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Dark matter and observable Lepton Flavour Violation
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Seesaw models with leptonic symmetries allow right-handed (RH) neutrino masses at the elec-
troweak scale, or even lower, at the same time having large Yukawa couplings with the Standard
Model leptons, thus yielding observable effects at current or near-future lepton-flavour-violation
(LFV) experiments. These models have been previously considered also in connection to low-scale
leptogenesis, but the combination of observable LFV and successful leptogenesis has appeared to
be difficult to achieve unless the leptonic symmetry is embedded into a larger one. In this paper,
instead, we follow a different route and consider a possible connection between large LFV rates
and Dark Matter (DM). We present a model in which the same leptonic symmetry responsible for
the large Yukawa couplings guarantees the stability of the DM candidate, identified as the lightest
of the RH neutrinos. The spontaneous breaking of this symmetry, caused by a Majoron-like field,
also provides a mechanism to produce the observed relic density via the decays of the latter. The
phenomenological implications of the model are discussed, finding that large LFV rates, observable
in the near-future µ → e conversion experiments, require the DM mass to be in the keV range.
Moreover, the active-neutrino coupling to the Majoron-like scalar field could be probed in future
detections of supernova neutrino bursts.

I. INTRODUCTION

Among other problems, the Standard Model (SM) of
particle physics lacks an explanation of what is the dark
constituent of our Universe, as well as the origin of the
tiny neutrino masses. As for the latter, the most popular
paradigm is to extend the SM with additional fermions,
namely right-handed (RH) neutrinos, whose role is to
generate tiny masses for the active neutrinos, via the so
called seesaw mechanism [1]. At the same time, one of
the RH neutrinos can play the role of dark matter (DM).
The simplest formulation of this is in the type-I seesaw
scenario [1], where two of the RH neutrinos are respon-
sible for the active-neutrino masses and mixing, whereas
the third one can play the role of warm DM [2, 3].

The Majorana masses for the RH neutrinos NR can,
in turn, be generated by the spontaneous breaking of
a global U(1) symmetry [4]. In this so-called Majoron
model an additional complex scalar field is added to the
theory to break U(1)l, thus generating Majorana masses
for the RH neutrinos, also entailing an interesting phe-
nomenology coming from the presence of the scalar and
pseudo-scalar couplings to both active and sterile neutri-
nos [5, 6].

A drawback of the “vanilla” seesaw model is that
the smallness of the active-neutrino masses requires the
Yukawa couplings of the RH neutrinos to be very small
for RH-neutrino masses at reach of current or near-future
experiments, thus rendering the model difficult to test in
the foreseeable future. The required Yukawa couplings
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are of order

hseesaw ≈ 6 × 10−8 ×
√

mνL

0.1 eV
×

√

mNR

GeV
. (1)

However, a number of variants of the type-I seesaw
mechanism have been developed (e.g the inverse see-
saw [7], linear seesaw [8], etc.), where the presence of a
leptonic symmetry U(1)l protects the smallness of the
active neutrino masses, thus allowing for much larger
Yukawa couplings than in (1), even of order 10−3 or
higher [9]. Therefore, these models provide a way to test
the seesaw mechanism in the near future, for instance
by the observation of lepton-flavour-violation (LFV) pro-
cesses, such as µ → eγ and µ → e conversion in nuclei.
In particular, the sensitivity of the latter will improve by
several orders of magnitude in the near future, thanks
to the planned experiments Mu2e and COMET, as well
as to the more distant proposal PRISM/PRIME. Typ-
ically, in this class of models, in order to generate the
observed pattern of neutrino masses and mixing, the lep-
tonic symmetry is explicitly broken by hand in different
possible ways, giving rise to the so-called inverse-seesaw
or linear-seesaw textures, for instance.

Since this class of leptonic symmetries generically gives
two quasi-degenerate RH neutrinos, it is tempting to
try to explain also the Baryon Asymmetry of the Uni-
verse in this model, via the resonant leptogenesis mecha-
nism [10, 11]. This can be achieved by supplementing the
leptonic symmetry with a larger O(3) symmetry in the
RH sector [11]. However, it appears to be difficult to rec-
oncile observable LFV rates and successful leptogenesis
in the minimal models possessing only the leptonic sym-
metry U(1)l (see [12] and Appendix A of [11]). This is
true even if one considers GeV-scale leptogenesis mecha-
nisms via RH-neutrino oscillations (see e.g. [13]) or Higgs
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lepton-number violating decays [14]. Therefore, is it nat-
ural to try to address an alternative question: is it instead
possible, in this class of models, to have observable LFV
rates and a successful DM candidate?

