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1 Introduction

Seesaw mechanism is one of the popular mechanisms [1–12] beyond the standard model

(SM) which can provide some explanations why neutrino masses are so much smaller than

their charged lepton partner mass scales mD. In Type I and III seesaw models [1–5, 12] it

requires the existence of heavy right-handed neutrinos of a Majorana mass scale M . The

light neutrino mass is of order mD(mD/M). The usual scale of the heavy right-handed neu-

trino mass M is expected to be super heavy which can be as high as the grand unification

scale. It would be good if the seesaw mechanism can be tested by high energy colliders.

The LHC can test theoretical models beyond the SM at an energy scale as high as 8TeV

at present and will reach 14TeV in the future. If indeed the heavy seesaw scale is of grand

unification scale, it is impossible to test seesaw mechanism directly at accessible collider en-

ergies. Theoretically it is interesting to see if the seesaw scale can be lowered to TeV range

allowing direct probe of ATLAS and CMS experiments at the LHC. There are indeed special

solutions which allow lower heavy right handed neutrinos of order TeV with the price of fine

tuning of the parameters [13–18]. Although this is theoretically allowed, it loses the original

motivation of naturally explanation for the lightness of neutrinos through seesaw mecha-

nism. Radiative seesaw neutrino mass generation can easy the problem and at the same

time provide the much desired candidate for dark matter when additional symmetry exists

to stablize the dark matter candidate [19–23].1 The inverse seesaw mechanism [25, 26] can

also lower the seesaw scale. In the inverse seesaw model, the heavy Majorana neutrinos are

replaced by the heavy Dirac particles. The light neutrino masses are of order µ(mD/M)2.

Here M is the heavy Dirac particle scale and µ is a Majorana mass of the heavy Dirac

particles which are supposed to be small even compared with mD. It is clear that the heavy

Dirac mass scale M can be much lower than that for the Majorna mass in the usual seesaw

models naturally. If the inverse seesaw is also achieved by radiative correction, the heavy

scale can be even lower [27–29]. There are also other mechanisms to further lower the

1See ref. [24] for a technical comment about the model in ref. [23].
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scale by naturally having a small µ parameter, such as that discussed in ref. [30] through

extra warped dimension. Here we will study radiative inverse seesaw models. In achieving

radiative mass generation, sometimes it involves introduction of new symmetries to forbid

terms which may induce tree level neutrino masses. If the symmetry introduced is unbro-

ken, there may be a stable new particle in the theory. This new particle may play the role

of the dark matter needed to explain about 23% of the energy budget of our universe [31].

In this paper we study several simple models using a leptonic heavy Dirac multiple to

facilitate radiative inverse seesaw neutrino mass and also to have dark matter candidate.

2 Tree inverse seesaw

The inverse seesaw neutrino mass matrix Mν is the mass matrix resulted from the effective

Lagrangian

Lm = −ν̄LmDNR − N̄LMNR −
1

2
N̄ c

RµRNR −
1

2
N̄LµLN

c
L + h.c. (2.1)

where νL is the light active neutrino, NL,R are heavy neutrinos.

In the bases (νcL, NR, N
c
L)

T , Mν is given by

Mν =







0 mD 0

mT
D µR MT

0 M µL






. (2.2)

With the hierarchy µL ∼ µR ≪ mD ≪ M , the light neutrino mass matrix mν , defined

by Lmass = −(1/2)νLmνν
c
L, to order (mD/M)2 is given by [25, 26]

mν = mDM
−1µL(M

−1)TmT
D. (2.3)

There are different ways to achieve inverse seesaw mechanism depending on where

NL,R comes from. We briefly outline two simple possibilities which may realize inverse

seesaw at tree level.

