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1 Introduction

So far there are no signs for new physics beyond the Standard Model (SM) at the LHC

and this raises the question if mechanisms of electro-weak symmetry breaking are at work

which are different from what was expected over the last decades. The SM has besides the

vacuum expectation value no explicit scale and this, as well as the fact that the quartic

Higgs coupling runs very close to zero at the Planck-scale, may point to a role of conformal

symmetry and its breaking by quantum effects. No explicit mass scales would therefore be

allowed in the Lagrangian and symmetry breaking would be the consequence of a Coleman

Weinberg type mass generation [1]. This is from a technical point of view more restrictive

since the number of allowed terms in the Lagrangian is reduced. The minimal phenomeno-

logical scenarios require therefore some extra fields and various specific models have been

worked out [1–48].

In this paper we study consequences for the neutrino sector arising from the fact that

explicit fermion mass terms (both Dirac and especially also Majorana) are no longer allowed

when the SM is extended to incorporate neutrino masses and mixings. All Dirac and

Majorana mass terms must then stem from Yukawa couplings times vacuum expectation

values of suitable scalars. Specifically we present a simple extension of the SM which can

account for non-zero neutrino masses and which leads to spontaneous conformal symmetry

breaking. At the same time the extension of the scalar sector is such that no low-scale

Landau pole appears. We will show that our set-up leads naturally to the inverse seesaw

(ISS) scenario, with active-sterile mixing at a phenomenologically interesting level, where

over-all electro-weak fits are improved [49–52]. Furthermore, we will find that the UV

completion of the theory, in particular the requirement of anomaly cancellation, forces us
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to introduce additional fermions, which turn out to have a lifetime, which makes them

potential Dark Matter (DM) candidates.

The paper is organized in the following way. In section 2 we will discuss the generic

features of conformal model building and implications for Dark Matter and neutrino mass

phenomenology. In section 3 we will present a concrete UV complete and anomaly free

extension of the Standard Model, which we consider as well motivated by precision electro-

weak data. Using this model as an example we will demonstrate in section 4 how in

particular the Radiative Conformal Symmetry Breaking (RCSB) works in this set-up and

what it implies for the particle spectrum of the model. In section 5 we discuss the low energy

particle phenomenology of the model and several Dark Matter production mechanisms. We

will summarize our findings in section 6.

2 Generics of conformal model building

The idea of spontaneous conformal symmetry breaking is rather old and was put forward by

Coleman and Weinberg [1]. It has been argued by Bardeen [53], that its protective feature

can avoid the fine-tuning due to quadratic divergences and thus keep the Higgs mass safe,

as it is only multiplicatively renormalized. The same argument applies in curved space-

time background to diffeomorphism symmetry [32] and can protect the vacuum energy

from power divergences. For this mechanism to work, however, the particle content of the

theory needs to be specified in order to explain the RG running necessary for the RCSB.

It is, for example, clear that this mechanism can not be at work in the standard model

for a top mass above 79 GeV, as the fermionic contribution drives the potential couplings

in a way which does not allow for RCSB. It is therefore clear that an extension of the SM

by some Hidden Sector (HS) is necessary. The HS can be coupled to the SM via different

portals: one portal is connected to neutrino masses. We know that neutrino masses are

finite and SM singlet fermions which can connect to a HS are therefore well motivated.

Further portal operators arise from the H†H singlet combination of the Higgs field with

other scalars H ′ by renormalizable H†HH ′†H ′ quartic interactions or the kinetic mixing

of the photon with an additional massive U(1) gauge boson.

As we will see, the existence of the Higgs portal is an absolute necessity for any RCSB

model to work. Another crucial requirement for the HS is the mass dominance of bosonic

degrees of freedom in order to achieve RCSB due to the RG running. Furthermore, the

couplings should be such that no Landau pole appears at an adjacent energy scale making

the theory ill defined. Another important feature is to make sure that the quartic couplings

of the potential remain positive from the high scale on throughout all the RG running. It

is obvious that vacuum stability is a built-in feature of such a model.

The HS itself can contain a Hidden Symmetry group which can be gauged. This ad-

ditional structure may be used to explain the smallness of the active neutrino masses and

we will demonstrate an example of this in the next section. The gauge symmetry needs

to be anomaly free which implies additional constraints on the particle spectrum and may

lead to the existence of long-lived particles which can be Dark Matter candidates. In the

next section we present a model, in which active neutrinos acquire their mass in an in-
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H φ1 φ2 L νR NR NL

U(1)X 0 1 2 0 0 1 1

Lepton Number 0 0 0 1 1 0 0

U(1)Y 1 0 0 -1 0 0 0

SU(2)L 2 1 1 2 1 1 1

Table 1. Quantum numbers in the Conformal Inverse Seesaw.

verse seesaw mechanism, which owes its mass matrix structure to the HS U(1) symmetry.

This symmetry is gauged and the anomaly freedom condition requires us to have a par-

ticle content which contains a long-lived particle. We observe that imposing constraints

from low energy particle physics leads to a parameter region with a warm Dark Matter

candidate compatible with all astrophysical observations. Furthermore, several production

mechanisms can account for the correct relic density in our model.

3 The conformal inverse seesaw

We will demonstrate the features described above using an explicit model which was in-

troduced in [54]. The Conformal Inverse Seesaw (CISS) has the gauge group SU(3)c ×
SU(2)L × U(1)Y × U(1)X . The scalar field content is extended by two SM singlet fields

φ1 and φ2 with U(1)X charges one and two, respectively, and the potential eq. (3.2). The

fermion sector contains a total singlet field νR and a pair of chiral SM singlet fields NL and

NR, those, however, carry one unit of U(1)X charge. Note that the existence of the pair of

fields with identical U(1)X charge is required by anomaly cancellation.

LCISS = i N̄L

(
/∂ − i gX Xµ γµ

)
NL + i N̄R

(
/∂ − i gX Xµ γµ

)
NR

− ỹ1

2

(
N̄ c
R νR φ

∗
1 + h.c.