In this paper we construct a model achieving this, in
which the same leptonic symmetry U(1)l responsible for
(i) light-neutrino masses with large Yukawa couplings,
at the same time (ii) stabilizes one of the RH neutrinos,
which is therefore a DM candidate. The spontaneous
breaking of U(1)l involves a Majoron-like complex scalar
field, which in turn (iii) provides a mechanism to gener-
ate successfully the DM candidate in the early Universe,
together with its keV-scale mass. The charge assignment
under U(1)l needed to achieve this gives, at the same
time, a particular pattern for the breaking of the lep-
tonic symmetry, which in our model is not performed by
hand, but is instead related to the above points.
After this introduction, in section II we will construct

the model, derive the mass matrix of the neutrinos after
the spontaneous breaking of the electroweak symmetry
and U(1)l, and describe quantitatively the generation of
DM. In section III we study the phenomenology of the
model, in particular at near-future µ → e conversion ex-
periments, as well as in direct searches of the RH neutri-
nos. We also study the interactions of the Majoron-like
field, which can give detectable imprints at the observa-
tion of future supernovae. Finally, in section IV we draw
our conclusions.

II. THE MODEL

As outlined in the introduction, we aim to build a
model in which a global U(1)l leptonic symmetry allows
to have a low-scale seesaw mechanism with large Yukawa
couplings, and at the same time stabilizes one of the RH
neutrinos, identified as a DM candidate.

In the basis in which the RH-neutrino masses are ap-
proximately (in a sense that will be made clearer below)
real and diagonal, a low-scale seesaw mechanism with
large Yukawa couplings is possible if the SM leptons are
coupled to the particular combination

N+ ≡ N2 + iN3√
2

. (2)

As a matter of fact, any arbitrary linear combination can
be reduced to this, after rephasing N2,3 in order to have
their diagonal mass entries real and positive. Therefore,
the SM leptons and N+ need to have the same charge
under U(1)l, which we take equal to 1, without loss of
generality. If the remaining RH neutrino N1 has an even
charge under U(1)l, it is absolutely stable to all orders in
perturbation theory, since its decay must involve an odd
number of neutrinos, assuming that no other scalar fields
that develop a vacuum-expectation-value (vev) have a
odd charge under U(1)l. Also, its mixing with the re-
maining fermion fields is forbidden by construction. For

N1 N± = N2±iN3√
2

L eR Σ

Ql 2 ±1 +1 +1 2

TABLE I. Charge assignment of the different fields under the
leptonic symmetry group U(1)l.

simplicity, we fix its charge to 2. Notice also that its
nonzero charge forbids a Majorana mass term, thus mak-
ing it massless in the symmetric limit of the model. The
remaining ingredient is the mechanism responsible for the
breaking of U(1)l, which we take as the simplest possible
one: a Majoron-like complex scalar field Σ, charged un-
der U(1)l, that develops a vev. In view of the discussion
above, its charge must be even to ensure the stability
of N1. As will be shown in the following, the simplest
choice Ql(Σ) = 2 gives rise to interesting phenomenol-
ogy. Thus, the charge assignments of the different fields
in our model are summarized in Table I.

The most general Yukawa and Majorana Lagrangians
are

LY = hl
0 L̄lΦ̃N+ + h.c. ,

LN = − 2MR N̄ c
+N− − 2 g++ Σ†N̄ c

+N+

− 2 g−− ΣN̄ c
−N− + h.c. , (3)

where h0 = (a, b, c) and Φ̃ = iσ2Φ
∗. Before any spon-

taneous symmetry breaking, the Yukawa matrix has the
form







0 a i a

0 b i b

0 c i c






. (4)

As mentioned earlier, such structure of the Yukawa ma-
trix protects the neutrino masses to remain zero at all or-
ders [15], while the Yukawa couplings can be much larger
than in the standard type-I seesaw scenario. Typically,
arbitrary perturbations are added to (4), chosen as to fit
the neutrino experimental data. Here, instead, the use of
a spontaneous breaking of U(1)l will give a specific pat-
tern for such perturbations in a non trivial manner, due
to the particular choice of charge assignment (Table I).

In the Lagrangian it will also be present, in general,
a Higgs-portal coupling Φ†ΦΣ†Σ. Its effect in the scalar
sector is studied in detail in [6]. Here we assume that its
coupling is small enough to not affect significantly Higgs
physics. As about the spontaneous breaking of U(1)l
when Σ acquires a vev u, a particularly interesting sce-
nario is obtained when the Lagrangian mass term for Σ is
smaller than the other scales in the scalar sector: in this
case the phase transition breaking U(1)l coincides with
the electroweak phase transition [6], and uT (T ) ∝ vT (T ),
where T is the temperature in the early Universe, v is the
Brout-Englert-Higgs (henceforth Higgs for brevity) vev,
and the subscript T denotes the T -dependent vevs.

One has yet to point out a rather generic feature of
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(iii) the scale of U(1)l breaking is typically in the 10−
1000TeV range. As pointed out in [6], the phase
transition breaking U(1)l can even coincide with
the electroweak one.

The model – in addition to be as minimal as possible
– has a set of features which make it testable by future
neutrino-physics measurements. A first point is that the
requirement of large LFV rates is more easily satisfied for
an inverted-hierarchy mass spectrum, although there are
possibilities even for a normal-hierarchy spectrum too.
More importantly, since only two RH neutrinos have an
active role in the seesaw mechanism, the lightest of the
active neutrinos is automatically massless.