One of the simplest ways is to introduce right-handed NR and left-handed NL singlet

heavy neutrinos with a discrete NR → NR, NL → −NL Z2 symmetry and all other SM par-

ticles do not transform under this symmetry. The mD term is generated through Yukawa

coupling L̄LYDH̃NR. Here H = (h+, (vH + h + iI)T /
√
2 is the SM Higgs doublet which

transform under the SM electroweak gauge group SU(2)L×U(1)Y as (2, 1/2). H̃ = iσ2H
∗.

vH is the vacuum expectation value (vev) of H. LL = (νL, eL)
T : (2,−1/2) is the SM lep-

ton doublet. The µL,R terms are from bare Majorana mass terms N̄ c
RµRNR and N̄LµLN

c
L.

Because the Z2 symmetry, the bare Dirac mass term N̄LMNR is not allowed. In order to

generate a non-zero M term, one can introduce a singlet scale S transforming under Z2 as

S → −S with a non-zero vev vs/
√
2. In this case, the Yukawa term N̄LYsSNR is allowed

which generates a M given by Ysvs/
√
2.

One can also introduce a leptonic doublet DL,R : (2,−1/2) along with a singlet S and

a triplet ∆ : (3,−1) (∆ij with ∆11 = ∆0, ∆12 = ∆21 = ∆−/
√
2 and ∆22 = ∆−−) to realize

the inverse seesaw. One can introduce a global U(1)D symmetry to distinguish DL and
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LL. Under this symmetry DL,R → exp[iαD]DL,R, S → exp[−iαD]S, ∆ → exp[2iαD]∆, and

other fields do not transform. We have the following Lagrangian relevant to neutrino masses

LD = −L̄LYDDRS − D̄LMDR −
1

2
D̄LYLD

c
L∆−

1

2
D̄c

RYRDR∆
† + h.c. (2.4)

If both S and ∆ develop non-zero vev’s, the inverse seesaw mechanism is realized.

This model, however, will have a Goldstone boson due to breaking of the global U(1)D
symmetry which may be problematic. To avoid the existence of a Goldstone boson in the

theory, extension is needed. Also in the above two models, no candidates for dark matter.

In following sections, we will extend the two models discussed in this section to radia-

tively generate inverse seesaw neutrino masses. We will discuss the possibility of having

dark matter candidates in these models.

3 Radiative two loop inverse seesaw

To avoid the appearance of massless Goldstone boson in the theory, a possible approach

is not to allow the global symmetry to break and therefore no Goldstone boson emerges.

Applying this idea to the model involving DL,R, S and ∆ are then not allowed to have

vev’s. This however also firbids the light neutrinos to have non-zero masses at tree level.

We have to extend the model. To this end, we introduce another singlet σ which transforms

under the U(1)D as σ → exp[2iαD]σ. We refer to this model as the U(1)D model. The

allowed renormalizable terms in the potential VD are given by

VD = −µ2
HH†H + λH(H†H)2 + µ2

SS
†S + λS(S

†S)2 + µ2
σσ

†σ + λσ(σ
†σ)2

+µ2
∆∆

†∆+λα
∆(∆

†∆∆†∆)α+
∑

ij

λiji
†ij†j+(µSσS

2σ+λ∆σHH∆σ†H+h.c.), (3.1)

where the sum
∑

ij is over all possible i and j, and i to be one of the H, S, σ and ∆. The

allowed terms are:

λβ
H∆(H

†H∆†∆)β+λHσ(H
†Hσ†σ)+λHS(H

†HS†S)+λ∆σ(∆
†∆σ†σ)+λσS(σ

†σS†S) . (3.2)

In the above the indices α and β indicate different ways of forming singlet. They are

given by

(∆†∆∆†∆)1 = ∆∗
ij∆ij∆

∗
kl∆kl , (∆†∆∆†∆)2 = ∆∗

ij∆ik∆
∗
kl∆jl

(∆†∆H†H)1 = ∆∗
ij∆ijH

∗
kHk , (∆†∆H†H)2 = ∆∗

ij∆kjH
∗
kHi (3.3)

In the above µ2
i are all larger than zero. The potential only allows H to have a non-zero

vev vH . The theory has an unbroken U(1)D global symmetry after spontaneous symmetry

breaking from SU(2)L × U(1)Y to U(1)em. At the tree level, light neutrinos are massless.