)
− y1

2

(
N̄L νR φ1 + h.c.

)
− y2

2

(
N̄LN

c
L φ2 + h.c.

)
− ỹ2

2

(
N̄RN

c
R φ2 + h.c.

)
+
yD
2

(
L̄ H̃νR + h.c.

)
+ | (∂µ − 2 i gX Xµ)φ2|2 + | (∂µ − i gX Xµ)φ1|2

− 1

4
FµνX FXµν +

κ

4
FµνX Fµν − V (H,φ1, φ2) . (3.1)

We furthermore assume a L-R exchange symmetry in the Hidden Sector i.e. NL ↔ N c
R

which fixes the relations among the Yukawa couplings y1 = ỹ1 and y2 = ỹ2.

The scalar potential contains all combinations allowed by the quantum numbers

V (H,φ1, φ2) =
λH
2

(H†H)2 +
λ1

2
φ4

1 +
λ2

2
φ4

2+ (3.2)

λH1H
†H φ2

1 + λH2H
†H φ2

2 + λ1 2 φ
2
2 φ

2
1 .

As we will elaborate on shortly, radiative effects break the conformal symmetry and all

scalars acquire vacuum expectation values (vevs). This causes the breaking of SU(2)L ×
U(1)Y symmetry and leads to massive electro-weak gauge bosons. At the same time the
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Figure 1. The diagrammatic visualisation of mass relations in the CISS. Conformal invariance

forbids masses for singlet field combinations, which would be allowed in any non conformal theory

with the same scalar spectrum.

breaking of U(1)X generates a mass for the Hidden Sector gauge boson. Using the compact

notation in the basis NT = (νL, ν
c
R, NL, N

c
R) the mass term of the form 1/2

∑
ij Mij N̄iN

c
j

has the following mass matrix

M =


0 yD 〈H〉 0 0

yD 〈H〉 0 y1 〈φ1〉 ỹ1 〈φ1〉
0 y1 〈φ1〉 y2 〈φ2〉 0

0 ỹ1 〈φ1〉 0 ỹ2 〈φ2〉

 . (3.3)

At this point we emphasize the absence of mass terms for the singlet combinations ν̄Rν
c
R

and N̄LNR in the mass matrix eq. (3.3) due to conformal invariance, see also figure 1. These

terms would in principle be present in a non-conformal theory, and might be avoided by

other extra discrete symmetries and new scalar particles. Note however, that many other

phenomenological consequences to be discussed in this paper would not follow.

Note that for simplicity we consider the one-flavour case, which can be straightfor-

wardly generalized to the physical scenario with three flavours, then the Yukawa couplings

will be 3 × 2 and 2 × 2 matrices, as we discuss shortly. The fermionic particle content

comprises a left-handed Majorana fermion which is the active neutrino, a pseudo-Dirac

pair of right-handed neutrinos at the mass scale set by y1 〈φ1〉 =: MR and a mass splitting

of the order y2 〈φ2〉 =: µ, and a Majorana singlet neutrino of the mass µ. We will now

demonstrate the diagonalization procedure of the above matrix which will lead to this mass

pattern and discuss the mixing among the fermions.

Even though the L ↔ R symmetry introduces relations among the Yukawa couplings

and the induced masses it can be violated by higher-order interactions and for phenomeno-

logical purposes we consider the following induced mass matrix

M =


0 mD 0 0

mD 0 M1 M2

0 M1 µ1 0

0 M2 0 µ2

 , (3.4)
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with M1 ≈M2 and µ1 ≈ µ2. To study the spectrum of this matrix we perform a rotation by

an angle defined by tanφ = M1
M2

in the (νcR, NL, N
c
R) subspace, which leads to the following

structure 
0 0

√
M2

1 +M2
2

0
M2

2µ1+M2
1µ2

M2
1 +M2

2

M1M2(µ1−µ2)
M2

1 +M2
2√

M2
1 +M2

2
M1M2(µ1−µ2)

M2
1 +M2

2

M2
1µ1+M2

2µ2
M2

1 +M2
2

 . (3.5)

In analogy to the usual inverse seesaw scenario we observe that the heavy particle spectrum

contains a pseudo-Dirac particle pair with mass of the order
√
M2

1 +M2
2 =: M and a

Majorana type mass splitting of the order
M2

1µ1+M2
2µ2

M2
1 +M2

2
=: µD. The other mass parameters

we denote by
M2

1µ2+M2
2µ1

M2
1 +M2

2
= µS and M1M2(µ1−µ2)

M2
1 +M2

2
:= δM . The difference to the usual

inverse seesaw is the existence of two states with Majorana masses. The mass matrix of

these states is obtained by application of the usual seesaw formula under the assumption

{mD, δM} �M to the rearranged mass matrix (νL, NL, ν
c
R, N

c
R)

M =


0 0 mD 0

0 µS 0 δM

mD 0 0 M

0 δM M µD

 (3.6)

and yields the light neutrino mass matrix

M2×2 =

(
m2
D

M2 µD −δM mD
M

−δM mD
M µS

)
. (3.7)

The mass eigenvalues are

m1 =
1

2

(
µD +

µSm
2
D

M2
−
√
µ2
D − 2µD

µS
M
mD + 4

mD

M2
δM2 + µS

m4
D

M4

)
, (3.8)

m2 =
1

2

(
µD + µS +

√
µ2
D − 2µD

µS
M
mD + 4

mD

M2
δM2 + µS

m4
D

M4

)
(3.9)

