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with M = (M; + M>)/2 and M; 2 the masses of Ny . Successful leptogenesis requires that
AM/M = (My — My)/M ~ 1078, We further show that leptogenesis can produce the
baryon asymmetry of the Universe within the Neutrino Option scenario when the requisite
CP violation in leptogenesis is provided exclusively by the Dirac or Majorana low energy
CP violation phases of the PMNS matrix.
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1 Introduction

Neutrino oscillation experiments have provided overwhelming evidence for very small but
non-zero neutrino masses — a fact that is not explained in the Standard Model (SM). A
minimal extension of the SM which addresses this issue is the type I seesaw framework
where a number of heavy Majorana neutrinos are added to the SM particle spectrum [1-4].
The light neutrinos have a mass scale inversely proportional to that of the heavy Majorana
neutrinos and so their extreme smallness may be naturally explained. In particular, if the
type I seesaw mechanism is to generate at least three non-degenerate light neutrino masses,
as is required by the data from oscillation experiments, then there must be at least two
heavy Majorana neutrinos.

The decays of the heavy Majorana neutrinos in the early Universe may produce the
observed matter-antimatter asymmetry in leptogenesis processes [5] (see also, e.g., [6-9]).
Lepton-number- and C- and CP-violating decays of the heavy Majorana neutrinos, which
generate a lepton asymmetry, may occur out-of-equilibrium thereby satisfying Sakharov’s
conditions for a dynamical generation of the (leptonic) matter-antimatter asymmetry of
the Universe [10]. This lepton asymmetry is subsequently partially processed into a baryon
asymmetry by B -+ L-violating sphaleron processes.

However, there exists a tension between leptogenesis within the type I seesaw mech-
anism and the naturalness of the Higgs potential. This is because radiative corrections
to the Higgs potential increase monotonically with the mass scale of the heavy Majorana
neutrinos. In a natural scenario, where the corrections to the Higgs mass do not exceed
1TeV, the heavy Majorana neutrino mass scale must satisfy M < 3 x 107 GeV [11, 12],



which is considerably lower than the Davidson-Ibarra bound for successful leptogenesis
M > 10 GeV! [13-15].

A different perspective on this problem is brought by the so-called Neutrino Option
scenario [16, 17] which is based on the idea that the Higgs potential is generated by the
radiative corrections of the heavy Majorana neutrinos, starting from an approximately
conformal scalar potential at the seesaw scale. In this framework the heavy Majorana
neutrino masses are the only dimensionful parameters of the theory and they control both
the breaking of the conformal symmetry and that of lepton number.

In this work we shall investigate the possibility of successful leptogenesis within the
Neutrino Option framework and focus on the minimal scenario where there are only two
heavy Majorana neutrinos providing both the Higgs mass and the baryon asymmetry.
We show that in order for leptogenesis to be successful within the Neutrino Option ap-
proach to electroweak symmetry breaking, it is necessary for the two heavy neutrinos to
be close in mass (forming a pseudo-Dirac pair [18, 19]) and their masses to be in the range
M ~ 10%-107 GeV. From these considerations, we derive an upper and lower bound on this
mass scale. The upper bound coincides with that found for the Neutrino Option alone [17],
while the lower bound comes from the additional requirement of viable leptogenesis. We
explore the naturalness in the neutrino sector in terms of the presence of an approximately
conserved lepton charge. We investigate also the production of the baryon asymmetry
when the requisite CP violation in leptogenesis is provided exclusively by the low energy
phases of the PMNS matrix.

2 The Neutrino Option and leptogenesis

In this section we review neutrino masses in the type I seesaw (section 2.1). We then
summarise the essential features of the Neutrino Option in section 2.2 before reviewing the
relevant features of leptogenesis in section 2.3. Finally in section 2.4 we consider which
leptogenesis scenarios may be viable in conjunction with the Neutrino Option.

2.1 Neutrino masses and mixing

Neutrino oscillation experiments have shown that neutrinos have small but non-zero masses
and that they mix. The mass and flavour states of neutrinos are not aligned and their
misalignment is described by the PMNS matrix U:

3
VaL = ZUaiViLy (21)
=1

where 1,7, is the flavour neutrino field, a € {e, u, 7}, and v; is the field of the neutrino of
mass m;. We make use of the conventional PDG parametrisation [20]:

C12C13 512€C13 s13e% 10 0
_ 6 6 2L
U = | —s12c23 — c12523513€"°  C€12C23 — 512523513€"°  523C13 0Oe™= 0 , (2.2)
s s gy
512523 — C12C23513€"°  —C12523 — S12C23513€"  €23C13 0 0 e

"We recall that the Davidson-Ibarra bound is valid for hierarchical heavy Majorana neutrino mass
spectrum and in the case of absence of flavour effects in leptogenesis.