Giving the above terms in LD and VD, it is not possible to defined conserved lepton num-

ber. This is because that among the L̄LDRS, D̄L,RD
c
L,R∆ and S2σ, and H∆σ†H vertices,

there is always one vertex where lepton number is violated. For example, assigning LL

to have lepton number +1 and DL,R to have X, if one demands conservation of lepton

– 3 –
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Figure 1. Two loop diagram for neutrino mass generation.

number as L̄LDRS, D̄L,RD
c
L,R∆ and S2σ vertices, at the vertex H∆σ†H would violate

lepton number by 2 units. One can demand other vertices to converse lepton number, but

no matter what one chooses, the combination of terms proportional to YDYLµSσλ∆σHYD
always violate lepton number by 2 units. However, the global U(1)D symmetry is respected.

Because of lepton number is violated, at loop levels, Majorana neutrino masses may be

generated. We find that non-zero Majorana neutrino masses can be generated at two loop

level shown in figure1. This two loop contribution violates the lepton number by 2 units.

This two loop mass generation is similar to the Babu-Zee model two loop neutrino mass

generation [32, 33] but with the light charged leptons in the loop replaced by new heavy

particles. The last two terms in the potential are crucial for light neutrino mass generation.

We will now describe how to calculate the two-loop induced light neutrino mass. After

H develops vev, mixing between ∆0 and σ will be generated via the term H∆σ†H. The

corresponding mass matrix for (∆0, σ)T can be expressed as:
(

M2
11 M2

12

M2
21 M2

22

)

with

M2
11 = µ2

∆ +
1

2
λ1
H∆v

2
H , M2

22 = µ2
σ +

1

2
λHσv

2
H , M2

12 = M2
21 =

1

2
λ∆σHv2H . (3.4)

One can diagonalize the mass matrix via:
(

φ1

φ2

)

=

(

cosα sinα

− sinα cosα

)(

∆0

σ

)

with

m2
φ1,2

=
M2

11 +M2
22 ±

√

(M2
11 −M2

22)
2 + 4M2

12M
2
21

2
,

sin 2α =
2M2

12
√

(M2
11 −M2

22)
2 + 4M2

12M
2
21

.

The light neutrino mass mν generated via two-loop diagram is given by:

mν = Y 2
DM

2YLµSσ cosα sinα

∫

d4p

(2π)4
d4q

(2π)4
1

p2 −m2
S

1

q2 −m2
S

1

p2 −M2

1

q2 −M2

×

(

1

(p− q)2 −m2
φ1

−
1

(p− q)2 −m2
φ2

)

. (3.5)
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The last factor in the above can be written as (m2
φ1

−m2
φ2
)/((p− q)2−m2

φ1
)((p− q)2−

m2
φ2
). Using, sinα cosα(m2

φ1
−m2

φ2
) = M2

12 =
1
2λ∆σHv2H , and neglecting the mass splitting

between mφ1
and mφ2

in the denominator, we obtain

mν =
λ∆σHYLY

2
DµSσv

2
HM2

2(M2 −m2
S)

2

∫

d4p

(2π)4
d4q

(2π)4
×

×
1

[(p−q)2−m2
φ1
]2

(

1

p2 −m2
S

1

q2 −m2
S

−
1

p2 −m2
S

1

q2 −M2
−

1

p2 −M2

1

q2 −m2
S

+
1

P 2 −M2

1

q2 −M2

)

. (3.6)

Our results for the two loop integral agree with that obtained in ref. [34].