We assume that the exchange symmetry L↔ R in the Hidden Sector is broken by higher-

order operators, however it is still approximatively present and allows to simplify the

expressions by the use of M ≈ M1 ≈ M2 and thus µD ≈ µS ≈ µ1+µ2
2 =: µ+ and δM ≈

µ1−µ2
2 =: µ̄. Under this assumption we can expand in the small parameter µ̄

µ+
which leads

to the eigenvalues

m1 = µ+
m2
D

M2
− µ̄2

µ+

m2
D

M2
+
µ̄2

µ+
≈ µ+

m2
D

M2
+
µ̄2

µ+
(3.10)

m2 = µ+ +
µ̄2

µ+

m2
D

M2
− µ̄2

µ+
≈ µ+ −

µ̄2

µ+
. (3.11)

It is found that the active neutrino has a mass of the order mactive ≈ µ θ2, where θ is the

active-sterile mixing and given by θ ≈ mD
M with a perturbation of the order µ̄2

µ+
. The second
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state is a Majorana neutrino with mass at the µ scale and its mixing with the active neutrino

is of the order θ̃ ≈ θ µ̄
µ+

, and therefore additionally suppressed by the mass splitting induced

by higher-order terms breaking the L ↔ R symmetry in the Hidden Sector. We observe

that, while the mass splitting among M1 and M2 has no dramatic effect on the physical

observables the splitting µ1 − µ2 controls the coupling of the additional Majorana state

at the µ mass scale and in the limit of exact L ↔ R symmetry it even decouples. Thus

for later phenomenological considerations it is reasonable to set M1 = M2 = M. Since

after symmetry breaking one of the Majorana degrees of freedom is responsible for the

light neutrino mass, the mass splitting among µ1 and µ2 is of order of the light neutrino

mass and thus in the eV range. This implies that the correction to the neutrino mass is of

order µ̄2

µ+
≈ 10−3 eV which is within the experimental uncertainty. In addition it predicts

an active sterile mixing of the keV mass state of θ̃2 ≈
(
mD
M

µ̄
µ+

)2
≈ 10−10 − 10−12, which

we will compare to experimental constraints in section 5.1.

The situation in the CISS is different from B − L models [55] as the interactions

N̄L νR φ1 and N̄ c
R νR φ

∗
1 violate lepton number explicitly. Lepton number is not a symmetry

of the full theory, but turns out to be an accidental symmetry of the low energy SM sector.

4 Radiative conformal symmetry breaking and implications

The hidden sector is responsible for electro-weak symmetry breaking and the pseudo-

Goldstone boson (PGB) associated with the conformal symmetry breaking has to reside

mainly in the hidden sector, see for example [30]. In the case of one additional bosonic

degree of freedom, the Higgs boson is mainly the PGB which phenomenologically requires

larger values of quartic couplings and leads to low-scale Landau poles, see for example the

discussion in [7]. This is not the case in the CISS.

We will demonstrate the RCSB in our case. As discussed above the scalar field content

is given by the SU(2) doublet H and two SM singlets φ1 and φ2. For simplicity we will use

spherical coordinates in field space with the replacements

φ2 = r sin θ sinω , (4.1)

H = r sin θ cosω ,

φ1 = r cos θ .

We find with eq. (4.1) and the definitions (tan θ)2 =: ε and (tanω)2 =: δ that

R(Λ) := (r cos θ cosω)4 V (r, θ φ1) (4.2)

=
1

2

(
(δ + 1)2λ1 + ε(2 δ(δ + 1)λ2 1 + 2(1 + δ)λH1 + ε(δ2λ2 + 2δ λ2H + λH))

)
.

The vanishing of this quantity at the scale of symmetry breaking R(ΛRCSB) = 0 defines

the classically flat direction in the potential, it is the renormalization condition.

– 6 –
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Assuming that the mixing among the scalars is not large i.e. ε, δ < 1 a hierarchical

vev structure appears

〈φ1〉 = 〈r〉 (1 + ε)−1/2 =: v , (4.3)

〈H〉 = v

√
ε

ε+ 1
,

〈φ2〉 = v

√
ε δ

δ + 1
,

⇒ 〈φ1〉 > 〈H〉 > 〈φ2〉 .

The scalar spectrum contains two massive excitations and one which is massless on tree

level and corresponds to the flat direction in the potential. The idea behind the Gildener-

Weinberg approach is that the quantum effects are taken into account in the one-loop

correction to the mass of this particle, making it a PGB of broken conformal symmetry.

This procedure ensures perturbativity as discussed in detail in [56].

Expanding the fields about their expectation values we obtain the massive scalar spec-

trum, which has the following form on tree level

M2
h

v2
=

(
ε

(
3δλ12 (λH + 5λ12)

3λH − λ12
+

3λH1 (λH + 5λH1)

3λH − λH1

)
+ 3λH

)
M2
φ2

v2
=

(
ε

(
− 16λ2

H1

3λH − λH1
+ 3λH + δλH2

)
+ λH1

)
.

The PGB of the conformal symmetry breaking, which we will denote as Archaon from now

on, acquires mass at the quantum level, which is parametrically suppressed

M2
φ1 =

1

8π2 〈r〉2

(
M4
h + 6m4

W + 3m4
Z + 3M4

X +M4
φ2 − 12m4

t − 2
∑
i

M4
Ni

)
. (4.4)

A possible configuration, which leads to the correct Higgs mass and the EW vev, has

negative λH1 and λH2 and quartic couplings of the order 10−3. Therefore, the RG running

remains stable and perturbatively treatable. An interesting observation is that at least

one of the portal terms needs to be sizeable, of the order O (−0.1), which makes the

additional scalars accessible at the LHC. For the mass spectrum and the vevs we consider

two benchmark points as numerical examples:

1. 〈φ1〉 = 1380 GeV, 〈H〉 = 246 GeV , 〈φ2〉 = 38 GeV, Mh = 125.5 GeV and Mφ2 =

2.17 TeV.

2. 〈φ1〉 = 1250 GeV, 〈H〉 = 246 GeV , 〈φ2〉 = 181 GeV, Mh = 124.9 GeV and Mφ2 =

3.06 TeV.

The main differences among the scenarios are the vev hierarchies of 〈φ2〉 and 〈H〉. We find

that in the allowed parameter region the vev of φ2 can be between O (10) GeV and the

electro-weak scale. Another observation is, that a large 〈φ1〉 leads to a heavy Mφ2 .

