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Sterile Neutrino Review



The See-Saw Mechanism with One Generation

Mass terms in L

� We have two types of mass

terms: Majorana and Dirac

� Define ~ν ≡ (ν,N)T

� Compact notation

L ⊃ 1
2~ν

Tm~ν

� Work in the limit where
mD
M � 1

Flavour Basis

m =

[
0 mD

mD M

]

Mass Basis

m =

[
m2

D
M 0

0 M +
m2

D
M

]

Transformation Matrix[
cos θ sin θ

− sin θ cos θ

]
≈
[

1 mD
M

−mD
M 1

]
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See-Saw Mechanism: 3 Sterile States

Mass Terms in L
� Majorana and Dirac masses

promoted to matrices

� L ⊃ 1
2M

ijNiNj

� YijNiLj H̃ → mD
ijNiνj

� Induces a Majorana mass

matrix for active neutrinos

� Mν = −mD
TM−1mD

Mass Matrix

M =

× × ×
� × ×
� � ×


Yukawa Matrix

Y =

× × ×
× × ×
× × ×


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Sterile Neutrino Dark Matter



Sterile Neutrinos as Dark Matter: Z ′ Production

Dodelson-Widrow (PRL 72 )

� First proposal (1993) for

sterile neutrino dark matter

� BSM parameters {Ms , θm}
� Ruled out by X-ray data

Shuve-Yavin (1403.2727)

� Relies on the decay

of a massive Z ′

� Evades bounds from X-rays

� BSM parameters

{Ms , θm, g
′,MZ ′}

Production Mechanism

sin θm

Ne

W

ν

SM

Production Mechanism

Z ′
g′

sin θm

N

ν
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Sterile Neutrinos as Dark Matter: Constraints

X-Ray Constraints

� N → ν + γ is allowed

� Γ = 1
1.8·1021s sin2 θm

(
Ms
keV

)5
� Point telescope at region of

known dark matter density

� Search for mono-chromatic

X-ray signal Ms = 2Eγ

� Dodelson Widrow requires a

θm to be large relative to

X-ray constraints to produce

enough dark matter

Loop Mediated Decay

ℓ

W

γ

N
sin θm

ν

X-Rays: Local Group

Horiuchi et. al. arXiv:1311.0282 8



Motivated Gauge Symmetries



Accidental Symmetries in the SM without Neutrino Masses

Flavour Dependence

� Four accidental symmetries

B, Le , Lµ, and Lτ

� xeLe + xµLµ + xτLτ + xBB

also a symmetry

� Unless xe = xµ = xτ

symmetry constrains M & Y

Y =

× 0 0

0 × ×
0 × ×



Anomaly Cancelation

� Necessary if symmetry has

an associated gauge boson

� Condition is

xe + xµ + xτ + 3xB = 0

� Options: B − L, Le − Lµ,

Lµ − Lτ , 2B − 3Lµ − 3Lτ ...

M =

0 × 0

× 0 0

0 0 ×


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3 Steriles Under a Gauged Lµ − Lτ



Content of the Model

Aspects of the Model

� L ⊃
(
|Φ|2 − V 2

2

)2
� Φ gives Z ′ a mass via

Higgs mecahnism

� Symmetry breaking

introduces new mass

terms

� Φ†NeNµ and ΦNeNτ

Field UY (1) SU(2) U ′(1)

Lµ −1
2 2 +1

Lτ −1
2 2 −1

Φ 0 1 +1

Ne 0 1 0

Nµ 0 1 −1

Nτ 0 1 +1

NOTE: This could be considered a modified νMSM

(arXiv:hep-ph/0503065) with an extended gauge sector
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Lµ − Lτ , a Z ′ & Neutrino Osscilations

Aspects of the Model

� L ⊃
(
|Φ|2 − V 2

2

)2
� Φ gives Z ′ a mass via Higgs

mecahnism

� Symmetry breaking

introduces new mass terms

� L ⊃ Φ†NeNµ + ΦNeNτ

� Lµ − Lτ symmetry

constrains form of Yukawa

and Mass matrices

Mass Matrix

M =

× × ×
� 0 ×
� � 0


Yukawa Matrix

Y =

× 0 0

0 × 0

0 0 ×


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Active Neutrino Mass Matrix

Keys to Neutrino Phenomenology

� Mν ∼ YTM−1Y

� Lµ − Lτ symmetry constrains

form of Yukawa and Mass

matrices

� Symmetry limits Mν to four

free parameters

� One free complex-phase (CP

violation)

Active Mass Matrix

M


1 r

µ − r−1

µ

· r2

µ2
µ·µe−1
µ2

· · r−2

µ2


Note: Only four parameters

control neutrino osscilations

14



Matching to Observations

Three Sterile Model

� Four free parameters

� We found three sterile

neutrinos could not explain

measured neutrino

parameters with δ = 0

� Crivellin et. al. showed

scenario works if cos δ = 0.3

(arXiv:1503.03477)