Carrying out the loop integrals, we finally obtain

mν =
λ∆σHYLY

2
DµSσv

2
H

2(4π)4M2(1−m2
S/M

2)2
[g(mφ1

,mS ,mS)− g(mφ1
,M,mS)

−g(mφ1
,mS ,M) + g(mφ1

,M,M)] , (3.7)

where

g(m1,m2,m3) =

∫ 1

0
dx

[

1 + Sp(1− µ2)−
µ2

1− µ2
logµ2

]

with µ2 = ax+b(1−x)
x(1−x) , a =

m2

2

m2

1

, b =
m2

3

m2

1

. Sp(z) is the Spence function or the dilogarithm

function defined as:

Sp(z) = −
∫ z

0

ln(1− t)

t
dt (3.8)

To compare with the inverse seesaw mass formula, we rewrite the above in a matrix

form in the bases where M is diagonalized

mij
ν =

vHY ik
D (λ∆σHµSσY

kl
L )Y jl

D vH

M2
kk

κkl , (3.9)

where κkl is defined as:

κkl = δkl
1

2(4π)4
1

(1−m2
S/M

2
kk)

2
[g(mφ1

,mS ,mS)− g(mφ1
,Mkk,mS)

−g(mφ1
,mS ,Mkk) + g(mφ1

,Mkk,Mkk)] (3.10)

If one identifies, effectively, mD = YDvH , M = diag(Mii) and µL = (µij
L ) with µij

L =

(λ∆σHµsσ)Y
ij
L κij , the light neutrino mass matrix is effectively an inverse seesaw mass form.

We therefore refer this as radiative inverse seesaw mechanism. This model is different than

those radiative inverse seesaw models discussed in ref. [27, 28] where additional neutral

heavy spin-half particles are introduced to generate radiative neutrino masses.

The above formula can easily fit current data on neutrino mixing and masses [35]. As

an example, let us consider a simple case with YL diagonal and YD = yDUPMNS . For

the normal hierarchy, choose YL = diag(1, 1.05, 2.01) × 10−2, yD = 10−2, λ∆σH = 0.1,

µSσ = 100GeV, mφ1
= 300GeV, mS = 150GeV, Mii = 500GeV, we can get all the

– 5 –
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three neutrino mass 2.804× 10−2eV, 2.936× 10−2eV, 5.636× 10−2eV, respectively. These

are consistent with data. For inverted hierarchy case, we just need to replace YL with

YL = diag(1.297, 1.317, 0.100)× 10−2, with all the other parameters unchanged, the neu-

trino masses will be 4.90 × 10−2eV, 4.98 × 10−2eV, 3.78 × 10−3eV, respectively. Again,

these numbers are consistent with data.

Along the same idea, the case with singlet heavy neutrinos discussed earlier, can also be

modified to have two loop realization of inverse seesaw mechanism. To this end we impose

on the theory a global U(1)S symmetry. The new particles beyond SM are: NL,R : (1, 0),

η : (2,−1/2), ∆ : (3,−1) and S : (1, 0). Under the U(1)S these particles transform as:

NL,R → exp[iαS ], η → exp[−iαS ]η, ∆ → exp[−2iαS ], S → exp[−2iα]S. The Lagrangian

LS for the bare mass term and Yukawa couplings, and the potential VS relevant for two

loop neutrino mass generation are given by

LS = −N̄LMNR − L̄LYDNRη −
1

2
N̄ c

RYRNRS −
1

2
N̄LYLN

c
LS

† + h.c.

VS = µ∆ηη∆
†η + λ∆SHH∆†SH + h.c.+ . . . , (3.11)

where “. . . ” indicate other allowed terms.

The light neutrino mass matrix can be obtained by replacing µSσ by µ∆η, and λ∆σH by

λ∆SH in eq. (3.9). In this model terms proportional to YDYLµ∆ηλ∆SHYD violates lepton

number by 2 units, for the same reasons for the U(1)D model.

As long as the radiative generation of inverse seesaw neutrino masses is concerned the

above two models are very similar. However, when considering dark matter physics, these

two models have different features. We proceed to discuss them in the following.

4 Dark matter candidate

Since in both the U(1)D and U(1)S models, the global symmetries are not broken, there are

stable particles which may play the role of dark matter. Which one of the new particles is

the lightest one depends on the parameter space and therefore determines which one plays

the role of dark matter.