– 7 –
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Figure 2. The phenomenlogically allowed mass region with RCSB, a Higgs mass of 125 GeV,

Mφ2
= 2 TeV, Higgs portal mixings compatible with the bound sin θ < 0.37, perturbative potential

parameters and no low-scale Landau pole. Here MN is the average mass of the heavy right-handed

neutrino, MX is the mass of the HS gauge boson and Mφ1 is the mass of the Archaon PGB. Note

the upper bound on the right-handed scale of 1200 GeV and the upper bound on the PGB mass of

400 GeV for HS gauge boson masses below a TeV.

In addition to the breaking of SU(2)L × U(1)Y symmetry the vev of φ1 breaks the

U(1)X symmetry and generates a mass for the associated gauge boson X of the order of

the conformal symmetry breaking scale

MX = gX

√
〈φ1〉2 + 4 〈φ2〉2 ≈ gX 〈φ1〉 . (4.5)

Considering the occurrence of spontaneous conformal symmetry breaking we find that for

gauge boson masses below a TeV, there is an upper bound on the average mass for the

heavy pseudo-Dirac neutrinos, which is M̄N < 1200 GeV and an upper bound on the

induced Archaon PGB mass of 400 GeV, see figure 2.

As can be seen from eq. (3.1) the Yukawa interactions of φ1 violate lepton number.

If it was a global charge spontaneous breaking would lead to a massless Goldstone boson

with known consequences. As it is broken explicitly there is no potential problem with a

massless Goldstone particle.

5 Phenomenology

5.1 Low energy particle physics phenomenology

We consider three generations of active neutrinos and the minimal solution which can

account for the oscillation phenomenology is a two-flavour set-up in the Hidden Sector,

consistent with the findings in [57]. According to our discussion in section 3 we then

obtain a spectrum with two Majarona states at the intermediate scale µ, and two heavy

– 8 –
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pseudo-Dirac particles at the mass scale M with a mass splitting of the order µ. The latter

account for two parametrically suppressed active masses, while the third active neutrino

remains massless. In this section we identify regions in the parameter space allowed by low

energy particle physics and comment on compatibility with astrophysical observations.

Active neutrino oscillations. To ensure that our morel is consistent with the oscillation

phenomenology we use relation eq. (3.10), and as we discussed earlier, the fact that µ̄ <√
µ+ 10−3eV. This leads to a parametrization of mD, in a similar approach as in [58]

1 = O(θ)T O(θ) = m
−1/2
light UPMNS

(
mT
D

(
Mµ−1

+ M
)−1

mD

)
UTPMNSm

−1/2
light

⇒ mD = M
√
µ−1

+ O(θ)
√
mlight U

T
PMNS , (5.1)

where mlight denotes the diagonal active neutrino mass matrix, O(θ) is a general 2 × 2

orthogonal matrix and µ+ can always be assumed diagonal with appropriate field defini-

tions. An interesting observation is that even under the assumption that Yukawa couplings

have a strong hierarchy, as in the charged lepton sector, neutrino masses can be much less

hierarchical. In the conformal inverse seesaw all masses are generated due to Yukawa in-

teractions and hierarchy in mD and in M can cancel, as can be seen from eq. (5.1) leading

to reduced hierarchy among the light neutrino masses.

In addition to the oscillation phenomenology we require the following low energy con-

straints to hold.

Non-unitarity. In the discussed model the active neutrino mixing matrix is no longer

exactly unitary. This is a consequence of active-sterile mixing and it induces a number

of effects on physical quantities as the Weinberg angle, the W-boson mass, the left- and

right-handed couplings gL, gR, the leptonic and invisible Z-boson decay width and the

neutrino oscillation probabilities, for more detailed discussion and limits see [49, 59, 60] and

references therein. Thus studying the non-unitarity allows to narrow down the parameter

space of a given model. For the study we define flavour dependent observables

εα =
∑
i>4

|Uαi|2 , α ∈ {e, µ, τ} , (5.2)

and the total non-unitarity measure N := εα + εµ + ετ .

As given by eq. (3.10) the active-sterile mixing is determined by the ratio m2
D/M

2 and

the general spirit of RCSB with a conformal symmetry breaking scale close to the EW scale

suggests sizeable values. For ratios above 10−6 the phenomenology is considerably affected.

The most sensitive observables are the Z boson invisible decay width and the Muon decay

constant, which is used to determine the Fermi constant. The observables’ dependence on

the non-unitarity parameters (see eq. (5.2)) is given by

Γinv
Z

[Γinv
Z ]SM

=
1

3

∑
α=e,µ,τ

(1− εα)2 , (5.3)

Gµ = GF (1− εe)(1− εµ) . (5.4)

– 9 –
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The region of sizeable active-sterile mixing with heavy particles is of particular interest,

since contributions from heavy sterile neutrinos can improve the electro-weak fit, as dis-

cussed in [49] and physical effects can be measurable. Requiring that the above observables

are compatible with the experimental values, constraints for the model parameter space

can be found.

Lepton universality. Various experiments, as discussed in [61], show that the flavour

dependent changes to the lepton couplings cannot differ too drastically. Thus we have

effectively

εe − εµ = 0.0022± 0.0025 , (5.5)

εµ − ετ = 0.0017± 0.0038 ,

εe − ετ = 0.0039± 0.0040 .

We demonstrate the impact of these constraints on the parameter space in figure 3.