013 012 Oa3 d Am3, Amg,
() ) (®) (°)  (107%eV?)  (107%eV?)
0.12 0.78 0.9 40 0.21 0.033
8.617 015 33.82%0 7% 49.7107 217130 7397035, 2.5257 005
0.12 0.78 0.9 25 0.21 0.034
8.651013 33.82707% 49.7100 280132 7.39703, —2.5127005;

Table 1. Best fit value and 1o ranges of the neutrino oscillation parameters from a global fit to
neutrino data [22]. Upper (lower) values are for neutrino mass spectrum with normal (inverted)
ordering, for which Am3, = Am3; (Am3, = Am3,).

where ¢;; = cosb;;, s;; = sinb;;, § is the Dirac phase and a2, a3; are the Majorana
phases [21]. In addition to the mixing angles and phases, neutrino oscillation experiments
provide precise measurements of the two independent neutrino mass squared differences
Am%l and Am§1(32). The best-fit values of 615, 623, 613, 9, Am%l and Am§1(32), obtained
in one of the most recent analyses of the global neutrino oscillation data [22], are given
in table 1. The three neutrino masses mj, ms and ms may be arranged into two possible
orderings compatible with the oscillation data: normal ordering (NO) for m; < ma < ms;
and inverted ordering (I0) ms < my < ma. Although the mass ordering has not yet been
determined experimentally, there is a mild statistical preference for normal ordering in the
data [22].

A simple means of explaining the smallness of neutrino masses is the type I seesaw
framework [1-4], where heavy Majorana neutrinos, N; (i € {1,2,3,...}), are added to the
SM spectrum. After electroweak symmetry is broken, when the Higgs has developed a
vacuum expectation value (vev) v &~ 174 GeV, the neutrino mass terms of the Lagrangian

1 — 0 Y %%
m = —— (v, N¢ R h.c., 2.
L Q(VL L) (vYT MR> (NR>+ c (2.3)
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where v; = (I/eL,I/ML,I/TL) and Np = (NlR,NQR,N3R, .. ) are the flavour neutrino fields

are given by

and the fields of the heavy Majorana mass eigenstates respectively and Y is the ma-
trix of the neutrino Yukawa couplings of the heavy Majorana neutrinos N; to the lep-
tonic and Higgs doublets. In eq. (2.3), ()T = ((v5x)7, (VﬁR>T, wep)h), (NH)T =
(Ve T (NS, (NS, .., with vy = C()T, 1 € {e,p, 7}, and Ni, = C(N;jr)T
for j € {1,2,3,...}, where C denotes the charge conjugation matrix. We work in a basis
in which the Majorana mass matrix Mg is diagonal Mp = diag(M;, Ma,...).

The light neutrino mass matrix, m,, may be brought to a semi-positive diagonal form
(denoted by a caret) using the Takagi transformation:

1y, = Utm, U, (2.4)

such that m, = diag(mi, ma, m3), with m; the mass corresponding to v;.
By analogy with the method of Casas and Ibarra [23], we apply the seesaw formula for
light neutrino masses
m, ~ -0 Y MR'Y?T, (2.5)



to parametrise the Yukawa matrix as

Y = %U\/m,,RT\/MR, (2.6)

where R is a 3 X 3 complex orthogonal matrix. Here we drop a phase factor of ¢, which
would cancel from all our results. We note that this result, which is correct at tree-level, will
suffice in this work as radiative corrections to the light neutrino masses will be negligible.

In what follows we consider the case in which only two heavy Majorana neutrinos are
present, or equivalently, the case when the third heavy Majorana neutrino, N3, decouples.
This is the minimal scenario compatible with the oscillation data where one of the three
light neutrinos is massless. For concreteness, we also assume M7 < Ms. In the considered
scenario, the sum of neutrino masses is Y5, m,, = 0.058 (0.010) eV for NO (IO) neutrino
mass spectrum, which is well within the cosmological upper limit reported by the Planck
collaboration, >, m; < 0.120 — 0.160eV at 95% C.L. [24].

The assumption of N3 decoupling implies that we may take mq = 0 for the NO spec-
trum (at tree-level). Correspondingly we have for the R-matrix:

0 cosf sinf
R=10 —sinf cosf |, (2.7)
1 0 0

where 0 = x + iy. This in turn leads to

0 0
UTY:% VM /mg cos (x + iy) —v/May/masin (z + iy) | - (2.8)
VMiy/mgsin (z +iy) Mazy/mscos (v + iy)

Similarly, for IO spectrum we have ms = 0 and subsequently

cosf sinf 0
R= | —sinf cosf 0| . (2.9)
0 0 1

In this case

) VM \/m7 cos (z +iy) —v/May/mysin (x + iy)
Uty = Y VM \/mgsin (x + iy) /May/macos (x+iy) | . (2.10)
0 0

In the literature a phase factor £ = +1 is sometimes included in the definition of R to
allow for both the cases det(R) = £1. We have chosen instead to extend the range of the
Majorana phases as;(31) to [0, 47] such that the same full set of possible Yukawa matrices
has been considered [25].



