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Pervasive Seesaw

After July 4, 2012, we are now confident that something

very close to the standard-model Higgs boson has been

discovered. Its presence explains how all known

fundamental bosons (W±, Z0) and fermions (quarks and

leptons) acquire mass. The only possible exception is the

neutrino, which is the topic of this workshop.

The starting point for most discussions of neutrino mass

is the dimension-five operator:
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L5 =
fij

2Λ
(νiφ

0 − liφ
+)(νjφ

0 − ljφ
+) + H.c.

Given the particle content of the minimal standard

model, this is the only possible (unique) dimension-five

operator and it yields a 3× 3 Majorana neutrino mass

matrix through 〈φ0〉 = v, i.e. the

pervasive seesaw formula (Mν)ij = −fijv
2/Λ.

There are three generic realizations of this operator at

tree level and three generic finite (1PI) one-loop

realizations with fermions and scalars.
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Lepton Number Violation

Suppose a neutral singlet fermion is added to the

standard model. This is usually called a right-handed

neutrino νR, then the 2× 2 mass matrix spanning

(νL, νR) is of the form

Mν =
(

0 mD

mD mR

)
,

and the famous canonical (Type I) seesaw mechanism
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takes over with mν ' −m2
D/mR, if mD << mR. This is

universally accepted as a simple natural explanation of

the smallness of neutrino mass.

Suppose we now impose the concept of lepton number,

then mD preserves it and mR breaks it. Naturalness

seems to require mR << mD, but this scenario is not

often discussed.

To implement the idea of lepton number violation and

yet have a small Majorana neutrino mass, two neutral

fermion singlets N1, N2 are usually required, so that
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Mν =

 0 mD 0
mD m1 mN

0 mN m2


where ν, N2 have L = 1, N1 has L = −1, so that mD,

mN preserve L whereas m1, m2 break L. Now

mν ' m2m
2
D/m2

N . This is the inverse seesaw and is

similar to the Type II seesaw using a heavy Higgs triplet:

mν ' −µv2/m2
∆.

The pervasive seesaw seems unavoidable, but there is

actually an exception, which also supports the notion

that lepton number violation should be small.
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Scotogenic Neutrino Mass

In 2006 [E. Ma, Phys. Rev. D 73, 077301 (2006)], it was

proposed that neutrino masses are one-loop quantum

effects due to the existence of dark matter, i.e.

scotogenic from the Greek ’scotos’ meaning darkness.

The standard model of particle interactions is extended

to include 3 singlet Majorana neutral fermions N1,2,3

(analogs of νR) + one extra scalar doublet (η+, η0) in

addition to the usual (φ+, φ0). An exactly conserved Z2

(odd-even) symmetry is imposed so that N1,2,3 (scotinos)

and (η+, η0) are odd and all other particles are even.

Neutrino Mass Without Seesaw: Heresy or Paradigm? (Trieste 2012) back to start 12



The origin of (η+
, η0) goes back to 1978 (Deshpande/Ma)

where it was postulated as a possible addition to the

Higgs sector of the standard model from symmetry

considerations. Its utility as dark matter was not realized

until 2006, when it was first used to obtain scotogenic

neutrino masses (Ma) as well.

Two months later, it was considered alone

(Barbieri/Hall/Rychkov) as a means of modifying the

oblique S, T, U parameters in precision electroweak

measurements. It has become known also as the ’inert’

Higgs doublet and inspired many studies.
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Two bonuses of having (η+, η0):

(1) Changing Γ(H → γγ). The term λ3(Φ†Φ)(η†η)
allows η+ to contribute to Γ(H → γγ). If λ3 < 0, then

Γ(H → γγ) is enhanced, which may be indicated by

LHC data. [Posch(2011), Arhib/Benbrik/Gaur(2012)]

(2) Changing Veff(H) at finite temperature to allow for

electroweak baryogenesis.

[Chowdhury/Nemevsek/Senjanovic/Zhang(2011),

Borah/Cline(2012), Gil/Chankowski/Krawczyk(2012)]
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The Z2 symmetry forbids νN coupling to φ0, so there is

no Dirac mass linking ν to N , i.e.