Lepton number violation and 0νββ. In the CISS lepton number is violated explicitly

by one unit in the interaction involving φ1. At the same time after symmetry breaking

the same interactions of φ1 break U(1)X and violate X by one unit. On the other hand

the vev of φ2 violates X by two units. The interaction among the fermions transfers

this violation to the Lepton sector and thus lepton number is also broken by two units,

making the 0νββ decay possible. The lepton number violating decay 0νββ, however, is in

general suppressed in our scenario, as we will demonstrate. The general expression is [62]

〈mee〉 ≈ |q2
∑

iU
2
eimi/(q

2 −m2
i )|. Which now can be studied in three cases, depending on

the ratio of q2/M2, where the neutrino momentum is |q| ≈ 0.1 GeV.

If we have M � 0.1GeV and using the facts that for i > 5, U2
ei ≈ m2

D/M
2 and

µ+m
2
D/M

2 ≈ mν the following approximation holds, with APD being the number of heavy

pseudo-Dirac states

〈mee〉 ≈
∣∣∣∣∣

3∑
i=1

U2
eimi +

5∑
i=4

m2
D

M2

µ̄

µ+
mi −

q2

2
APDU2

e 6/7

µ+

M2

∣∣∣∣∣
≈
∣∣∣∣∣

3∑
i=1

U2
eimi −mν

(
q2

M2
− µ̄

µ+

)∣∣∣∣∣ ≈ 〈mactive
ee

〉
, (5.6)

which means that the rate is basically given by the light neutrino spectrum with well known

phenomenology.

The other limit is M � 0.1 GeV, leading to 〈mee〉 ≈ |
∑

i(U
2
eimi + 1/q2 U2

eim
3
i )| =

Mee+O(µ+m
2
D/q

2). Given that µ+m
2
D/q

2 < µ+ M2/q2 the contribution of the additional

states is negligible in this limit.

The only case when the heavy pseudo-Dirac states can measurably contribute to the

0νββ decay is when M ≈ 0.1 GeV. Then we have

〈mee〉 ≈
∣∣∣∣mlight

ee +
∑

i>5U
2
ei µ

(
1 +

m2
i
|q2|

)−1
∣∣∣∣ (5.7)

≈
∣∣∣∣mlight

ee +
∑

i>5mν

(
1 +

m2
i
|q2|

)−1
∣∣∣∣ ,
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which is of the order of the light neutrino contributions. Thus we can understand why the

limit by [63] of 〈mee〉 < 0.4 eV only constraints light M masses of order GeV with consid-

erable active-sterile mixing. Due to the cancellation in the pseudo-Dirac mass contribution

this observable, however, does not severely constrain the parameter space of the CISS.

Lepton flavour violation and µ → e+ γ. An interesting observation is that the sup-

pression of lepton number violating processes does not generically suppress lepton flavour

violating processes. The best constrained value is the branching ratio Br(µ→ e+γ), where

the limit is placed by the MEG collaboration [64] and is 5, 7 · 10−13. The neutral fermion

contribution to this loop-induced decay is

Br(µ→ e+ γ) =
3αem

32π

∣∣∣2∑iU
∗
µiUeiG

(
m2
i

M2
W

)∣∣∣2 , (5.8)

with

G(x) :=

∫ 1

0
da (2(1− a)(2− a) + a(1 + a)x)(1− a)/((1− a) + x a) . (5.9)

Since in the loop function G(x) the masses appear squared the cancellation leading to a

suppressed 0νββ process cannot work. We find that the MEG bound together with the

lepton universality and neutrino oscillation constraints leads to the most severe limits on

the model parameters, as shown in figure 3. Note that the MEG collaboration has proposed

an update of the experiment with a designated sensitivity of Br(µ→ e+γ) < 6×10−14 [65],

which will lessen the available parameter space.

Another flavour violating process is the decay µ → 3e. The current limit on its

branching ratio is set by the SINDRUM collaboration and given by Br(µ → 3e) < 1.0 ×
10−12 [66]. A new experiment, called “Mu3e” has been proposed with the aim to reach a

sensitivity of Br(µ→ 3e) ∼ 1× 10−16 [67]. Note that in our model the branching ratio can

be estimated by Br(µ → 3e) ≈ Br(µ → e + γ) × αem, since we do not have any particle

leading directly to µ → 3e. This means that we expect Br(µ → 3e) to be roughly by a

factor of 100 smaller than Br(µ→ e+γ). Comparing this to the future MEG sensibility we

expect constraints of the same order of magnitude on the parameter space from µ→ 3e.

Combined limits. We observe that the combined limits from low energy particle physics

with the requirement that the state at the intermediate scale µ is produced in the early

universe and is stable on cosmological scales i.e. τInt. > (102) τuniverse, leads to a window

in the parameter space displayed in figure 4. The astonishing observation is that this is

exactly the region which is compatible with astrophysical requirements for a warm Dark

Matter particle [68], as the bound from X-ray observations, the phase space bound [69], the

Lyman-α forest and several production mechanisms we will comment on in section 5.3. Note

that the allowed parameter region overlaps with the region where the Dodelson-Widrow

mechanism [70] does not produce hot DM, as discussed in [71].

We present a mass spectrum of a benchmark point in the parameter space allowed by

all phenomenological considerations.

Pseudo-Dirac spectrum: M1/2 = 638 GeV with mass splitting of 10 keV and M3/4 =

9.25 GeV with mass splitting of 9 keV.
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Figure 3. The heavy pseudo-Dirac mass scale (average mass) MR versus the DM mass scale

mDM. The displayed points are from a scan showing cases allowed by low energy observables.

The green region is singled out by the correct dark matter relic abundance from a non-thermal

freeze-in mechanism. Regions which are excluded by lepton universality and dark matter stability

are displayed in brown. Furthermore, the grey-shaded area bounded by a solid (dashed) grey line

shows the region where the branching ratio (BR) of µ → eγ is excluded by the current (future)

upper limit set by the MEG experiment for inverse light neutrino mass hierarchy.