2.2 The Neutrino Option

It has been recently suggested that the heavy Majorana states, IV;, introduced in the type
I seesaw model could be responsible for the dynamical generation of the scalar potential
of the Standard Model, in addition to that of neutrino masses [16, 17]. In this scenario,
dubbed the Neutrino Option, the classical potential is given by

M2
Vo(®) = _%@@ju%(qﬂcb)?, (2.11)

and is assumed to be nearly conformal at the seesaw scale: Mpo(u=> M) ~0, Ao(pn 2 M) #0,
i being the renormalisation scale. Radiative corrections to both M%I and A are generated
via the diagrams of figure 1, thus breaking scale invariance at the quantum level. At
energies p < M the N; fields can be integrated out and decoupled from the spectrum. One
is then left with an Effective Field Theory (EFT) in which the leading seesaw contributions
are encoded in the Weinberg operator for neutrino masses (stemming from the seesaw-EFT
matching at tree-level) and in finite threshold matching contributions to the Higgs potential
parameters AM?Z, AN (stemming from the one-loop matching). The latter are identified
as the zeroth order term in the F/M expansion of the loops, computed with dimensional
regularisation within the M S renormalisation scheme. For the case of two heavy Majorana
neutrinos with My = xpy My, xpr > 1 they read [17]:

2 ]\412 2 2 2
AMH:@(D@ + a3|Yal?) |
A=~ it 4 svalt + 2Re(vh - vp)? (1= 21085 2.12
- 3272 ! 2 172 11—y (2.12)
2log 22
2Tm(Y; - Vo) (1 - ="M
s 7 (-2

with Y; the ith column of the matrix of neutrino Yukawa couplings. In the limit My = M,
(zpr = 1) these reduce to:?

A = M1 (M +[v2]?)
H — 8772 1 2 9
5 [
3272 1672

The values of my, A at the EW scale can be extrapolated using the renormalisation group

(2.13)
AN = —

(1V1]* + |¥2[* + 2Re(Y1 - Y5)?) — Im(Y; - Y5)?.

equations (RGEs) of the SM [26] (as the heavy neutrinos are not present in the spectrum)
with the following boundary conditions:

ME(p=M)=AM} and Mu= M) =AN+ ). (2.14)

The condition on My places the strongest constraint on the parameter space of the Neutrino
Option, requiring M; < 107 GeV and |Y,;| ~ 1TeV/M; (barring tunings between the

2Note that although modified Feynman rules must be used when the heavy Majorana neutrinos are
nearly degenerate in mass, this is only important when results, such as the CP asymmetry, depend on the
difference of masses. In the calculation of the Higgs mass parameter, the contributions from each heavy
Majorana neutrino are summed and any correction depending on the difference of the masses is negligible.
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Figure 1. The dominant one-loop contribution generating the Higgs potential in the type-I seesaw
model. Here ¢¢ denotes the SU(2) lepton doublet, as the EW symmetry is unbroken at this stage.

Yukawa entries) in order to reproduce the correct Higgs mass and, at the same time, be
consistent with the constraints from neutrino oscillation experiments. As neither My nor
the light neutrino masses change significantly under RGE running, this result is consistent
to a good approximation with the order-of-magnitude estimate

ME|Yi[?

N ,U2|Y'i|2
872 '

and my(p=v)~ S,

Within this region of the parameter space the contribution to the Higgs quartic term is

Mz (p=v) ~ AM% ~ (2.15)

AN < 1077, As a consequence, the threshold matching contribution is always negligible
in comparison to the coupling in the classical potential which has to be positive and of loop
size (Ao ~ 0.01-0.05) in order to obtain the correct scalar potential at the EW scale [17].

2.3 The framework of leptogenesis

The type I seesaw provides a possible mechanism for the generation of the matter-antimatter
asymmetry if the heavy Majorana neutrinos N; decay out-of-equilibrium, in C-/CP- and
lepton-number-violating processes in the early Universe. These decays produce a leptonic
matter-antimatter asymmetry which may be transformed in part into the observed baryon
asymmetry by SM sphaleron processes which violate the B + L charge but conserve the
B — L one. Any such process which generates a lepton asymmetry that is then converted
into a baryon asymmetry is called leptogenesis.

The baryon-to-photon ratio, which parametrises the baryon asymmetry of the Universe

(BAU), is defined as

=", (216)
where npg, ng and n, are the number densities of baryons, antibaryons and photons respec-
tively. Its value has been inferred by two independent methods: the measurement from
Big-Bang nucleosynthesis (BBN), which occurs when the temperature of the Universe sat-
isfies T < 1 MeV [27], and the measurement of np from Cosmic Microwave Background
radiation (CMB) data [28], which probes it at the time of recombination, 7" < 1eV. As

the latter value has been more precisely measured, we choose to use it throughout:
neemp = (6.02 — 6.18) x 10717,

where the above is the 30 range of the measurement.



