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We study a minimal extension of the Standard Model where a scalar field is coupled to the right-handed
neutrino responsible for the seesaw mechanism for neutrino masses. In the absence of other couplings,
below 8 TeV the scalar A has a unique decay mode A → νν, ν being the physical observed light neutrino
state. Above 8 TeV (11 TeV), the 3-body (4-body) decay modes dominate. Imposing constraints on
neutrino massesmν from atmospheric and solar experiments implies a long lifetime for A, much larger than
the age of the Universe, making it a natural dark matter candidate. Its lifetime can be as large as
1029 seconds, and its signature below 8 TeV would be a clear monochromatic neutrino signal, which can be
observed by ANTARES or IceCube. Under certain conditions, the scalar A may be viewed as a Goldstone
mode of a complex scalar field whose vacuum expectation value generates the Majorana mass for νR. In this
case, we expect the dark matter scalar to have a mass ≲10 GeV.

DOI: 10.1103/PhysRevD.91.075001 PACS numbers: 95.35.+d, 12.60.-i, 12.60.Fr, 14.60.St

I. INTRODUCTION

The Standard Model (SM) of particle physics is now
more than ever motivated by the recent discovery of the
Higgs boson at both the ATLAS [1] and CMS [2] detectors.
However, there are still two missing pieces in this elegant
picture: the nature of dark matter (DM) and the origin of
neutrino mass. Despite the fact that a window for low-mass
dark matter candidates (below 100 TeV) seems favored by
an upper bound coming for perturbative unitarity [3], no
evidence has been found after many years of experimental
searches [4]. On the other hand, the presence of new
physics at an intermediate scale seems motivated by the
stability of the Higgs potential [5,6], the seesaw mechanism
[7,8], leptogenesis [9,10] or reheating processes. Added
to the fact that a superheavy DM, or WIMPZILLA [11],
could be produced by nonthermal processes and explain the
DM density in the Universe, it seems natural to link the
mechanism for generating a neutrino mass with the dark
matter question in a coherent framework at an intermedi-
ate scale.
An intermediate scale (of order 1010 GeV) will never be

reached by an accelerator on Earth. The 100 TeV collider is
still a state-of-mind project, whereas the ILC can reach, at
most, a beyond the SM (BSM) scale of 100 TeV through
precision measurement. However, we know that energies as
large as 1010 GeV are measured in ultrahigh-energy cosmic
ray experiments like the Auger observatory [12]. Recently,

the IceCube Collaboration claimed the detection of multi-
PeV (106 GeV) events [13], giving the community some
hope that an intermediate scale can be testable in the near
future with these types of experiments.
In this paper we show that a high-energy neutrino signal

can be associated with a long-lived scalar dark matter
candidate. We show that this scalar can account for the dark
matter in the Universe and moreover, its specific decay
mode into two monochromatic neutrino states gives a clear
signature detectable in present high-energy detectors like
IceCube [13]. We then attempt to relate this candidate with
the pseudo-Goldstone mode of a complex scalar field
responsible for generating a Majorana mass in the right-
handed sector through dynamical symmetry breaking at an
intermediate scale.
IThe paper is organized as follows: After a description of

the single scalar model we analyze in Sec. II, we compute
its phenomenological consequences and detection pros-
pects in Sec. III. In Sec. IV, we relate this scalar as the
Goldstone mode associated with generating the right-
handed neutrino mass, necessary for the seesaw mecha-
nism. We draw our conclusions in Sec. V.

II. DARK MATTER AND A STANDARD
SEESAW MECHANISM

A. The model

IAs a simple extension to the SM with a neutrino seesaw
mechanism, we add a single real scalar field, A, coupled to
the right-handed (sterile) sector. The Lagrangian can then
be written as
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L ¼ LSM þ Lν þ LA ð1Þ

with

Lν ¼ −
�
1

2
MR þ ihffiffiffi

2
p A

�
ν̄cRνR −

yLRffiffiffi
2

p ν̄LHνR þ H:c: ð2Þ

and

LA ¼ −
μ2A
2
A2 −

λA
4
A4 −

λHA

4
A2H2 þ 1

2
∂μA∂μA; ð3Þ

where H represents the real part of the SM Higgs field.
Here, we have simply assumed that the right-handed
neutrino has a Majorana mass, MR. We will explore a
dynamical version of this extension in Sec. IV.
The scalar A is massive and couples to the SMHiggs, but

does not itself get a vacuum expectation value (VEV).
While there is no natural value for the mass scale MR,
demanding gauge coupling unification in different schemes
of SO(10) breaking naturally leads to intermediate scales
between 106 and 1014 GeV [14,15]. It seems then reason-
able to expect that MR will lie in this energy range if one
embeds our model in a framework where one imposes
unification of the gauge couplings. However, we will
attempt to stay as general as possible.1 In the context of
very light scalar A, of the order of a keV (though not
considered in the present work), some authors have looked
at the effect of a decaying A on the CMB [17] and more
recently the subleading effect of decays to photons [18].