Mν =
(

0 0
0 mN

)

at the classical (tree) level. However, at the quantum

level, a one-loop diagram induces a Majorana mass for ν,

so that

Mν =
(

mν 0
0 mN

)
.
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Figure 1: One-loop generation of neutrino mass with Z2 dark matter.
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The (1/2)λ5(η†Φ)2 + H.c. term allowed by Z2 implies

that η0
R and η0

I are split by 〈φ0〉 = v to have different

physical masses.

The one-loop diagram can then be exactly calculated, i.e.

(Mν)ij =∑
k

hikhjkMk

16π2

[
m2

R

m2
R −M 2

k

ln
m2

R

M 2
k

− m2
I

m2
I −M 2

k

ln
m2

I

M 2
k

]
.

The lightest particle among η0
R, η0

I , N1,2,3 is absolutely

stable and is a good dark matter candidate.
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The prejudice in neutrino physics is that neutrino mass

comes from new physics beyond the electroweak scale,

i.e. mR,mI << Mk, so

(Mν)ij =
∑

k

hikhjk

16π2Mk

(
m2

R ln
M 2

k

m2
R

−m2
I ln

M 2
k

m2
I

)
.

This expression is inversely proportional to Mk, as is in

the canonical seesaw mechanism. In this case, η0
R or η0

I is

cold dark matter. Many studies of this and other related

scenarios have been made.
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Neutrino Mass Without Seesaw

However, it was recently (E. Ma, arXiv:1206.1812)

noticed that if Mk << mR,mI, a radically new formula

for neutrino mass is obtained, i.e.

(Mν)ij =
ln(m2

R/m2
I)

16π2

∑
k

hikhjkMk,

which is directly proportional to Mk !!

Unless |m2
R −m2

I| << m2
R,I, this formula for the neutrino

mass is NOT inversely proportional to a large scale.
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The concept of lepton number violation may now be

naturally implemented.

ν and l have L = 1 whereas lc and N has L = −1.

They are connected through (νφ− + lφ̄0)lc and

(νη0 − lη+)N , both of which preserve L.

The only possible term which breaks L to (−1)L is the

Majorana mass term NN . Naturalness in lepton number

violation now implies MN to be smaller than the smallest

lepton-number preserving mass, i.e. the electron mass.

Hence MN = 10 keV is a very reasonable value, which

would make N a good candidate for warm dark matter.
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Warm Dark Matter

Let MN ∼ 10 keV, then mν ∼ 0.1 eV implies h2
ik ∼ 10−3.

Since the lightest N (call it N1) is absolutely stable,

there is no N1 → νγ decay which would put an upper

bound of 2.2 keV on its mass if it were the usual sterile

neutrino which is produced nonresonantly through its

mixing with the active neutrinos (Dodelson-Widrow).

The stability of N1 removes the tension between this

would-be upper bound and the lower bound of perhaps

5.6 keV from Lyman-α forest observations.
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Implications for particle physics:

(1) B(µ → eγ) =
α

768π

|
∑

k hµkh
∗
ek|2

(GFm2
η+)2 < 2.4× 10−12

implies mη+ > 310 GeV (|
∑

k hµkh
∗
ek|/10−3)1/2.

(2) Anomalous magnetic moment of muon is given by

∆aµ = −
m2

µ

96π2m2
η+

∑
k

|hµk|2 < 1.23× 10−13
∑

k |hµk|2

|
∑

k hµkh∗ek|
,

which is much below the experimental uncertainty of

6× 10−10.
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(3) Since Nk are light, muon decay also proceeds at tree

level through η+ exchange. The inclusive rate is given by

Γ(µ → NµeN̄e) =
(
∑

k |hµk|2)(
∑

k |hek|2)m5
µ

6144π3m4
η+

< 2.5× 10−8(
∑

k |hµk|2)(
∑

k |hek|2)
|
∑

k hµkh∗ek|2
Γ(µ → νµeν̄e),

which is much below the experimental uncertainty of

10−5 in the determination of GF .
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Implications for cosmology:

(1) Whereas N1 is absolutely stable, N2,3 will decay.