The Boltzmann equations for thermal leptogenesis provide a semi-classical description
of the time evolution of the heavy neutrino densities, ny, (i € {1,2,3,...}) with equilibrium
distributions n?\%, and the lepton asymmetry, ng_r.3 At the scales T < 107 GeV, at which
the Neutrino Option can be viable, the flavour effects in leptogenesis are important. Each
flavour component of the leptons produced in N; decays feels a different interaction with
the plasma of the early Universe and decoheres from the other two. Consequently, the
kinetic equations must separately describe the time evolution of the asymmetries in the
tauon, muon and electron lepton charges, n;-, n,u, ne. The total baryon asymmetry is
computed by taking the sum np_; = n;r 4+ nyuu + nee and multiplying it by a factor such
that g ~ 0.0lnp_r. In this regime all three lepton flavour asymmetries n,., n,, and ne.
evolve independently and the Boltzmann equations are given by:

dny;,
ZNZ - _Di(nN> - n?\?-)?
z ! :
dnaa () eq . (217)
e Z (eaaDi(nNi —ny.) —pianaa> , =12, a=epu,1.

i
where z = M; /T and increases with time, p;, and p,, are the projection probabilities from
decay state i to the flavour state « for particles and antiparticles, respectively, and e(()f()l is
the CP asymmetry in the lepton charge « generated in the decay of the heavy Majorana

neutrino N;. The projection probabilities are given by
2
Pia = ’Cioz’ )
e (2.18)
Pia = |C’i0¢| s

where ¢;,, and ¢;,, are the projection coefficients of the charged lepton products of the decay
of the ith heavy Majorana neutrino (N; — ®l;, N; — ®l;) in

;) = Zcm\ch,
’E) = Z@aﬁa),
1)

and €44 the CP asymmetry (given in eq. (2.22)) withi = 1,2,3 and a = e, p, 7. For further
details we refer the reader to ref. [29].

The decay parameter, D;, describes the decay of N; and is defined in terms of the
heavy neutrino decay rate I'; = I'; (Ni — 6&) with @ the Higgs and the CP-conjugate
rate, I'; = I'; (N; — ®¢;), and Hubble rate, H [7]:
I + f,

Hz

Likewise, the washout factor is defined in terms of the heavy neutrino inverse decay rate
FED =TI (5& — NZ-) and the CP-conjugate inverse decay rate TZI-D =T (@Zi — Ni) is

D; = (2.19)

TP 4T
‘792 Hz

3 All number densities are normalised to a volume containing a single heavy Majorana neutrino in ultra-

(2.20)

relativistic thermal equilibrium.



We also define the washout-parameter

i YY) v?
K; = ZZ, where m; = (]\}i“’ (2.21)

and m, = (167%v%/3Mp)+/(gs7)/5 ~ 1073 eV with Mp the Planck mass.

As will be discussed in further detail in section 2.4, we find it necessary to take the
two heavy Majorana neutrinos to be nearly-degenerate in mass AM = My — M; < M =
%(Ml + My) and thereby AM ~ I'. In this case, one is concerned with resonant leptogene-
sis [9, 30] where the self-energy contribution to the CP asymmetry parameter may become
large. Such enhancement of the asymmetry can be significant, allowing the energy scale
for successful leptogenesis to be lowered by several orders of magnitude. For this reason,
resonant leptogenesis has been most often explored in the literature within scenarios with
Majorana masses of the order of a few TeV. Here we apply this paradigm to a wider energy
range. The peculiarity of resonant leptogenesis is that non-negligible contributions to the
CP-asymmetry can be induced by mixing and oscillation of the heavy Majorana neutrinos.
The mixing effects come from the possibility of off-diagonal transitions in the self-energy
diagrams at 7' = 0 which are included through use of the resummed Yukawa couplings [31].
In the same regime, AM ~ I', the thermal contributions to the self-energies are also im-
portant. This provides an extra contribution to the CP asymmetries in processes where
on-shell heavy Majorana neutrinos oscillate in flavour space due to their interactions with
a thermal background [32]. The CP asymmetry which takes account of both the mixing
and oscillation of the heavy Majorana neutrinos has the form [33]:

I |V, Yoy (YY) ;] + 4 1m [vve, (V1Y) ] (

(@) _ ] Ji
eaa -
; Y1), (YY),

) (2.22)

where
mix < i2 ]2> i
ij

’ , (2.23)
(np = M)+ pr?

and
(a2 - M2) M
’LFJjSC — 3 det[Re(ny)] . (2.24)
(Mf - Mf) + (M;T; + M;T;)?

2.4 Leptogenesis at the scales required for the Neutrino Option

The largest value of the heavy Majorana neutrino masses compatible with the Standard
Model Higgs mass in the Neutrino Option scenario is M; ~ 107 GeV. A lower bound on
the heavy Majorana neutrino masses can be set by the requirement of perturbativity of the
neutrino Yukawa couplings and is M; 2 O (102) GeV.? In such a regime, in order for the

“The lower bound on M; as shown in figure (3) of [17] comes from the additional assumption that
|sin(z + iy)| < 1, that constrains the width of the allowed bands in the figure. This assumption was
introduced in order to forbid explicitly fine tunings in the flavor space, but can be relaxed in full generality.



neutrino masses to satisfy the existing limits, fine tuned cancellations must exist between
the tree level seesaw and the one-loop contributions to the light neutrino masses.

