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The SM is incomplete:  New Physics is required to account for neutrino masses 
and dark matter

Neutrinos are massive: from oscillations

Introduction
Dark matter: from cosmology

Neutrino masses are at least 𝒪(106) smaller than electron mass 

Addition of RHN ⇒ YνL̄H̃NR,  mass generation through Higgs mechanism
⇒ Yν will be very small ⇒  Neutrino mass origin is different?

Many ways to generate small neutrino mass: Tree-level(seesaw models),
loop-level ( radiative models)

Is there any connection between dark matter and neutrino masses?
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Big question:  

May be yes:   Scotogenic Model

Address both questions (neutrino mass and dark matter) in an “economical” way 

arXiv: hep-ph/0601225, Ernest Ma

Neutrino masses are “seeded” by dark sector



Original Scotogenic model

<latexit sha1_base64="Xwo862kLrc3wpd1Ahnhl+4lDgTM="></latexit>

Standard Model New Fermions New Scalar
La ea H N ⌘

SU(2)L 2 1 2 1 2
U(1)Y -1/2 -1 1/2 0 1/2
Z2 + + + � �
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Scotogenic model = SM + 3 singlet fermions + 1 scalar doublet + a dark Z2 parity
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Inert scalar sector: ⌘± ⌘0 = (⌘R + i⌘I)/
p
2

m2
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η +
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2
v2
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2

v2

m2
ηI
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η +
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2

v2

m2
ηR

− m2
ηI

= λ5v2

ℤ2 parity:  < η > = 0

No tree level neutrino mass

arXiv: hep-ph/0601225, Ernest Ma
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〈Φ〉 〈Φ〉

νi νj

ηR,IηR,I

Nk Nk

Tree-level: Forbiden by the ℤ2 symmetry 1-loop neutrino masses

ηR,I /Nk : Dark particles in the loop

ℳν
αβ =

Yν
αiYν

βi

32π2
MNi[

m2
ηR

m2
ηR

− M2
Ni

log(
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ηR

M2
Ni

) −
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ηI
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ηI

− M2
Ni

log(
m2

ηI

M2
Ni

)]
Approximation: M2

N, m2
ηR,I

, M2
N − m2

ηR,I
≫ λ5v2

ℳν
αβ ≈

Yν
αiYν

βi

32π2
λ5v2

MNi

m2
η − M2

Ni

The lightest particle odd under ℤ2 is stable:  dark matter candidate

Fermionic dark matter: lightest of Ni

can be produced only through Yukawa interaction

Potential problems with LFV: is it compatible with
the current bounds?

Scalar dark matter: lightest of ηR /ηI

It also has gauge interactions
Not correlated to LFV

Ni

Ni

!∓L , νL

!±L , νL

η±, ηR,I

5



Low-scale-seesaw

−ℒ = ∑
ij

Yij
ν LiΦ̃νc

j + Mijνc
i Sj +

1
2

μij
S SiSj + H.c.

Neutrino mass: mν ≈ mDM−1μS(MT)−1mT
D =

v2

2
YνM−1μS(MT)−1YT

ν

With very small μS,  one can allow large Yν ∼ 𝒪(1), even for MN ∼ 𝒪(1) TeV

Valle et al, 1404.3752

L[vc] = 1, L[S] = 1, L[σ] = − 2

Add pair of singlets νc and S with L[vc] = 1, L[S] = 1

μij
s SiSj :  Explicit breaking of #L by two units

No explanation for smallness of μS!!

Let's try with Dynamical breaking: 

−ℒ =
3

∑
i, j

Yij
ν LiΦ̃νc

j + Mijνc
i Sj + Yij

S σSiSj + H.c.

mν ≃
v2

Φ

2
YνM−1YSvσM−1TYT

ν
μs = YSvσ / 2,  hence can take YS very small and vσ ∼ 𝒪(TeV)

CP-even scalars: h and H
Imaginary part of the σ corresponds to the
physical majoron J = Im σ

KeV scale majoron can play the role of Warm dark matter candidate. It decays to
neutrinos, with a tiny strength proportional to their mass

SM et al., 2009.10116

SM et al., 2103.02670
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Scotogenic Inverse-seesaw: Explicit breaking

ℤ2-odd extra particles:
 fermion f and scalar ξ

Softly breaks U(1)B−L
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4
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⌫c
v�p
2

0

Y j
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2

0 M

0 M 0

3

75 .