B. The seesaw mechanism

Once symmetry breaking is realized, the mass states in
the neutrino sector are mixed in the current eigenstate basis.
Diagonalization of the mass matrix leads to the well-known
seesaw mechanism. We can write the mass term

Lν ¼ −
1

2
n̄Mn; with n ¼

�
νL þ νcL
νR þ νcR

�
¼

�
n1
n2

�

and

M ¼
�

0 mD

mD MR

�
; ð4Þ

with mD ¼ yLRvH=
ffiffiffi
2

p
(vH ¼ 246 GeV being the Higgs

VEV). M, being a complex symmetric matrix, can be
diagonalized with the help of one unitary matrix U,
M ¼ UmUT , with

m ¼
�
m1 0

0 m2

�
: ð5Þ

From the diagonalization of M,

m1 ¼
1

2

�
MR −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMRÞ2 þ 4m2

D

q �
≃ −

m2
D

MR ≃ −
y2LRv

2
H

2MR ;

m2 ¼
1

2

�
MR þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMRÞ2 þ 4m2

D

q �
≃MR; ð6Þ

and the eigenvectors N1 and N2�
N1

N2

�
≃

�
n1 − θ n2
n2 þ θ n1

�

¼
�
νL þ νcL − θ ðνR þ νcRÞ
νR þ νcR þ θ ðνL þ νcLÞ

�
; ð7Þ

where2 tan2θ¼− 2mD
MR , implying θ≃ sinθ≃−mD

MR ¼− yLRvHffiffi
2

p
MR.

Once the Lagrangian is expressed in terms of the physical
mass eigenstates, one can compute the couplings generated
by the symmetry breaking and their phenomenological
consequences. m1 corresponds to the mass of the Standard
Model neutrino. We will consider m1 ≲ 1 eV from cos-
mological constraints through the rest of the paper.3

III. PHENOMENOLOGY

A. Generalities

To study the consequences of the model, we first rewrite
the Lagrangian (2) in terms of the mass eigenstates, N1;2:

Lν¼−
yLR
2

ffiffiffi
2

p HðN̄1N2þ N̄2N1Þ−
yLRθffiffiffi

2
p HðN̄2N2− N̄1N1Þ

−
m1

2
N̄1N1−

m2

2
N̄2N2

− i
hffiffiffi
2

p AðN̄2γ
5N2−θN̄1γ

5N2−θN̄2γ
5N1þθ2N̄1γ

5N1Þ:

ð8Þ

A look at the Lagrangian (8) implies some obvious
phenomenological consequences of the coupling of the
scalar to the neutrino sector. First of all, the field N2 is not
stable through its decay N2 → HN1 and cannot be the dark
matter candidate as in the standard seesaw mechanism.
Second, the scalar A is not stable, and its dominant decay
mode for MA ≲ 8 TeV is A → N1N1, as MN2

¼ m2 is of
the order of MR and is for now assumed to be heavier than
A. When we include A as part of a dynamical mechanism
for generating the mass MR, we will see that the mass of A

1We note that a similar framework has been used in Ref. [16] to
stabilize the Higgs potential up to GUT scale.

2Notice that N1 and N2 are Majorana-like particles.
3We neglect the flavor structure of the SM neutrino sector, as it

does not affect our main conclusions.
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may be highly suppressed relative to MR, justifying
a posteriori our assumption that MA < MN1

. Moreover,
because the coupling of A to N1 is of the order of hθ2, A is
naturally long lived, and can be a good dark matter
candidate, as we will see below. Its decay signature should
be two ultra-energetic monochromatic neutrinos, which is a
clear observable, and could be accessible to the present
neutrino experiments like IceCube, ANTARES or SuperK,
as we will see below. Above 8 TeV, the 3-body decay mode
dominates, and above 11 TeV, the 4-body decay mode
dominates. In this case, the signature of decay is then no
longer a monochromatic signal but a neutrino spectrum, as
we will see in the next section.