Figure 4. The dark matter scale mDM versus the mixing angle of keV sterile neutrino dark

matter with the active neutrinos. The region of parameter space of the CISS allowed by low energy

observables is represented by the population of dots from a parameter scan. The green region

shows the mass scales compatible with a non-thermal freeze-in production mechanism discussed in

section 5.3, which is the most generic production scenario in this model. Furthermore, the Tremaine-

Gunn (TG) and the X-ray excluded regions are displayed in brown. The Lyman-α constraint turns

out to be weaker than the TG bound in this case and is therefore omitted. The claimed signal at

7 keV as discussed in [72] is represented as a star.
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q′

q̄

W+

N

e+α

e−α

e+α

να

W+

Figure 5. New collider signature for the ISS scenario with the trilepton plus missing energy

signature.

Intermediate scale spectrum: M5 = 7.013 keV and M6 = 7.006 keV with active-sterile

mixing sin2 (2θ5) ≈ 7 · 10−11 and sin2 (2θ6) ≈ 3.2 · 10−13.

Light active spectrum: M7 = 0.049 eV, M8 = 0.0085 eV and M9 ≈ 0.

The non-unitarity is ε ≈ 10−5, the effective mass for 0νββ is 〈mee〉 ≈ 0.003 eV and the

branching ratio Br(µ→ eγ) ≈ 1.01 · 10−13.

We find that from the low energy particle physics perspective the most accessible

observable seems to be the branching ratio of µ→ eγ.

5.2 Collider phenomenology of the hidden sector

Pseudo-Dirac neutrinos. The most promising signature to distinguish the heavy

pseudo-Dirac neutrino of the CISS scenario from a heavy Majorana neutrino is a di-

rect test at a collider, which is feasible as all the fermions involved are below the TeV

scale. The difference lies in the dominant decay channel of the right-handed neutri-

nos. Since in the Type-I Majorana seesaw the lepton number violation is unsuppressed,

the dominant process is expected to be the lepton number violating decay, see [73]

and [74–76]. As argued in [77] the relevant quantity to estimate the efficiency of the

LHC concerning the Majorana neutrino detection is
∣∣∣∑i hevy U2

ei
1
Mi

∣∣∣ ≥ 6 · 10−3 TeV−1.

In the CISS case there are two heavy pseudo-Dirac neutrinos and the sum simplifies to∣∣∣∑i=1,2 U2
ei

(
1
Mi
− 1

Mi+µ

)∣∣∣ ≈ ∣∣∣U2
e1

µ
M2

1
+ U2

e2
µ
M2

2

∣∣∣ ≈ ε µ
M2 due to the cancellation among the

masses. Since for the process to be relevant Mi > MW and µ is at the keV scale, the

suppression factor of µ
M ≤ 10−8 makes the signal irrelevant for phenomenology [78].

As argued in [79, 80], the most interesting channel to consider in case of suppressed

same sign dilepton signal is the trilepton decay with missing energy, see figure 5, since its

SM background is significantly lower. As can be seen from the Feynman graph in figure 5,

this decay also crucially depends on the active-sterile mixing squared and thus on the non-

unitarity parameter εα. The interesting feature of the CISS in the RCSB framework is,

that a large-scale separation is not expected which results naturally in an active-sterile

ε ≈ θ2 ≈ m2
D/M

2. Thus the most natural value for ε, given an order of magnitude between
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!±α

νR
N

φ1

W

νL

!∓β

Figure 6. The new decay channel of the Archaon scalar φ1. This digram shows a decay of the scalar

partially to the visible sector, while the W decays leptonically. However, all other combinations of

decays to two DM particles or to two leptons with two Ws are possible as well.

the scales and Yukawa couplings of order one, can be up to one percent. The sizeable

active-sterile mixing is compatible with the excess observed in the dilepton channel [81], as

we will show in the next subsection, and thus a similar excess is expected to appear in the

trilepton decay. Note that the excess of 30±10 events as reported in [82] could be accounted

for by a Feynman graph similar to figure 5, but with the secondary W boson decaying into

jets. The number of events produced by this interaction is expected to be small due to

the off-shell W boson. Furthermore, due to suppressed lepton number violation it is clear

within the CISS why no corresponding excess in the same-sign dilepton channel has been

observed [83], as is expected in the case of a decaying WR. If this pattern was confirmed

in the next run of the LHC, it would be a strong point in favour of the CISS.

Note that the recently proposed production mechanism for heavy sterile neutrinos

via t-channel processes can further increase the collider sensitivity and test mixings of

εe ≈ 10−4 for masses in the few hundred GeV regime, as argued in [84].

Scalars. We found that in a generic situation one scalar has a mass in the few TeV region,

while the mass of the Archaon PGB can be as light as a few hundred GeV. For example

we found, that for the HS gauge boson masses below a TeV the PGB has to be lighter

than 400 GeV. Additionally for the conformal symmetry breaking to be transmitted to the

EW sector there has to be at least one portal coupling which is of the order O (0.1) which

means that the PGB could manifest itself at the LHC as a second Higgs like particle with

the signal strength reduced roughly by a factor of hundred. Due to the heavier mass the

signal is most likely to manifest itself in the tt̄ system. As the Yukawa coupling y1 is of

order unity, φ1 will also have decays via HS particles, see for example figure 6. The second

scalar φ2, on the contrary, has very small Yukawa coupling y2 ≈ O(10−7) to the HS and

thus will mainly decay through the Higgs portal.