No neutrino mass at tree-level

Minimal case: 
2-copies of νc, S and f

m2
ξR

− m2
ξI

= μ2
ξ

SM et al., 1907.07728
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Goal: generate the term: μSS at loop-level
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ξ

4
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Generates the term: μSS

without μξ, mξR
= mξI

 and hence μ = 0

ℳF0 =
0 mD 0

mD 0 M
0 M μ
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Smallness of μ is related with smallness of μ2
ξ  and loop suppression factors

Not a pleasant solution as potential is not B-L invaraint



Scotogenic Inverse-seesaw: Dynamical breaking
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𝒱(s) = − m2Φ†Φ +
λΦ

2 (Φ†Φ)2 − m2
ξ ξ*ξ +

λξ

2 (ξ*ξ)2 − m2
σσ*σ +

λσ

2
(σ*σ)2

+λΦσ (Φ†Φ) (σ*σ) + λξσ (ξ*ξ) (σ*σ) + λΦξ (Φ†Φ) (ξ*ξ) +
λ5

2 (ξ*σ)2 + h . c .

ϕ0 =
1

2
(vΦ + R1 + iI1),

σ =
1

2
(vσ + R2 + iI2)

ξ =
1

2
(ξR + iξI)

m2
ξR

= m2
ξ +

λΦξ

2
v2

Φ +
λξσ + λ5

2
v2

σ

m2
ξI

= m2
ξ +

λΦξ

2
v2

Φ +
λξσ − λ5

2
v2

σ

B − L invariant

New complex scalar σ

#L is broken by the vev of the complex singlet σ

m2
ξR

− m2
ξI

= λ5v2
σ

Now λ5v2
σ  plays the role of μξ
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σ

M(i)2
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ξR

M(i)
f Y (i)2

ξ

comes from Yξξ fS,
λ5

2
((ξ*σ)2 + h . c) and ℳf ff

Again generates the term: μSS

Assumption: Yξ and ℳf diagonal →  factorize the loop function
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M⌫ = mDM�1µM�1TmT
D.

Neutrino mass: 

〈Φ〉 〈Φ〉

〈σ〉 〈σ〉

SL SL

ξξ

FR FRνL νLνR νR
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λ5 → 0 : neutrinos are massless: restore #L



Phenomenology
Imaginary part of the σ corresponds to the
physical majoron J = Im σCP-even scalars: h and H

Scalar sector and constraints: 

M2
R = [ λΦv2

Φ λΦσvΦvσ

λΦσvΦvσ λσv2
σ ] [h

H] = OR [R1
R2] = [ cos θ sin θ

−sin θ cos θ] [R1
R2]

hSM → cos θ h − sin θ H Γ(h → JJ ) =
1

32πmh

m4
h sin2 θ

v2
σ

1 −
4m2

J

m2
h

Γ(h → ξRξR) =
1

32πmh
((λξσ + λ5)vσ sin θ + λΦξvΦ cos θ)2 1 −

4m2
ξR

m2
h

Γ(h → ξIξI) =
1

32πmh
((λξσ − λ5)vσ sin θ + λΦξvΦ cos θ)2 1 −

4m2
ξI

m2
h

Γinv(h) = Γ(h → JJ) + Γ(h → ξRξR) + Γ(h → ξIξI)

Large invisible Higgs decay for vσ ∼ 𝒪(TeV)

In case of mξR/I
< mh /2 :

Total invisible decay width: 

contributes to invisible decay

Note that, λ5 is so small

The coupling of SM Higgs boson to SM 
particles gets modified as:
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Invisible sector: BRinv(h) =
Γinv(h)

cos2 θΓSM(h) + Γinv(h)

Visible sector: BRf(h) =
cos2 θΓSM

f (h)

cos2 θΓSM(h) + Γinv(h)

Modified Higgs production: σ(pp → h) = cos2 θσSM(pp → h), σ(pp → H ) = sin2 θσSM(pp → H )

Signal strength: μf =
σNP(pp → h)

σSM(pp → h)

BRNP(h → f )

BRSM(h → f )

Collider constraints: Signal strength parameter and Invisible Higgs decay

Present bound on Invisible Higgs decay is: 
BR(h → Inv) ≤ 19 % CMS, 1809.05937

ATLAS, 1909.02845

Assuming only h → JJ is present (mξR/I
> mh /2)

For mξR/I
< mh /2, exclusion region depends on λΦξ and λξσ
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Dark matter phenomenology

λΦξ (1 −
4m2

ξ

m2
h )

1
4

≤ 9.8 × 10−3

ℤ2 symmetry: fermionic DM ( f ) or scalar DM (ξR/I)

In case of fermionic DM f, Yξξ fS will determine the relic

Scalar DM: ξR if λ5 < 0 or ξI if λ5 > 0 (m2
ξR

− m2
ξI

= λ5v2
σ)

Advantage: DM and LFV source is different for both fermionic and scalar dark matter

For  sin θ = 0, h → JJ is not present: constrain λΦξ from BR(h → Inv) < 19 % .