From the lower bound derived from perturbativity arguments to the upper bound from
the Neutrino Option itself, there are two possible mechanisms of leptogenesis viable in the
relevant heavy Majorana neutrino mass range:

1. Thermal leptogenesis with enhanced R-matrices [34] (see also [35, 36]).

2. Resonant leptogenesis with nearly degenerate heavy Majorana neutrino masses [30,
37-44).

In this subsection, we shall argue that the fine-tuned scenario detailed in (1) is in-
compatible with the Neutrino Option, and therefore justify our exclusive use the resonant
method for the investigations in this work. The arguments we present here are valid in the
more general case of three heavy Majorana neutrinos which we consider below.

In the fine-tuned case the elements of the R-matrix elements tend to be large and
the one-loop contribution to the light neutrino masses should be incorporated through
modification of the Casas-Ibarra parametrisation [45]. In this case, the R-matrix has the
structure [34]:

Ry Rz Ris
R~ | +iRys Ry Ros . (2.25)
— Ry +iR99 +1Ro3

Here |Rag| > | R1i|, | Res| for @ € {1,2,3}, which results, in [34]
mtree ~ _ml—loop ) (226)

A typical fine-tuned leptogenesis solution, which allows for partial cancellations between the
tree and one-loop level contributions to the light neutrino masses, requires M; ~5x10% GeV

(see the scenarios of [34]) and correspond to large values /AM?% ~ 8 x10° GeV. The latter

value owes its magnitude to the dependence of AM%I on the R-matrix elements which are
themselves large in order to provide the fine-tuning of eq. (2.26).

We performed a numerical search of the parameter space with heavy neutrino masses
~ 10% GeV and found no points which simultaneously satisfy the requirements of the Neu-
trino Option and leptogenesis even when we allowed m™®® and m!1°°? to cancel to ~ 0.1%.
When no constraint was placed on the levels of fine-tuning it was possible to find solutions
with the desired value of np and 1/AMI21 ~ 100 GeV. Such solutions corresponds to an
R-matrix with very large entries, |R;;| ~ 10'%, and very small (physically unreasonable)
heavy neutrino masses M; ~ 1072 GeV. The fine-tuned cancellation between the tree- and
one-loop light neutrino masses is so complete that the higher-order radiative corrections to
the light neutrino masses dominate and exceed the light neutrino mass bound. Using the
estimate that the two-loop contribution to the light neutrino masses is

1
1672

1
’mtwo-loop - max.(\Y\)z ~ — ‘mtree‘ max.(]Y!)Q,

16

‘mone-loop




where max.(]Y]) is the largest element of the matrix of absolute values of neutrino Yukawa
couplings, and where we use the approximate equality of eq. (2.26), we estimate

mtwo—loop ~ 103 GGV,

which is well-excluded by the experimental constraints. In summary, we found only phys-
ically non-viable solutions involving fine-tuned non-resonant leptogenesis. For this reason,
for the remainder of this work we restrict ourselves to resonant leptogenesis in which
My =~ M, and where N3 is decoupled.

3 Results

In this section we present our main results. In section 3.1, we derive the lower bound on
the mass scale M for which leptogenesis is viable within the Neutrino Option and explore
the available parameter space and in section 3.2 we find the corresponding upper bound. In
section 3.3 we find the conditions under which it is possible to achieve successful leptogenesis
in the Neutrino Option when the CP violation comes purely from the low-energy phases of
the PMNS matrix.

3.1 Lower bound on the heavy Majorana neutrino masses

In this section we determine the range of heavy Majorana neutrino masses in which both
the Neutrino Option and leptogenesis are viable. We shall always work in the nearly
degenerate case AM = My — M; < M where M = (M; + Ms)/2. Evaluating AMIQJ at
p ~ M as is calculated in [17], the threshold correction is
AME = 8—% [YMQYT} (3.1)
2
By substitution of the Casas-Ibarra parametrisation of eq. (2.8) or eq. (2.10), this becomes

1
AME = FRCH) <55 cosh (2y) M3 (my +ma +m3), (3.2)

where m; = 0 (m3 = 0) for NO (IO) spectrum and the neutrino parameters run with the
scale M. This effect amounts to a few percent for the light neutrino masses and is imple-
mented here using the RGEs of refs. [46, 47]. The remainder of the neutrino parameters
change less significantly when RG evolved, so their scale dependence will be neglected. Note
that the  parameter (the real part of # which parametrises the R matrix), cancels in (3.2)
due to the near-diagonality of the heavy Majorana mass matrix. The Neutrino Option is
then satisfied if the Standard Model M S Higgs mass, when renormalisation group evolved
to the scale M, matches the values given by AM%. The running of the SM parameters
is taken into account implementing the RGE of ref. [26] to the highest available accuracy
and with the numerical inputs reported in table 2

