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G.F. Giudice

The appealing feature of inverse seesaw models is that the Standard Model (SM) neutrino mass emerges
from the exchange of TeV scale singlets with sizable Yukawa couplings, which can be tested at colliders.
However, the tiny Majorana mass splitting between TeV singlets, introduced to accommodate small
neutrino masses, is left unexplained. Moreover, we argue that these models suffer from a structural
limitation that prevents a successful leptogenesis if one insists on having unsuppressed Yukawa couplings
and TeV scale singlets. In this work we propose a hybrid seesaw model, where we replace the mass
splitting with a coupling to a high scale seesaw module including a TeV scalar. We show that this
structure achieves the goal of filling both the above gaps with couplings of order unity. The necessary
structure automatically arises embedding the seesaw mechanism in composite Higgs models, but may
also be enforced by new gauge symmetries in a weakly-coupled theory. Our hybrid seesaw models have
distinguishing features compared to the standard high scale type-1 seesaw and inverse seesaw. Firstly,
they have much richer phenomenology. Indeed, they generally predict new TeV scale physics (including
scalars) potentially accessible at present and future colliders, whereas weakly-coupled versions may
also have cosmological signature due to the presence of a light Nambu-Goldstone boson coupled to
neutrinos. Secondly, our scenario features an interesting interplay between high scale and TeV scale
physics in leptogenesis and enlarges the range of allowed high scale singlet masses beyond the usual
~10°-10"> GeV, without large hierarchies in the Yukawa couplings nor small mass splitting among the
singlets.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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1. Introduction

The seesaw mechanism [1] elegantly explains the extreme
smallness of the SM neutrino masses. At the same time, the Ma-
jorana nature of SM neutrino, i.e., the presence of lepton-number
violation, raises the highly attractive possibility of baryogenesis via
leptogenesis [2,3]. In this work, we consider a class of seesaw mod-
els called inverse seesaw [4]. We first emphasize two inadequacies
of the standard inverse seesaw scenario and then build an ex-
tended framework, which we will term hybrid seesaw, to overcome
both issues.
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2. Inverse seesaw: j-problem and leptogenesis

In the inverse seesaw one introduces a Dirac SM singlet (made
up of two Weyl spinors: W and W) supplemented with an ad-
ditional tiny Majorana mass term for one of the chiralities and
Yukawa coupling of the other chirality to the SM Higgs and lep-
ton doublet (denoted by H and ¢ respectively):

— L5 yVEHE 4 myWye + %\IJ‘IJ-‘Fh.C. (1)

The generation indices have been suppressed for brevity (y, my, ©
are in general matrices). Here my is assumed to be in the TeV
range, while ;4 <« my. Integrating out these pseudo-Dirac singlets
generates a small neutrino mass:
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where v = 174 GeV is the vacuum expectation value (VEV)
of H. The crucial point here is that we can obtain the observed
size of the SM neutrino mass m, ~ 0.05 eV with unsuppressed
Yukawa couplings y = 0(0.01 — 1) and mg ~ 1 TeV, provided
u=0(10 keV — eV).

An attractive feature of this scenario is that the singlets are
potentially accessible at colliders because of their unsuppressed
Yukawa coupling [5]." However, this set-up also has two draw-
backs. Firstly, if the new physics resides at the TeV scale, there
is a priori no reason to expect w in the keV range or below. Al-
though a small Majorana mass term w is technically natural (since
a symmetry, namely lepton number, is restored by its vanishing),
the required value appears as unexpected within this picture: ad-
ditional ingredients are needed. Secondly, as we will argue next, it
appears difficult to achieve successful leptogenesis in this frame-
work.

To study leptogenesis, we first calculate the CP asymmetry from
decays of heavy singlet,

_ Ty Ewl ’ 3)
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where I'y(Ty) is the decay width of W into ¢H(¢*H*). Assum-
ing anarchic p-terms and singlet masses, no hierarchies in Yukawa
couplings and O (1) CP-violating phases, we have:
v~ L )
my 'y
where the first factor may be interpreted as arising from the CP
phase in Yukawa couplings, whereas the second comes from the
on-shell propagator due to the near-degeneracy of the pseudo-
Dirac pair W, ¥¢ when calculating one-loop self-energy corrected
decay width. The two powers of & in eq. (4) can be understood in
generality using the Nanopoulos-Weinberg theorem [6], that states
that we need to go to at least second order in the lepton-number
breaking parameter (namely, the p-term in this model) in order to
generate an asymmetry. This result was first obtained in the first
reference in [7] and was backed up by a detailed analysis [7]. Cru-
cially, it depends on the regulator used for the almost on-shell ¥
propagator in the self-energy diagram.