Extra Steriles

� Extra heavy steriles induce

dimension five operators

� These can appear in the

Yukawa and Mass matrices

� We showed you only need

one extra sterile to explain

neutrino textures under

broken Lµ − Lτ
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Dark Matter Candidate



Characteristic Mass Scales

� For stability DM has to be

lightest Ni

� Contribution to neutrino

masses mDM
ν ∼ y2v2

MDM

� See-saw mechanism tells us

mν ∼
y2v2

M
∼ sin2 θmM

10−7eV

(
Ms

10keV

)
·
(

sin2 θ

10−11

)
� Minimum mass scale set by

measured√
∆m2

13 ∼ 5 · 10−2eV

Loop Mediated Decay

ℓ

W

γ

N
sin θm

ν

X-Rays: Local Group

Horiuchi et. al. arXiv:1311.0282 17



Conclusions

Mass Matrix under Lµ − Lτ

� Flavour symmetry structure makes explaining neutrino

textures non-trivial

� We showed you must have at least 4 sterile neutrinos if CP is

conserved

� Similar results for Le − Lµ and Le − Lτ

Connection with Dark Matter

� X-ray data forces dark matter candidate to couple

VERY weakly to {νe , νµ, ντ}
(
sin2 θ ∼ 10−11

)
� Mixing is so weak contribution to neutrino mass matrix

would be at the level of 1-10 ppm

� Suggests a dark matter candidate should be thought of as

separate from neutrino textures/oscillations
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Other Gauge Symmetries



Flavour Dependent: Le − Lτ

Qualitiative Features

� Similar to Lµ − Lτ

� Have to consider bounds

from e and e+ physics

� Can still fit to neutrino data

if δ = 0 with 4 N

� Extra NDM would have a

Majorana mass and would

couple to SM via Φ induced

coupling with {Ni}
� L ⊃ ΦNµNτ + Φ†NµNe

Mass Matrix

M =

0 × ×
� × ×
� � 0


Yukawa Matrix

Y =

× 0 0

0 × 0

0 0 ×


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Flavour Dependent: Le − Lµ

Qualitiative Features

� Similar to Lµ − Lτ

� Have to consider bounds

from e and e+ physics

� Can still fit to neutrino data

if δ = 0 with 4 N

� Extra NDM would have a

Majorana mass and would

couple to SM via Φ induced

coupling with {Ni}
� L ⊃ ΦNµNτ + Φ†NτNe

Mass Matrix

M =

0 × ×
� 0 ×
� � ×


Yukawa Matrix

Y =

× 0 0

0 × 0

0 0 ×


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Flavour Blind: B − L

Qualitiative Features

� All Ni carry same charge

� This would make neutrinos

Dirac particles

� Yukawa matrix fully

populated, makes fitting to

neutrino data trivial

� Order parameter would have

charge Q ′(Φ) = 2

� Extra NDM would have a

Majorana mass and would

couple to SM via Φ induced

Dirac mass

Mass Matrix

M =

0 0 0

0 0 0

0 0 0


Yukawa Matrix

Y =

× × ×
× × ×
× × ×


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Parameterization of the PMNS and Mass Matrices

PMNS Matrix

U =

1 0 0

0 c23 s23

0 −s23 c23


 c13 0 s13e

−iδ

0 1 0

−s13e iδ 0 c13


 c12 s12 0

−s12 c12 0

0 0 1


Mass Matrix

Mν︸︷︷︸
Flavour Basis

= U

m1 0 0

0 m2 0

0 0 m3


︸ ︷︷ ︸

Mass Basis

U†

∆m2
12 = m2

2 −m2
1 > 0 ∆m2

13 = ±
(
m2

3 −m2
1

)
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νMSM - Asaka,Blanchet,Shaposhnikov (2005)

Properties

� Extend SM by 3 RH

neutrinos Ni with masses

below EW scale

� Lightest N is DM candidate

� Can explain neutrino masses

� Provides mechanism for

baryon asymmetry

Charge Assignments

Field UY (1) SU(2)

eci 1 1

Li −1
2 2

H −1
2 2

H̃ ≡ εH∗ +1
2 2

Nj 0 1

Note: {i} = {e, µ, τ} but Le , Lµ,

Lτ are not conserved
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Compatibility of Sterile DM and Osscilaiton Data

� The argument presented was model independent

� Does not suggest incompatibility of sterile DM with

osscilation data

� Coupling strength required for neutrino masses would lead to

excessive raddiative decay (ruled out by X-ray telescopes)

� Suggests we should think of right-handed neutrinos as being

partitioned

� One group constitutes dark sector, another group influences

neutrino physics
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