B. Neutrino flux

Before computing the flux of neutrinos expected on
Earth from the decay of the scalar A, let us first check
if it can be a reliable dark matter candidate, fulfilling
τA > τUniverse ¼ 1017seconds.4 The 2-body decay width for
A → N1N1 is given by

Γ2
A ¼ 10−38h2

8π

�
m1

1 eV

�
2
�
1010 GeV

MR

�
2

MA;

implying

τA ∼ 1.6 × 1012h−2
�
1 eV
m1

�
2
�

MR

1010 GeV

�
2
�
1 TeV
MA

�
½s�;

ð9Þ
where we have taken for reference m1 ≲ 1 eV as implied
from the solar and atmospheric constraints on neutrino
masses. As one can see, for a scalar mass of order 1 TeV,
one can obtain lifetimes in excess of the age of the Universe
for MR ≳ 1013h GeV, making the scalar a potentially
interesting dark matter candidate.
However, it is important to check multibody processes

when MA > vH. Indeed,
5 the 3-body process A → N1N1H

or the 4-body decay A → N1N1HH, through the exchange
of a virtual N2 becomes dominant. Under the approxima-
tion of massless final states (largely valid whenMA ≫ mh),
one obtains for the 3- and 4-body decay widths

Γ3
A ¼ 10−38h2

3 × 28π3

�
m1

1 eV

�
2
�
1010 GeV

MR

�
2
�
MA

vH

�
2

MA ð10Þ

and

Γ4
A ¼ 10−38h2

9 × 214π5

�
m1

1 eV

�
2
�
1010 GeV

MR

�
2
�
MA

vH

�
4

MA;

ð11Þ

which gives for the total width

ΓA ¼ 10−38h2

8π

�
m1

1 eV

�
2
�
1010 GeV

MR

�
2

MA

×

�
1þ 1

96π2

�
MA

vH

�
2

þ 1

18432π4

�
MA

vH

�
4
�
: ð12Þ

From the expression above, we can easily compute that
for MA ≳ 10πvH ≃ 8 TeV the 3-body, and then for
MA ≳ 11 TeV the 4-body, dominates the decay process.
It will be interesting then to see what kind of constraints
IceCube or ANTARES can impose on the parameter space
of the model.6

The IceCube Collaboration recently released their latest
analysis [13] concerning the (non)observation of ultrahigh-
energetic neutrinos above 3 PeV. The PeV event rate
expected at a neutrino telescope of fiducial volume ηEV
and nucleon number density nN from a decaying particle of
mass MDM, mass density and width ΓDM is [21]

Γevents ¼ ηEV × nN × σN × LMW ×
ρDM
MDM

× ΓDM

≃ 3 × 1059ηE
ΓDM

MDM
years−1; ð13Þ

where σN (≃9 × 10−34 cm2 at 1 PeV) is the neutrino-
nucleon scattering cross section, nN is the nucleon number
density in the ice (nN ≃ nIce ≃ 5 × 1023=cm3), LMW is the
rough linear dimension of our Galaxy (10 kpc) and ρDM ≃
0.39 GeVcm−3 is the Milky Way dark matter density
(taken near the Earth for the purpose of our estimate).
The volume V is set to be 1 km3, which is roughly the size
of the IceCube detector, whereas the efficiency coefficient
ηE depends on the energy of the incoming neutrino and lies
in the range 10−2 − 0.4 [22].
The neutrino-nucleon cross section is, however, highly

dependent on the scattering energy, and the authors of
Ref. [23] obtained

σN ¼ 8 × 10−36 cm2

�
Eν

1 GeV

�
0.363

¼ 6 × 10−36 cm3

�
MDM

1 GeV

�
0.363

: ð14Þ

Implementing Eq. (14) in the expression (13), and
adding an astrophysical factor fastro ≃ 1 corresponding

4A recent study [19] showed that taking into account the recent
BICEP2 results, the real lifetime to consider should be ≳1018 s.
However, the constraints from IceCube are much stronger
(τA ≳ 1028 seconds for MA at the PeV scale), as we will see
below.

5The authors want to thank the referee for having pointed out
this possibility.