To determine the present-day asymmetry we should combine
the above result with the effective washout factor from the inverse
decay of SM leptons and Higgs into the singlets. This latter quan-
tity was first estimated in [8]:
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where Ky ~ I'y/Hy is the “usual” washout factor [3] and Hy is
the Hubble parameter at T =my, i.e., Hy ~ @mfp/mm, with g,
being the number of relativistic degrees of freedom at that tem-
perature and Mp the Planck mass. The quadratic suppression in w@
comes from the fact that the rate for lepton-number-violating pro-
cesses, e.g. {H <> (£H)*, should vanish in the lepton-number con-
serving limit.> If for definiteness we focus on the strong washout

1 The singlets may also be charged under new gauge symmetries broken at the
TeV scale, giving additional production channels.

2 Throughout the paper we take p <« I'y, as is expected given that Yukawa cou-
plings are unsuppressed.

region, in which K&,ff > 1, the net lepton asymmetry can be ob-
tained as’
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where Yx =ny/s (Yax = (nx — nx+)/s) with nx being number
density of the corresponding species and s being total entropy den-
sity of the Universe. The numerical factor ~ 1073 in eq. (6) comes
from relativistic number density of ¥ normalized to s.

Putting everything together, and assuming strong washout for
simplicity, we find
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The final lepton asymmetry in eq. (7) is independent of the size
of the Yukawa couplings. Furthermore, given that Y g ~ Yz’[ af-
ter electroweak sphaleron processes are taken into account, we see
that eq. (7) predicts too small baryon asymmetry to account for the
observed one (ngBs ~10719) for singlet masses in the TeV ballpark.
In order to reach this conclusion, it is important to include the ef-
fect of washout: considerations based solely on €y could suggest
that larger n than benchmark value shown below eq. (2) might
suffice. For example, taking & ~ 10 MeV (and compensating this
increase by reducing the size of y to y ~ a few 1073 to keep
m, fixed) gives rise to ey ~ 10~7. While the difficulty in getting
required size of CP violation was pointed out in [7], to our knowl-
edge, the parametric form of eq. (7) including washout effect has
never been presented before.

A small baryon asymmetry is a very generic implication of TeV
scale inverse seesaw.* We will show in a companion paper [11]
that even allowing a departure from the above generic conditions,
for example allowing a degeneracy among different generations of
singlets, as well as considering the weak washout regime, the in-
verse seesaw scenario can at most barely reach the required asym-
metry. Introducing other small sources of lepton-number violation
as in the linear seesaw model [12] does not change this conclusion
[11]. Similar conclusions are obtained in the numerical analysis of
ref. [13].

3. A hybrid seesaw model

We now construct an extension of the original inverse seesaw
model that features a high-scale module. We will see that, if the
interactions between the low and high scale modules are properly
chosen, the resulting scenario can simultaneously address both the
smallness of neutrino masses and leptogenesis.

Our model is the following:

M
— LD yWHL + k O WU + A D; UN + TNNN—i-h.C. (8)

Here N is a super-heavy singlet with mass My > TeV, whereas
W, W€, ®, , acquire masses (and VEV’s) of the order of TeV. Follow-
ing the philosophy of inverse seesaw, we work with unsuppressed
Yukawa couplings y, A, k. Furthermore, we will assume anarchical
Yukawa couplings such that different generations are comparable,
complex phases are of order unity, and the masses of N are not hi-

3 The superscript W is to remind the reader that the asymmetry originates from
decays of W. To be precise one should refer to the B — L charge. However for sim-
plicity we will work with a lepton asymmetry.

4 Refs. [9] consider a scenario with GeV scale inverse seesaw where leptogenesis
proceeds through oscillations [10].
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