Constraint from direct search:  pp → H → WW → 2ℓ2ν, pp → ZZ → 4ℓ

If mH > 2mh, pp → H → hh

But for vσ ≫ vH, the constraint from the signal strength parameter is stronger.

SM et al., arXiv: 2103.02670
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Source of LFV: YνcL̄iσ2H*νc



ξR,I h,H, J

h,H, JξR,I

ξI,R h,H

ξI,R

h,H
ξI,R

ξI(R) J

ξR(I)

JξI(R)

ξI(R) J

ξR(I)

h,H
ξR(I)

ξR,I h,H, J

h,H

h,H, JξR,I

ξR,I "−, q

h,H

"+, q̄
ξR,I

ξR,I V

h,H

V
ξR,I

Annihilation channels
Close to complex scalar dark matter but not quite due to presence of majoron J

In case of small λ5,  annihilation to J
 depends on  sin θ and λξσ
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Relic density and direct detection
BP1:  sin θ = 0, λΦξ = 0.01, BP2:  sin θ = 0, λΦξ = 0.1.
BP3:  sin θ = 0.1, λΦξ = 0.01, BP4:  sin θ = 0.1, λΦξ = 0.1.

Fix: mH = 1 TeV, vσ = 3 TeV, λξ = 0.1 and λξσ = 0.1

1st dip at mξR
∼ mh /2 :  s-channel h exchange

2nd dip: for mξR
> 80 GeV, ξRξR → WW, ZZ

 are important

For large mξR
, < σv > ∝

1
m2

ξR

⇒ Ωh2 increases

coannihiliation with ξI if mass splitting is small

Various features of relic density: 

3rd dip at mξR
∼ mH /2 :  s-channel H exchange

Sizeable annihilation to JJ depending on the mixed quartic couplings

For large mξR
, ξRξR → WW, ZZ through Higgs dominates, 

 and depends on λΦξ (fixed λξσ, sin θ ∼ 0)

Hence, BP1,BP3 and BP2,BP4 coincides
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ξR ξR

q q

h,H
σSI =

μ2
Nm2

N f 2
N

4πm2
ξR

v2
Φ

(
λhξRξR

m2
h

cos θ −
λHξRξR

m2
H

sin θ)
2

λhξRξR
= λΦξvΦ cos θ + (λξσ + λ5)vσ sin θ

λHξRξR
= − λΦξvΦ sin θ + (λξσ + λ5)vσ cos θ

hSM → cos θ h − sin θ H

Direct Detection

The relative sign between the h and H contributions as: 

Possibility of destructive interference:
DD can be very small

BP1:  sin θ = 0, λΦξ = 0.01, BP2:  sin θ = 0, λΦξ = 0.1.
BP3:  sin θ = 0.1, λΦξ = 0.01, BP4:  sin θ = 0.1, λΦξ = 0.1.

Difficult to obtain low mass dark matter
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Fix: mH = 1 TeV, sin θ = 0, vσ = 3 TeV, λξ = 0.1, λξσ = 0.1

Compilation of relic density, DD and invisible Higgs decay

Free parameter: λΦξ

Correct relic: Along the cyan line
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< mββ > = ∑
j

U2
ν,ejmj = cos θ2

12 cos θ2
13m1 + sin θ2

12 cos θ2
13m2e2iϕ12 + sin θ2

13m3e2iϕ13

0νββ and LFV

As m1 = 0, only one Majorana
phase ϕ ≡ ϕ12 − ϕ13 ⇒ 0νββ has 
lower limit
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With two copies of νc, S and f
mlightest = 0

Source of LFV: YνcL̄iσ2H*νc

BR(ℓi → ℓjγ) =
α3

ws2
w

256π2 (
mℓi

MW
)

4

(
mℓi

Γℓi
) v2

H

2M2
(YνcY†

νc)jiGγ ( M2

M2
W )

2

Yνc =
2

vΦ
U†

lep
̂ℳ ν R ℳR with ℳ−1

R = M−1μM−1T

This is the consequence of
 incomplete seesaw



Summary
SM lacks neutrino mass and dark matter. New physics is required.

Thank You for your attention
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The scotogenic model is a very economical scenario for neutrino masses
 that includes a dark matter candidate

We have studied a variant of scotogenic model in the framework 
of low-scale seesaw

generation of μ parameter through scotogenic loop

We have studied the scalar dark matter. The nature of dark matter is different
from doublet η of scotogenic model

Presence of majoron modifies the invisible Higgs decay

Nature of dark matter is not excatly same as complex scalar
dark matter due to the presence of majoron J
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