The possible HS decay channels of the Archaon are φ1 → NDMνR → a`±+Jet(s)+ /ET ,

where a ∈ [0, 4] is the number of produced charged leptons. The jet multiplicity in the φ1

decays is not fixed due to initial state radiation independent of the respective decay. In all
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leptonic decays of φ1, except for the decay φ1 → 2`± + 2(q′q̄)∓, final state neutrinos are

produced leading to missing transverse energy /ET . The estimated decay rates are

ΓTop =
3 y2

tMφ1λ
2
p

8π

√
1− 4m2

t

M2
φ1

,

Γαβ ≈
y2

1Mφ1sf
2
∣∣∣∑i,heavy U∗αiUβi

∣∣∣2
8π

√
1− 4M2

i

M2
φ1

,

where in the second line s denotes a symmetry factor and f accounts for the relative

strength of the corresponding decay channel. Regarding the tentative measurement at

the LHC of an excess in the decay channel e±e∓ + Jets + ��ET [81] of (130 ± 50) events

at 2.6 standard deviations, we can estimate the parameter values in the CISS to account

for this observation. We find that the production cross section for the Archaon φ1 should

be about 2.5 · 10−1 pb. Assuming that the production is analogous to the Higgs boson,

but suppressed by the portal coupling, we estimate that for Mφ1 in the 500 GeV region

one needs λ2
p ≈ 0.25, if we take the expected Higgs cross section as in [85]. The mixing

matrix elements of the heavy states to the active neutrinos is required to be of about

εe ≈ O(10−2) and to non-active neutrinos U2
Ni ≈ 0.8− 1.0, which is in agreement with the

DM phenomenology. As an example we take the benchmark scenario of εe ≈ 0.017 and

U2
Ni ≈ 0.97, for which the relevant branching ratios are BR(φ1 → 2`+Jet(s)+ /ET ) ≈ 1.5 %

and BR(φ1 → tt̄) ≈ 2.1 % producing a signal of about 75 events in the φ1 → 2`+Jet(s)+ /ET
channel. Due to the small BR(µ→ e+ γ) we do not expect any direct decays into muons,

but that the produced leptons are mainly electrons. Note, however, that a small fraction

of τ ′s can well be produced, which themselves decay into e′s and µ′s each with a branching

ratio of roughly 20 % [86]. We observe that the parameters needed to explain the measured

excess would also lead to an excess of about 100 events in the tt̄ decays in the 500 to 600 GeV

region, which is in agreement with current uncertainties [87, 88].

In the next LHC run the model hypothesis should manifest itself in the tt̄ system as

a signal with 500 to 600 GeV invariant mass. At a designated integrated luminosity of

∼ 100 fb−1 (∼ 300 fb−1) in the year 2018 (2021) [89, 90], we predict a signal of 390 (1160)

events in the φ1 → 2`+ Jet(s) + /ET channel and a signal of 520 (1560) tt̄ events using the

branching ratios given above.

A different test for the size of the Higgs portal coupling can be performed in a general

way by considering the Higgs couplings to the SM particles. The effective Lagrangian reads

Leff = (1 + ρ)CHW WHWµW
µ + (1 + ρ)CH Z ZH ZµZ

µ

− (1 + ρ)CH b bH b̄b− (1 + ρ)CH τ τH τ̄τ

+ (1 + ρ)CH g gH GµνG
µν + (1 + ρ)CH γ γHAµνA

µν

− (1 + ρ)CH c cH c̄c− ρCH t tH t̄t . (5.10)

The coefficient ρ ≈ −1
2θ

2 with θ the sum of mixing angles of the Higgs to additional scalars,

is a universal suppression factor. A global fit to the data can lead to a bound on the mixing

parameter, which is currently sin θ < 0.36 [24].
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Hidden sector gauge boson. The gauge boson associated with the breaking of the

Hidden Sector U(1)X symmetry can be searched for mainly in processes where it is pro-

duced due to the U(1) mixing controlled by the parameter κ in eq. (3.1). As the conformal

symmetry breaking scale sets also the scale of the U(1)X breaking, the new boson is ex-

pected to have a TeV scale mass, and thus to be well within reach of the LHC. The HS

gauge boson possesses the same decay channels as the φ1 except for the tt̄ channel. It is,

however, not produced over the Higgs portal, but from the mixing of the U(1)X gauge

boson with the SM U(1)Y gauge boson leading to a different production cross section.

The X decay channels with the most visible events are the 1` and 2` channels. If we

take the parameters as given for the φ1 decays above to explain the excess of [81], we find

an upper limit of κ < 0.02 in order to be consistent with [91].

Concerning the boson masses of the HS we analyse eq. (4.4) with the mass pattern

of Mφ1 ≈ 550 GeV and MNi . Mφ1 to account for the φ1 decay signal. We find a lower

bound of MX & 1 TeV for values of Mφ2 . 2 TeV.

5.3 Dark Matter relic abundance

In this section we will discuss how the Dark Matter relic abundance in the CISS can be

generated to explain the required abundance of Dark Matter. Depending on the details of

the realization there are three possible mechanisms, which could account for the correct

relic abundance.

1. Production through oscillations in the early plasma, known as the Dodelson-

Widrow (DW) mechanism [70]. The generic realisation of this mechanism, however,

cannot account for the full amount of DM, as it is already severely constrained from

structure formation observations. The possibility of a resonant production with a

large Lepton asymmetry in the early universe is still allowed by data [92]. This sce-

nario requires adjustment in the parameters, which is of course not excluded a priori

but can make it less attractive from the theoretical perspective.

2. As the Hidden Sector has a gauged symmetry broken by the scalar vevs there is

a new massive vector boson, which can thermalize the DM candidate and if the

gauge boson mass is sufficiently low the DM will be overproduced. The subsequent

injection of entropy by the decay of TeV scale right-handed neutrinos, which can be

heavy pseudo-Dirac states in the CISS, allows to avoid the overclosure of the universe,

as discussed in [71, 93]. This mechanism also requires a conspiracy between model

parameters and is thus not a generic feature.

3. At last we would like to point out that a generic mechanism in the CISS framework

does exist, namely the non-thermal freeze-in production. We will now discuss this

mechanism in more detail.

It turns out that in the CISS the relic abundance of warm Dark Matter is achieved

naturally through a freeze-in mechanism. The first observation is that the scale of the

vev which generates the intermediate keV scale is between the GeV and EW scales, which
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means that the Yukawa coupling is of the order 10−7–10−8. Thus this coupling never

thermalizes the keV scale state in the early universe. This also implies that the effective

number of relativistic degrees of freedom is unaffected.