The lower bound on M for leptogenesis in the Neutrino Option is the lowest scale for
which the correct baryon asymmetry results whilst still satisfying eq. (3.2). We apply the
approximate analytical solution

-
ng_ Lw—n (0) Z

D

3.3
Klpla (3:3)

~10 -



inputs value (GeV) RGE boundary conditions at @ = M;
v 174.10 A 01258  My(GeV) 131.431
My 125.09 g1 0461 Y 0.933
M, 173.2 g2 0644 Y 0.024
g5 1.22029 Y. 0.0102

Table 2. Values of the relevant SM parameters adopted in the numerical analysis, consistent with
ref. [17]. The RGE boundary conditions are computed at the highest accuracy provided in ref. [26].

in the derivation of which we have eliminated 6&20)4 with the approximation e,(fol [ Kopan =~
e((ll(l /K1p1a. For the lowest heavy Majorana neutrino mass scale M, the value of y (the
imaginary part of #) will be largest as can be seen from inspection of eq. (3.2). Approxi-

mating the terms in the sum under the assumption that e¥ > e™¥ (to be justified later),

we find
1)

KGaa ~ 16mi (fose + fmix) ngze*‘ly sin2x, Normal Ordering,
1P1a (mz + mg) (3 4)
1) _ '
@~ 16m, (fose + fmix) Lm%e*‘ly sin2x, Inverted Ordering.

Kipia (ml + m2)

Using the same approximation, the factor oc det[Re(YY")] in the denominator of fos. (see
eq. (2.24)) becomes

det [Re (YTY)] .

YTV, (V1Y),

From eq. (3.4) we observe that the parameter y exponentially suppresses the final asym-

metry np while enhancing the Higgs mass of eq. (3.2). To the level of accuracy in the
approximation, the contribution of each flavour is identical. Although the left-hand side
carries a flavour index «, the right-hand side is independent of this index. As the flavour
information is contained in the PMNS elements, we expect that at large y, the solutions
for successful leptogenesis in the Neutrino Option should have only a weak dependence on
the PMNS phases (in terms that have been neglected in eq. (3.4)).

The lower bound on M may be found by maximising the terms in eq. (3.4) with respect
to all parameters except y and then finding the largest value of y for which leptogenesis may
be successful. From eq. (3.2), we observe the scale of M is determined from y (recalling
that the light neutrino masses are to be run to the scale M) and may therefore infer the
lower bound for successful leptogenesis in the Neutrino Option. The maximisation of the
right-hand side of eq. (3.4) occurs when x = 135° or 315° and AM /Ty ~ 0.61 as shown
in figure 2. We find that the values of y that give agreement with np.,,, are y = 190.22°
for normal ordering and y = 118.21° for inverted ordering. These imply lower bounds for
viable leptogenesis in the Neutrino Option of

M > 1.2 x10°GeV Normal Ordering,
M >2.4x10°GeV Inverted Ordering.
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Figure 2. The baryon asymmetry as a function of the heavy Majorana neutrino mass splitting
divided by the decay rate of Ns at the lower-bound of M for successful leptogenesis in the Neutrino
Option. The plots take an identical form for both normal ordering (for which T'y = 1.62x 1072 GeV)
and inverted ordering (for which I'y = 8.63 x 1072 GeV).

The difference in values for the two bounds is entirely determined by the difference in the
factors (mg—ms3)/(ma+ms)? and (m1—ms)/(m1+ms2)? appearing for normal and inverted
ordering respectively. We emphasise that the suppression factor e ¥ occurring in eq. (3.4)
is sufficiently strong that the lower bounds are not strongly affected by the running of the
parameters (although the bounds stated include the running of all SM parameters and the
light neutrino masses).

As a cross-check we have also determined the lower bound on M for which leptogenesis
is viable within the Neutrino Option by numerically solving the resonant Boltzmann equa-
tions (we stress we solve the Boltzmann equations and not the analytically approximated
equations of eq. (3.4)) for both normal and inverted ordering and scanned the available
parameter space for np = 6.1 x 10719, We performed the parameter space exploration
using MULTINEST [48-50] for a fixed scale M but varied the splitting AM, with y fixed to
the value that satisfies M7 (M) = AM% (M;). That is, a value of M; was chosen and y
was fixed to make the Neutrino Option work, then 0, aa1, ag1, x and Ms were varied (none
of which can spoil the generation of the Higgs potential once M7 and y are determined,
provided My does not differ significantly from M;). We started at the maximum M; which
was allowed by the Neutrino Option (which occurs when y = 0°) and lowered it in small
increments, performing a new parameter scan at each of the successively smaller values of
M. This procedure was stopped when the search no longer yielded points in the parameter
space where leptogenesis was successful. The lowest value of M; for which leptogenesis was
viable was taken as our lower bound.
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Figure 3. The triangle plot shows regions of the model parameter space compatible with the
measured np within 1o and 20 for a normally ordered mass spectrum using resonant leptogenesis
with M = 1.2 x 108 GeV. The fixed parameters were set to be y = 190.22°, 6,5 = 33.63° and
013 = 8.51°.