In the U(1)D model, the heavy fermion particles have non-zero hypercharge and cannot

play the role of dark matter. This is because that although dark matter relic density

can be produced by dark matter annihilate into gauge particle with known interaction

strength with sufficiently large dark matter mass, the direct detection rate from t-channel

Z boson exchange would be too large. This possibility is therefore ruled out. The neutral

components of the scalar fields in the models are other possibilities which may be identified

as dark matter. The neutral component ∆0, has problem to play the role of dark matter

due to its non-zero hypercharge. If the real and imaginary parts of the ∆0 masses mr

and mi have a splitting δ = mr −mi, the non-zero hypercharge problem can be resolved

by invoking the inelastic dark matter mechanism [36–39], namely the scattering of a dark

matter off nucleon is kinematically forbidden if the mass splitting δ is larger than 100 KeV

or so. In the U(1)D model, however, we find that it is not possible to generate a non-zero δ

for the real and imaginary parts in ∆0, the inelastic dark matter mechanism is ineffective.

– 6 –



J
H
E
P
1
0
(
2
0
1
2
)
0
4
4

125 GeV

50 100 150 200
0.001

0.005

0.010

0.050

0.100

0.500

1.000

MDHGeVL

Λ
S
H

125GeV

10 1005020 3015 15070

10-45

10-43

10-41

10-39

MDHGeVL

Σ
e
l
Hc

m
2 L

CDMS

XENON100

XENON10

SIMPLE

CoGeNT
DAMA

CRESST

CRESST

XENON1T

Figure 2. Constraints on the coupling and dark matter mass from dark matter relic density and

direct detection [52–61] for S as the dark matter with Higgs mass set to be 125GeV. The projected

Xenon1T sensitivity is also drawn.

The natural dark matter field is S. It does not have a non-zero hypercharge and

does not mix with any particle having hypercharge. As long as dark matter properties are

concerned, this model is very similar to the real singlet (darkon) model [40] and therefore

similar dark matter properties [41–48] and identical to the complex scalar singlet model [49]

with degenerate mass for the real and imaginary parts of S. This is a typical Higgs portal

model. Dark matter annihilation and detection are all mediated by Higgs boson.

The term important is S†SH†H. Removing the would-be Goldstone bosons in H, we

have

λSHS†SH†H =
1

2
λSH(v2H + 2vHh+ hh)SS† . (4.1)

The first term will modify the mass of S from µ2
S to M2

D = µ2
S +λSHv2H/2. As long as

dark matter annihilation and detection are concerned, the free parameters are: MD, λSH

and also the Higgs boson mass. In the model, the Higgs boson h properties, its mass and

its couplings to SM particles (fermions and gauge bosons), are very close to the SM Higgs

boson hSM . The recent LHC data indicate that the mass is about 125GeV [50, 51]. We will

analyze the model using Higgs mass ofmh = 125GeV. The dark matter relic density and di-

rect detection constraints on the coupling λSH and MD are shown in figure 2. Since now we

have two degenerate components as dark matter, the constraint on λSH from relic density

is 1/
√
2 times smaller than the darkon model [40]. The recent data on direct dark matter

search from Xenon100 [60, 61] put the most strigent constraint on the allowed range for dark

matter mass. The range of a few tens of GeV for dark matter mass is in trouble. However,

dark matter mass about half of the Higgs mass and larger than 130GeV is still allowed.

The σ field is also a possibility for dark matter since it does not have a hypercharge

neither. It mixes with ∆0 after H develops vev through the term: λ∆σHH∆σ†H. The

– 7 –
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lighter of physical particle which may play the role of dark matter will also has a non-

zero Z coupling. However, in this case there is the mixing parameter to tune to satisfy

the constraint. We find that as long as the parameter sinα is less than 10−3, the large

direct detection cross section can be solved. We also checked that sinα of order 10−3 can be

made compatible with the neutrino mass generation requirement. With α < 10−3, the dark

matter is dominated by the component σ. The dark matter properties are similar to S.

We now briefly discuss dark matter properties in the U(1)S model. In this model, the

neutral scalars in η, ∆ and S, and the N are possible candidates for dark matter. The

neutral components in η and ∆ have hypercharges and also there are no mass splitting

between the real and imaginary parts, they have too large cross section for direct dark

matter detection after fitting relic density requirement. The S field although does not have

a hypercharge, it mixes with ∆0, some fine tuning is needed to be compatible with direct

dark matter detection data. The situation is similar to the case of σ as the dark matter in

the U(1)D model. This is similar to the case of σ as dark matter as in the U(1)D model.