The keV state is produced in a decay of the scalar, which generates its mass. The

production through the decay of the scalar particle dominates over the decays of the sterile

neutrinos, as shown by [94]. The construction of our potential in eq. (4.1) is such that the

vevs are hierarchical, beginning at the TeV, and going to the EW scale. The smallest vev

is between 10 and 200 GeV and due to the hierarchy the mixing among the scalars is in the

0.1 region. Therefore, in comparison to the mechanism proposed in [41] no cancellation

among the scalars can occur. This cancellation, however, is not necessary, as the decaying

scalar has a vev below the EW scale. We find that the relic density can be calculated as

discussed in [95–97] as

YX(∞) ≈ 45 gint

1.66π4gS∗
√
gρ

Γ(7/2) Γ(5/2)MPl

16M2
φ

Γ (φ→ N N) , (5.11)

and leads in our scenario to the following simple relation

ΩDM h2 ≈ 0.11
( mDM

10 keV

)3
(

TeV

〈φ2〉

)2(100GeV

Mφ2

)
103

gS∗
√
gρ
, (5.12)

where gS∗ , g
ρ are the number of degrees of freedom active at T ≈ Mφ relevant for the

entropy and energy density.

We can deduce limits on the Dark Matter particle mass from the requirement that the

freeze-in leads to a relic density compatible with observations.1 Given that in the CISS the

SM is augmented by 16 additional degrees of freedom we find that 103/
(
gS∗
√
gρ
)
≈ 1. As

we have observed that the vev of φ2 is between 10 and 200 GeV with the mass Mφ2 in the

few TeV regime we find that the Dark Matter mass has to be 1.5 keV < mDM < 25 keV.

Two comments are in order. Firstly, for the discussed mechanism to be at work the

DM particle must not be thermalized by the HS gauge interactions, which means that the

combination of the gauge coupling over the gauge boson mass has to be sufficiently small

i.e., as gX/MX ≈ 〈φ1〉−1, 〈φ1〉 has to be above the TeV scale.

Secondly, as discussed in our model there are two states with keV scale masses. We

found that there is a hierarchy in the active-sterile mixing of the keV states and the active

neutrinos. Therefore, one of the states will not be produced in the DW mechanism and

will thus be less abundant by at least 30 %. For astrophysical observations this means that

a line signal from the DM decay will lead to a slightly asymmetric double line, with a

sub-keV energy splitting.

6 Conclusion

Motivated by the current experimental situation different realizations of conformal electro-

weak symmetry breaking have been discussed recently by various authors. In the conformal

1Note that the DW mechanism will lead in our parameter regime to a production of approximately one

third of the relic density, as discussed in [57]. Nevertheless, our considerations are valid to estimate the

approximate mass required for the Dark Matter particle.
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framework there would be important consequences for the neutrino sector, since no explicit

Dirac or Majorana mass term would be allowed in the Lagrangian. All Dirac and Majorana

mass terms had to arise then from Yukawa couplings times vacuum expectation values

of suitable scalars. We presented a simple extension of the SM which realizes in this

framework the so-called inverse seesaw mechanism. This model can nicely account for

non-zero neutrino masses and spontaneous conformal symmetry breaking while avoiding

Landau poles in running couplings.

The discussion of radiative conformal symmetry breaking via a portal to some hidden

sector leads to scenarios where the driving scalar scales are in un-tuned cases generically

in the multi-TeV range. The portal communicates this scale then to the visible sector

which sets the electro-weak vacuum expectation value. We discussed in this paper the

Conformal Inverse Seesaw (CISS), which is a very natural model for the explanation of

small neutrino masses without extremely tiny Yukawa couplings. In this scenario the

explicit lepton number violation in the Hidden Sector (HS) is cast down to the active

neutrino sector by spontaneous symmetry breaking of the U(1)X gauge group through

the vacuum expectation values of the HS scalars. It is controlled by Yukawa interactions

with a small coupling constant (y2 ∼ 10−7), which is natural in the t’Hooft sense. It is

a remarkable feature of the model that, since lepton number is not a conserved quantum

number in the first place, there is no lepton number violation scale (as would be the case

in a theory with e.g. a broken U(1)B−L), but instead lepton number violating processes

are suppressed by the seesaw relation of the CISS. At the same time the inverse seesaw at

the TeV scale naturally leads to a long-lived Dark Matter particle at the keV scale, which

is consistent with the warm Dark Matter scenario.

The spectrum of the model comprises of two pseudo-Dirac neutrinos of the scale M,

which naturally is at the TeV scale. The light neutrino mass is given by eq. (3.10) and

the additional two sterile states have a mass of µ ≈ keV and a small mixing with the

active neutrinos suppressed by ∆µ, which vanishes in the limit of exact L ↔ R exchange

symmetry in the Hidden Sector. The dominant interaction in that case is the Yukawa

coupling to the scalar, which generates the mass for the µ scale state.

The remarkable feature is that the scale µ ≈ keV required by the seesaw relation is

also the correct scale for this state to be a Dark Matter candidate [93, 98]. Furthermore,

the parameter region allowed by low energy observables and non-thermal production over-

lays exactly the region allowed by astrophysical experiments and the phase space density

considerations, as discussed in section 5.1.

We find that the CISS can be tested in low energy particle experiments, with the µ→
eγ measurement being the most promising experiment in the near future. Furthermore,

we argue that the pseudo-Dirac states can be produced at the collider if the active sterile

mixing is sizeable and their mass is above the W-boson mass. At the same time the decays

of the Archaon φ1 and the HS gauge boson X, may already have been detected at the LHC

leading to the excesses in the di-electron final states.

Concluding we find that incorporating neutrino mass generation in radiative conformal

symmetry breaking leads to very interesting and testable consequences.
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