By construction, the presence of large Yukawa cou-
plings allows for LFV processes with large rates, de-
tectable in the near-future at µ → e conversion exper-
iments Mu2e and COMET. As we have explained above,
this requirement, which is the original motivation for the
model, fixes its mass scales. In addition to this, since the
heavier RH states have masses lighter than 300 GeV in
a good portion of the parameter space, the model can
be tested also by the direct production of these states at
future proposed experiments, such as SHiP, FCC-ee and

ILC.
Finally, the coupling of the Majoron-like scalar field

to the active neutrinos can be large in a region of the
parameter space with Λ ∼ 1013−14 GeV, being in partic-
ular close to the recent bound obtained from the neutrino
burst of supernovae. Therefore, the model can have ad-
dition complementary signatures at future supernova de-
tections by IceCube and SuperKamiokande, which would
provide an additional strong piece of evidence for it.

ACKNOWLEDGEMENTS

The authors would like to thank Y. Zhang and J. Heeck
for interesting discussions, and Alexander Merle for use-
ful comments on the structure-formation bound. L.H.
would like to thank the DESY theory group of Ham-
burg for its hospitality during the final stage of prepara-
tion of this work, as well as Sophie Martin for interesting
and lively discussions. The work of L.H. has been partly
funded by PIER (Partnership for Innovation, Education
and Research), project PFS-2015-01. The work of D.T.
and L.H. is funded by the Belgian Federal Science Policy
through the Interuniversity Attraction Pole P7/37.

[1] P. Minkowski, Phys. Lett. B 67 (1977) 421; R. N. Mo-
hapatra and G. Senjanovic, Phys. Rev. Lett. 44 (1980)
912; M. Gell-Mann, P. Ramond and R. Slansky, Conf.
Proc. C 790927 (1979) 315 [arXiv:1306.4669 [hep-
th]]; T. Yanagida, Conf. Proc. C 7902131 (1979) 95;
J. Schechter and J. W. F. Valle, Phys. Rev. D 22 (1980)
2227.

[2] T. Asaka, S. Blanchet and M. Shaposhnikov, Phys. Lett.
B 631 (2005) 151 [hep-ph/0503065].

[3] M. Drewes et al., [arXiv:1602.04816 [hep-ph]].
[4] Y. Chikashige, R. N. Mohapatra and R. D. Peccei, Phys.

Lett. B 98 (1981) 265; G. B. Gelmini and M. Roncadelli,
Phys. Lett. B 99 (1981) 411; H. M. Georgi, S. L. Glashow
and S. Nussinov, Nucl. Phys. B 193 (1981) 297.

[5] A. Pilaftsis, Phys. Rev. D 49 (1994) 2398 [hep-
ph/9308258]; A. P. Lessa and O. L. G. Peres, Phys.
Rev. D 75 (2007) 094001 [hep-ph/0701068]; V. Berezin-
sky and J. W. F. Valle, Phys. Lett. B 318 (1993) 360
[hep-ph/9309214]; P. H. Gu, E. Ma and U. Sarkar, Phys.
Lett. B 690 (2010) 145 [arXiv:1004.1919 [hep-ph]].

[6] A. Pilaftsis, Phys. Rev. D 78 (2008) 013008
[arXiv:0805.1677 [hep-ph]].

[7] R. N. Mohapatra, Phys. Rev. Lett. 56 (1986) 561;
R. N. Mohapatra and J. W. F. Valle, Phys. Rev. D 34

(1986) 1642.
[8] S. M. Barr, Phys. Rev. Lett. 92 (2004) 101601

[hep-ph/0309152]; M. Malinsky, J. C. Romao and
J. W. F. Valle, Phys. Rev. Lett. 95 (2005) 161801 [hep-
ph/0506296].

[9] A. Pilaftsis, Phys. Rev. Lett. 95 (2005) 081602 [hep-
ph/0408103]; M. B. Gavela, T. Hambye, D. Her-
nandez and P. Hernandez, JHEP 0909 (2009) 038
[arXiv:0906.1461 [hep-ph]].

[10] A. Pilaftsis, Phys. Rev. D 56 (1997) 5431 [hep-
ph/9707235]; A. Pilaftsis and T. E. J. Underwood, Nucl.
Phys. B 692 (2004) 303 [hep-ph/0309342].

[11] P. S. Bhupal Dev, P. Millington, A. Pilaftsis and
D. Teresi, Nucl. Phys. B 886 (2014) 569 [arXiv:1404.1003
[hep-ph]]; P. S. B. Dev, P. Millington, A. Pilaft-
sis and D. Teresi, Nucl. Phys. B 897 (2015) 749
[arXiv:1504.07640 [hep-ph]].

[12] S. Blanchet, T. Hambye and F. X. Josse-Michaux, JHEP
1004 (2010) 023 [arXiv:0912.3153 [hep-ph]].

[13] P. Hernández, M. Kekic, J. López-Pavón, J. Racker
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