6An earlier analysis in another context was proposed in
Ref. [20].
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to the uncertainty in the distribution of dark matter in the
galactic halo, one can write

Γevents ¼ 1.5 × 1057ηEfastro
ΓDM

M0.637
DM

years−1; ð15Þ

where ΓDM and MDM are expressed in GeV. Noticing that
there is no background from cosmological neutrinos at
energies above 100 TeV, one can deduce the limit set by
IceCube from the nonobservation of events above 3 PeV.
IceCube took data during three years, so asking
3 × Γevents ≲ 1, one obtains for fastro ¼ 1

h2
�

MA

1 GeV

�
4.363

ηE ≲ 3.7 × 10−3
�
1 eV
m1

�
2
�

MR

1010 GeV

�
2

:

ð16Þ

If we take MA ¼ 1 PeV, one obtains h≲ 8 × 10−11 for
MR ∼ 1014 GeV, ηE ¼ 0.4 and m1 ¼ 1 eV.
One can generalize our study to lower masses, down to

the GeV scale, taking into account the combined con-
straints [24–26] from SuperK [27], ANTARES [28] and
IceCube [29]. The limit on the lifetime of A as a function of
MA is depicted in Fig. 1. The resulting constraint in the
(MA; h) parameter plane is shown in Fig. 2 for different
values of MR. We see that natural values of MR

ð≳1012Þ GeV lead to an upper limit on h≲ 10−5,
for MA > 1 TeV.
We note that despite the fact that a dark matter source for

the PeV events of IceCube is less motivated since the
discovery of the third event “big bird,” one can also
compute the relation between h and MR to observe
the rate of 1 event per year for a 1 PeV dark matter
candidate. We obtain from Eq. (15) h≃ 1.3 × 10−10

for MR ¼ 1014 GeV.
We also made a more detailed analysis, taking into

account a simulated NFW galactic profile ρNFW for the
Milky Way. Our result differs from the constraint with

fastro ¼ 1 only by a factor of a few (2–3). Indeed, compared
to an annihilating scenario, due to the lack of quadratic
enhancement in the signal, the role of the (better deter-
mined) local density is more prominent. We can thus
anticipate little dependence of our conclusions on the
specific galactic halo used for the analysis.

IV. DARKMATTER AND A DYNAMICAL SEESAW

A. The model

Wewould now like to ask whether or not the scalar A can
be incorporated into a dynamical mechanism for generating
neutrino seesaw masses. Instead of the coupling of A to νR
in Eq. (2), let us couple the right-handed (sterile) sector to a
complex scalar field Φ ¼ Seia=vS . We assume that Φ is
responsible for the breaking of some global symmetry so
that S acquires a VEV. Here, we would like to stay as
general as possible, and show that our framework can in
fact be an illustration of any extension to the SM with
dynamical breaking occurring at an intermediate scale. We
now rewrite the Lagrangian as

L ¼ LSM þ Lν þ LΦ ð17Þ

with

Lν ¼ −
hffiffiffi
2

p ν̄cRΦνR −
yLRffiffiffi
2

p ν̄LHνR þ H:c: ð18Þ

and
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FIG. 1 (color online). Limit on the lifetime of A in seconds as a
function of its mass MA extracted from the combined constraints
[24–26] from SuperK [27], ANTARES [28] and IceCube [29].
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LΦ ¼ μ2ϕ
2
jΦj2 − λΦ

4
jΦj4 − λHΦ

4
jΦj2jHj2 þ 1

2
∂μΦ∂μΦ�:

ð19Þ

The Lagrangian above has a global Uð1Þ symmetry, under
which the charges of νR, νL and Φ are 1, 1 and −2,
respectively. After symmetry breaking generated by the
fields H and Φ, one obtains in the heavy sector

hSi ¼ vS ¼
μΦffiffiffiffiffi
λΦ

p ; S¼ vS þ s; MS ¼
ffiffiffi
2

p
μΦ; ð20Þ

and we denote by A the argument ofΦ after its magnitude is
shifted by vS. Note that our scalar field has been promoted
to a Goldstone mode and is massless at tree level. The right-
handed mass, MR, is now given by hvS=

ffiffiffi
2

p
.