Γ(N2 → N1ν̄iνj) =
|hi2h

∗
j1|2

256π3M2

(
1

m2
R

+
1

m2
I

)2

×
(

M 6
2

96
− M 2

1M
4
2

12
+

M 6
1

12
− M 8

1

96M 2
2

+
M 4

1M
4
2

8
ln

M 2
2

M 2
1

)
'
|hi2h

∗
j1|2(∆M)5

1920π3

(
1

m2
R

+
1

m2
I

)2

,

if M2 −M1 = ∆M << M1,2.
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As an example, let ∆M = 1 keV, |hi2h
∗
j1|2 = 10−6,

mR = 240 GeV, mI = 150 GeV, then Γ = 6.42× 10−50

GeV, corresponding to a decay lifetime of 3.25× 1017 y,

which is much longer than the age of the Universe, i.e.

13.75± 0.11× 109 y. This means that N1,2,3 may all be

components of dark matter today.

Note that N2 → N1γ is now possible with Eγ ' ∆M ,

but since ∆M may be small, whereas M1,2,3 ∼ 10 keV,

the tension between galactic X-ray data and Lyman-α

forest observations is easily relaxed.
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(2) The effective NN̄ → ll̄, νν̄ interactions are of order

h2/m2
η ∼ 10−8 Gev−2, hence they remain in thermal

equilibrium in the early Universe until a temperature of a

few GeV. Their number density nN is given by

nN

nγ
=

(
43/4
g∗dec

) (
2

11/2

)
3/2
2

,

where g∗dec = 16, counting N1,2,3 in addition to photons,

electrons, and the three neutrinos. Their relic abundance

at present would then be
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ΩNh2 ' 115
16

(∑
i Mi

keV

)
.

Since ΩNh2 should be 0.1123± 0.0035, a dilution factor

of about 1.9× 103 is needed for
∑

i Mi ∼ 30 keV.

(3) The dilution factor may be accomplished by a

particle which decouples after N1 and decays later as it

becomes nonrelativistic, with a large release of entropy.

It is a well-known mechanism. Some recent papers:

Bezrukov/Hettmansperger/Lindner(2010),

Nemevsek/Senjanovic/Zhang(2012), King/Merle(2012).
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(4) Another solution is to assume that the reheating

temperature of the Universe is below a few GeV, so that

Ni are not thermally produced. Instead, they come from

the decay of a scalar singlet S with the interaction

(fij/2)SNiNj where fij < 10−4 for mS ' 2 GeV. The

interaction
√

2λ3HS2 allows S to be thermally produced

and to decouple as it becomes nonrelativistic with

〈σvrel〉 ∼ 10−5 pb for λ3 ∼ 10−3. Now S decays to NN ,

so the relic density of N is reduced by 2M/mS ' 10−5.

Since 〈σvrel〉 is inversely proportional to relic density, this

would yield the correct observed value.
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Implications at the Large Hadron Collider:

Γ(H → SS) = λ2
3v

2/4πmH ∼ 0.02 MeV. Since the total

width of H is about 4.3 MeV, this invisible mode is very

hard to check. However, η+ → l+i Nj and η+ → ηR,IW
+

as well as ηR → ηIZ are possible signatures.

Negative impact on the search of dark matter:

(1) Nonobservation of any dark-matter signal at

underground experiments. Latest news from XENON100:

50 Gev dark matter is excluded at 2.0× 10−45 cm2.

(2) Nonobservation of dark-matter annihilation products

(gamma rays, etc.) from space.
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Conclusion

The dark scalar doublet (η+, η0) is useful for many things

(S, T, U , Γ(H → γγ), electroweak baryogenesis). If it is

also used for radiative neutrino mass, then a new formula

is obtained:

(Mν)ij =
ln(m2

R/m2
I)

16π2

∑
k

hikhjkMk.

Now N1,2,3 with masses ∼ 10 keV may be warm dark

matter and η±, ηR, ηI may be easier to find at the LHC.
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