The N field does not have hypercharge and may also play the role of dark matter.

In this case, the dark matter relic density is achieved by t-channel exchange of η induced

N N pair annihilate into lepton pairs, l+ l− and νL ν̄L. The annihilation rate is governed

by the Yukawa coupling YD, the mass mη of η and also the dark matter mass MD = M .

We have checked that there are parameter space where the correct relic density can be

produced. In figure3 we show some correlations of the parameters which can produce the

correct relic density. At the tree level, N does not couple to quarks. However, at one

loop level, with LL and η in the loop N̄ -N -Z coupling can be generated which can lead to

sizeable dark matter direct detection cross section and at the same time satisfy the dark

matter relic density constraint. The results are shown in figure 3. We again see that the

recent Xenon100 [60, 61] data put stringent constraint on the allowed range for dark matter

mass. But the N can still play the role of dark matter with appropriate masses.

5 Conclusions

We have proposed two models, the U(1)D and U(1)S models, in which neutrino masses are

generated through inverse seesaw mechanism at two loop level. In these models, a global

U(1) is unbroken leading to a stable beyond SM new particle in each model. These stable

new particles are natural candidates for dark matter. We find that these models can satisfy

current experimental constraints from neutrino masses, mixing, dark matter relic density

and direct detections.

Because in these models the neutrino masses are generated at two loop level and also

inverse seesaw type, the seesaw scale can be as low as a few hundred GeV. This can lead to

observable signatures. Before closing, we would like to make a few comments about some

phenomenological implications of the models.

One of them is related to Higgs properties. Although the Higgs couplings to SM par-

ticles are not modified at tree level, there are noticeable corrections at one loop level in

the above two models. An important example is the modification to h → γγ. Because the

existence of the two terms (∆†∆H†H)α in both models and (η†i ηiH
†
jHj , η

†
i ηjH

†
jHi) terms

– 8 –
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Figure 3. Constraints on the coupling and dark matter mass from dark matter relic density and

direct detection for N as the dark matter. The different curves are for η mass to be 200GeV,

300GeV and 500GeV, respectively.

in the U(1)S model, terms like ∆++∆−−h and ∆+∆−h (η+η−h) will be generated after H

develops vev, the h → γγ can be modified. At present the experimental value [50, 51] for

this channel is 1.9±0.5 (ATLAS) (1.56±0.43(CMS)) times that predicted by the SM. The

central value is higher than the SM prediction. With large enough λα
H∆, one may bring

the value to close to the data.

Another is related to probing the new degrees of freedom in the models at the LHC.

In both models there are new charged particles, the ∆, η and D fields. The particles in

this multiplet can be pair produced via electromagnetic and weak interactions. However,

in both models there are unbroken U(1) symmetries, the new particles cannot decay into

pure SM final state making detection difficult. A possible signature is that the charged new

particle decays into an SM particle and a dark matter. The SM particle is detected, but

the dark matter carries away large transverse missing momentum and energy. For example

for the U(1)D model, with S been the dark matter, D± can decay into a charged lepton l±

and the dark matter S. In the U(1)S model with N being the dark matter, η± can decay

into a charged lepton and the dark matter.

Finally, there are potentially large FCNC effects in leptonic sector in these models.

This is because that the Yukawa couplings YD in both models can be of order O(0.1), at

loop level exchange D and S, and, N and S in the U(1)D and U(1)S models, respectively,

can generate flavor changing radiative decay of charged lepton l → l′γ with branching ra-

tios close to the current experimental bound [22, 23]. Also possible large µ → e conversion.

Near future improved experiments can test these models [22, 23]. Detailed analysis will be

presented else where.
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on Quarks and Leptons, M. Levy et al. eds., Plenum Press, New York U.S.A. (1980), pg. 687

[INSPIRE].
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