B. Breaking to a discrete symmetry

If ourUð1Þ symmetry were exact (prior toΦ picking up a
VEV), MA would remain massless to all orders in pertur-
bation theory. In what follows, we will assume that the
Uð1Þ symmetry is broken by nonperturbative effects down
to a discrete ZN symmetry. It is actually standard in string
theory that all symmetries are gauged symmetries in the
UV. Some of them are nonlinearly realized, in the sense that
under gauge transformations one axion ~θ has a nonlinear
transformation

Aμ → Aμ þ ∂μα; Φi → eiqiαΦi; ~θ → ~θ þ α;

ð21Þ
and the Lagrangian contains the Stueckelberg combination
of a massive vector boson,

M2

2
ðAμ − ∂μ

~θÞ2: ð22Þ

Nonperturbative effects can generate operators of the
form [30]

cn
Mn−4

P
e−2πNðtþi ~θ

2πÞ
Y
i

Φi; ð23Þ

where t is a field which gets a VEV and where Sinst ¼
2πNðtþ i ~θ

2πÞ can be interpreted as an instanton action.
Nonperturbatively generated operators (23) are gauge
invariant, provided that

P
iqi ¼ N. The gauge field Aμ

which eats the axion ~θ and the field t can be very heavy and
decouple at low energy. At low energies, therefore, one gets
an effective operator

e−hSinsti
cn

Mn−4
P

Yn
i¼1

Φi; ð24Þ

with c a numerical coefficient. At low energy, even though
the Uð1Þ gauge symmetry is broken, one obtains a remnant
ZN symmetry. Due to its gauge origin, it satisfies anomaly
cancellation conditions [31]. If the original gauge sym-
metry was anomaly free (which is realized if the axionic
coupling to gauge fields as ~θF ~F is absent), then anomalies
have to be canceled. In particular, the mixed anomalies
ZNSUð3Þ2c, ZNSUð2Þ2L and ZNUð1Þ2Y anomalies have to
vanish modulo N. For three generations of neutrinos, a
simple candidate anomaly-free symmetry is Z3. Then the
lowest-order nonperturbative operator breaking Uð1Þ is

e−12πhticMPðΦ3 þ Φ̄3Þ ¼ e−12πhticMPð2S3 − 6SA2Þ:
ð25Þ

This will generate a nonperturbative mass for the field A,

M2
A ¼ 12cvSMPe−12πhti: ð26Þ

Formoderate values of hti this generates a large hierarchy for

MA

MS
∼ e−6πhti

ffiffiffiffiffiffiffi
MP

vS

s
: ð27Þ

C. The signal

After the symmetry breaking, the Lagrangian (18)
becomes

Lν ¼ −
hffiffiffi
2

p sN̄2N2 þ
hθffiffiffi
2

p sðN̄1N2 þ N̄2N1Þ −
yLR
2

ffiffiffi
2

p HðN̄1N2 þ N̄2N1Þ −
yLRθffiffiffi

2
p HðN̄2N2 − N̄1N1Þ

−
m1

2
N̄1N1 −

m2

2
N̄2N2 − i

hffiffiffi
2

p AðN̄2γ
5N2 − θN̄1γ

5N2 − θN̄2γ
5N1 þ θ2N̄1γ

5N1Þ: ð28Þ

ForMA ≲ 8 TeV, the dominant decay mode is the 2-body process A → N1N1, and the width of the A boson is now given by

ΓA ¼ 10−38

4π

�
m1

1 eV

�
2
�
1010 GeV

vS

�
2

MA;
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implying

τA ∼ 8 × 1014
�
1 eV
m1

�
2
�

vS
1010 GeV

�
2
�
1 GeV
MA

�
½s�:

ð29Þ

Since MR is now proportional to hvS, the decay rate
becomes independent of h if we express it in terms of
vS and we are forced to consider sub-PeV masses for our
dark matter candidate. As one can see, for relatively light
Goldstone masses of order 1 GeV, one can obtain lifetimes
in excess of the age of the Universe for vS > 1011 GeV,

making this Goldstone mode an interesting dark matter
candidate.
We show in Fig. 3 the parameter space allowed by the

(non)observation of signals in neutrino telescopes. As
surprising as it seems, we obtain quite reasonable values
for vS, compatible with GUT-like constructions.

V. CONCLUSION

In this work, we have shown that a dynamical model to
generate Majorana neutrino masses naturally leads to the
presence of a heavy quasistable pseudoscalar particle that
can fill the dark matter component of the Universe and
whose main decay mode into two ultra-energetic neutrinos
is a clear signature observable by the IceCube detector. Our
work is very general and can be embedded in many grand
unified scenarios where the breaking of hidden symmetries
appears at an intermediate scale.
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