL and left active neutrino is characterized by the matrix RV ∗.
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Using MN = −MT
Dm−1

ν MD in the basis where V is a unit matrix,

MN = M̂ = diag(M1,M2,M3)

M̂ = −MT
Dm−1

ν MD ≃ −MT
DU∗

PMNSm̂
−1U†

PMNS
MD.

which gives the orthogonality condition ΩTΩ = I

I = [−i
√
m̂−1U†

PMNS
MD

√

M̂−1]T [−i
√
m̂−1U†

PMNS
MD

√

M̂−1]

for the general form of Ω-matrix

Ω = −i
√
m̂−1U†

PMNS
MD

√

M̂−1

and it follows that

MD = iU∗
PMNS

√
m̂Ω

√

M̂.

If V is not a unit matrix, RV ∗ = MDM̂−1

(RV ∗)αI = −
∑

k

√
mk Ω∗

kI
(iUPMNS)αk√
MI

.
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Simple special choice Ω =I gives

R = (MDM̂−1)∗ =


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




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√
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√
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√
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√
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iUτ1

√

m1
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√
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M2
iUτ3

√

m3

M3











.

In the following formulae of Section 3 this explicit form is denoted as RV ∗
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Ω(θ1, θ2, θ3) =





c1c3 − s1s2s3 −s1c2 −s1s2 − c3 − s3c1
s1c3 + s2s3c1 c1c2 s2c1c3 − s1s3

s3c2 −s2 c2c3





ci = cos θi and si = sin θi, i = 1, 2, 3. If M̂ ≈ diag(0, 0,M3) and
m̂ ≈ diag(0, m2,m3)

MD ≈





0 0
√
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(√
m2Ω23U∗

e2 +
√
m3Ω33U∗

e3

)

0 0
√
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(√
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√
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√
M3

(√
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√
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)



 ,Ω1 =




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


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√
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(
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)(

V ∗
√
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)
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√
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


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1 = Ω1V

T
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

c1 −s1 0
s1 c1 0
0 0 1





one can restore the case Ω = I by taking θ1 = 0 and changing the mass ordering
M̂ = diag(M1,M2,M3) to the mass ordering M̂ = diag(M3,M1,M2).
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The case of discrete nonabelian group S3

.



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
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U+ =

=
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2
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3
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
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Tri-bimaximal mixing, P.Harrison, R.Scott, PLB, 2002
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N1 lifetime restrictions

Γ
(

N1 →
∑

α,β

να, νβ , νβ

)

=
G2

F
M5

1

192π3

∑

α

|(RV ∗)α1|2, (α, β = e, µ, τ).

Γ
(

N1 → γ, ν
)

=
9αEMG2

F
M5

1

256π4

∑

α

|(RV ∗)α1|2

ΓN→ννν/ΓN→γν ≡ krad = 8π
27αEM

≈ 127.5. Radiative decay does not contribute

significantly.

τN1
= 2.88× 1019 ×

(

M1

1 keV

)−5 (
∑

α

|(RV ∗)α1|2
)−1

sec. (1)

explicit form of mixing

∑

α

|RV ∗
α1|2 =

∑

α

m1

M1

|(UPMNS)α1|2 =
m1

M1

<

∑

3
k=1

mk

M1

< Σm·10−3

(

M1

1 keV

)−1

(2)
general form of mixing

∑

α

|RV ∗
α1|2 <

∑

α

(
∑

k

√
Σimi√
MI

)2

= 27

∑

i mi

MI

< 27 Σm · 10−3

(

M1

1 keV

)−1

(3)

Planck 2015, arXiv:1502.01589[astro-ph]
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DM energy restrictions

Non-resonant production, WMAP, Lyman alpha-forest, PRD 2001,2005
(astro-ph/0101524, astro-ph/0501562)

ΩNh2 ∼ 0.1
3

∑

I=1

∑

α=e,ν,τ

( |(RV ∗)αI |2
10−8

)(

MI

1 keV

)2

using RV ∗ = M∗
DM−1

N
a universal estimate in the basis where V = I and

MN = M̂ = diag(M1,M2,M3)

∑

I,α

|RV ∗
αI |2 = Tr

(

M∗
DM̂−1(M̂−1)†MT

D

)

=
∑

I,α

|(MD)Iα|2 · 1

M2
I

so for K DM neutrino

K≤3
∑

I=1

|(MD)Iα|2 = m2
0 , where m0 = O(0.1 eV ) (4)
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DM energy restrictions

Important result by T.Asaka, S.Blanchet, M.Shaposhnikov, PLB 2005
(hep-ph/0503065)
for the three generations only one HNL can be DM particle, K =1, the lightest active
neutrino mass m1 < mdm

ν = O(10−5eV), so (2) can be written as

∑

α

|RV ∗
α1|2 <

mdm
ν

M1

< 10−8

(

M1

1 keV

)−1

if K = 1 (MD)αI = i(U∗
PMNS)αI

√
mI

√
MI (Ω = 1) so from (4) m1M1 = m2

0 and
additional power is acquired

∑

α

|RV ∗
α1|2 =

m1

M1

=
m2

0

M2
1

< 10−8

(

M1

1keV

)−2
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Рис.: Constraints for |RV ∗|2 summed by the flavors of active neutrinos versus mass of the
lightest sterile neutrino N1. Blue and orange lines correspond to the lifetime bounds τN1

> τ0

(1) and gamma-ray general estimate τN1
> 107 × τ0, respectively. Dark red solid line and

purple dashed line are the constraints given by (3) and (2). Wide stripes of purple and dark red

color show uncertainty in the choice of the parameter Σm from 0.15 eV (Lyman-α) to 0.49 eV
(Planck). The gray line shows model-independent constraints from non-observation of X-rays
from radiative decay N1 → γ, ν (arXiv:0811.2385 [astro-ph]).
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Рис.: Constraints for |RV ∗|2 summed by the flavors of active neutrinos versus mass of the
lightest sterile neutrino N1. Orange, blue and grey lines are the same as in figure above. The
red and green lines correspond to the restriction for explicit form of RV ∗ with the following
estimates from cosmological energy fraction: m1 = O(10−5 eV) (green) and

m1 =
m

2
0

M1
, (m0 ∼ 0.1 eV) (red). The constraints in the area 0.5 keV< M1 <5 keV are most

sensitive to a specified type of the mixing matrix.
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Summary

• HNL mixing matrix for the case Ω = 1 is the simplest, demonstrates a visual
mass hierarchy, gives the strongest restriction of the sort mass – mixing and
diagonalizes the mass term in a numerically stable way

• numerical improvement of the lifetime and energy restrictions is achieved.
Improvement of the mass – mixing bound behaviour is most essential for the
interval 1 – 10 keV

• the case Ω = 1 defines flavor basis where the HNL and neutrino sectors can be
simultaneously diagonal. Charged leptons are rotated by UPMNS , leading to LFV
in the charged lepton sector. Another choice of Ω gives the basis where LFV takes
place in the HNL sector, leaving charged leptons and active neutrino flavor
diagonal.
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