At the lowest successful value, for both normal and inverted ordering, we found that
the numerical results, as shown in figure 3 and figure 4 (both of which are placed at lower
bound on M), are in broad agreement with the statements made above based on the
analytical approximations.

In the inverted ordered case shown in figure 4, we can see a dependence on as; that is
not accounted for in the approximated analytical expressions and that is not present in the
normal ordered case of figure 3. The reason is that the suppression factor e=* is O(100)
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Figure 4. The triangle plot shows regions of the model parameter space compatible with the mea-
sured np within one and two ¢ for an inverted ordered mass spectrum using resonant leptogenesis
with M = 2.4 x 108 GeV. The fixed parameters were set to be y = 118.21°, ;5 = 33.63° and
013 = 8.51°.

times smaller for inverted ordering, rendering the approximations of eq. (3.4) slightly less
accurate than for normal ordering. Terms which were neglected and which depend on
a1, contribute to a slight dip in the value of np around as; ~ 300°. The approximate
independence from ¢ is preserved because terms in § are multiplied by the relatively small
factor s13. Finally, for inverted ordering, independence of a3, is exact as it does not appear

in the Yukawa matrix when mg = 0.
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Finally, we note that, at the lower bound for both normal ordering and inverted order-
ing, the heavy Majorana neutrinos form a pseudo-Dirac pair [18, 19] since, with x = 135°,

0 0
Y=U —7‘\1‘%2” (coshy +isinhy) — A\%Z” (coshy —isinhy)
7%’ (coshy —isinhy) — % (coshy + isinhy)

for which Y7 = 1Y5 when M7 ~ M,. At the lower bound where AM < M, as the heavy
Majorana neutrino mass matrix is diagonal, this condition implies that the CP phases of
N;j and Ny are approximately opposite (see also section 3.3) such that they form a Dirac
pair when M7, = Ms. Solutions of this kind may be motivated by assuming an approximate
lepton number symmetry [51-64].

3.2 Upper bound on the heavy Majorana neutrino masses

The upper bound on M for the Neutrino Option occurs when y = 0° (eq. (3.2)). In this
case one finds for normal ordering

(1)

€t imy(ma—ma)/mamacoszsine (UZyUas —Ua2Uz3) (fosc+ fimix)
Kipia (m2 cos? z+mssin® x) (mg cos2 x4 mgsin? x) |MCOS$Ua2+mSiH$Ua3 2’
(3.5)
and for inverted ordering
683 N ims(mi—ma)/mimgcoszsine (UXUna —Ua1Uks) (fose+ fmix)
Kipia ~ (mg cos2 x+m sin? x) (m1 cos2 x+ms sin? a:) |\/Wcosta1+\/migsinmUag‘2'
(3.6)

Unlike for the lower bound where these terms had a maximum value that was largely in-
dependent of the PMNS phases, here we find a strong dependence upon these low energy
phases and apparently unrestricted enhancement factors. Thus, leptogenesis must be suc-
cessful at the upper bounds of the Neutrino Option. Combining the lower bounds from
requiring the Neutrino Option and leptogenesis to be viable simultaneously with the upper
bounds from the Neutrino Option alone results in®

1.2 x 10% < M (GeV) < 8.8 x 10° Normal Ordering,
2.4 x 106 < M (GeV) < 7.4 x 10 Inverted Ordering.

In this case the approximate lepton number symmetry need not be so precise as it was for
the lower bound.
3.3 Leptogenesis from purely low energy CP violation in the Neutrino Option

At the upper bound, for which y = 0° and therefore R is real, all CP violation comes from
the phases of the PMNS matrix. In this section we consider the possibility that the low

®The upper bounds quoted here are slightly different from the one reported in ref. [17] owing to the
running of light neutrino masses having been neglected in the latter. Numerically the difference amounts
to about ~ 5% and has therefore limited significance.
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energy CP phases (9, ao; and a3;1) provide all of the CP violation necessary for leptogenesis
to produce the observed BAU. In past work it has been shown that these phases are
sufficient sources of CP violation in a mass range 10% < M (GeV) < 1013 [25, 65-72] (for a
review see, e.g., [73]), where there must be some fine-tuning for heavy Majorana neutrino
masses M < 10° GeV, if they are mildly hierarchical. Here we ask: Is it possible for
purely the low energy phases to provide CP wiolation for successful leptogenesis within the
Neutrino Option?

In the type I seesaw, both the light (v;) and the heavy (N;) neutrino mass states are
Majorana and so satisfy the conditions:

szT =y,

_ (3.7)
CN, =N,

where C denotes the charge conjugation matrix.
In the case of CP invariance, the Majorana fields N;(x) and v;(x) transform as follows
under the operation of CP-conjugation (see, e.g., [74]):

UgpNi (x) UgP =ip; 0N ('), (3.8)
Ugpvi () Ué‘P = ip;yovi (2')

where Ugp is the CP-conjugation operator, x’ is the parity-transformed coordinate and
ipZN = +i and ip] = =£i are the CP parities of the respective Majorana fields. The
conditions for CP invariance impose the following restrictions on the elements of the matrix
of neutrino Yukawa couplings:

Vi = Yair, (3.9)

where the unphysical phases in the CP transformations of the lepton and Higgs doublets
have been set to unity. The CP invariance condition imposed on the PMNS matrix gives
the following relation [74]:

U;j = O‘jp}/’ JE {1?273}a Qe {G,M,T}. (3.10)

From the parametrisation of the Yukawa matrix this imposes the following conditions on
the elements of the R-matrix [67]:

Ry = Rijpi'pff . i.j € {1,2,3}. (3.11)

In figure 5 we show a scenario in which the Neutrino Option is satisfied at the upper bound
of the normal ordered case and CP violation is provided entirely by the low-energy phases
(each phase being zero unless varied). Similarly for inverted ordering of the light neutrinos
we have the results depicted in figure 6. The non-zero values of the baryon asymmetry at
the CP conserving values 180° and 540° of a1 and 31 (of agy) seen in figure 5 (in figure 6)
are due to the CP violating interplay of the CP conserving PMNS and R matrices [67]. This
is because there may be a choice of pé-v that satisfies the condition of eq. (3.10) and pZN and
p§ which satisfy the condition of eq. (3.11) but there is no such combination of these phases
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Figure 5. The baryon asymmetry as a function of one of the CPV phases of the PMNS matrix 4,
as and agy (the other two being set to zero), with the varied phase providing all the CP violation

in leptogenesis, in the case of neutrino mass spectrum with normal ordering. Vertical dotted lines

represent values for which there is a complete CP symmetry in the neutrino sector. See text for
further details.
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Figure 6. The same as in figure 5 but for neutrino mass spectrum with inverted ordering. The

phase a3; decouples in this scenario and so a figure with the dependence of the baryon asymmetry
on «3p is not shown. See text for further details.

that are simultaneously satisfied at these values of ais1 and aiz1. As a result, the condition of
eq. (3.9) on the Yukawa matrix is not fulfilled, leaving it a matrix of complex numbers (with
elements not purely real or imaginary) corresponding to the generic CP-violating case.
Although only specific values of the Dirac and Majorana phases are compatible with
successful leptogenesis in the context of the Neutrino Option, it is important to emphasise
that only the Dirac is measurable at neutrino oscillation experiments. In the scenario
the Majorana phases are the sole CP-violating phases, a CP-conserving measurement of
¢ would still be compatible with producing the BAU in this framework. Nonetheless, for
each scenario (be it sole CP-violation from §, a1 or aig1) a prediction for the value of the

effective Majorana mass, |me.|, and the corresponding half-life of neutrinoless double beta
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decay, can be calculated. In principle, assuming precise knowledge of the neutrino masses
and an accurate evaluation of nuclear matrix elements, this prediction can be tested by
neutrinoless double beta decay experiments which will probe the inverted ordering regime
in the near future (see ref. [75] for further discussion on this matter).

4 Conclusions

The aim of this paper is to examine resonant leptogenesis in the context of the Neutrino
Option thereby taking one further step in constructing a self-consistent theory which si-
multaneously explains light neutrino masses, the predominance of matter over anti-matter,
and the electroweak scale.

We found that the viable parameter space which can satisfy the Neutrino Option and
leptogenesis are in the ranges 1.2 x 105 < M (GeV) < 8.8 x 10% and 2.4 x 105 < M (GeV) <
7.4 x 105 for normal and inverted ordering respectively, with successful leptogenesis re-
quiring a pseudo-Dirac pair with masses such that AM/M = (My — My)/M ~ 1078,
Interestingly, viable solutions for Neutrino Option leptogenesis allows for f23 be to in the
lower or upper octant (at the 2 o level) however for normal ordering there is a slight prefer-
ence for solutions in the upper octant. In particular, we found that, generally, there is only
a weak dependence on the low energy phases of the PMNS matrix d, ag; and as; at the
lower bounds on the viable mass range for both normal and inverted ordering (see figure 3
and figure 4). The minor exception to this is ag; in the case of inverted ordering which
must be approximately in the range [90°,200°] or [360°, 600°] for 1o agreement with np, ;-

We have further shown successful leptogenesis within the framework of the Neutrino
Option scenario is possible when the requisite CP violation in leptogenesis is provided
exclusively by the Dirac or Majorana low-energy CP violation phases of the PMNS matrix.
This is possible only at the upper bound of the viable mass range and provides a stark
contrast with leptogenesis at the lower bounds where the low-energy PMNS phases were
largely irrelevant.
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