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Two-loop effects on the right-handed neutrino masses can have an impact on the low-energy
phenomenology, especially when the right-handed neutrino mass spectrum is very hierarchical at the
cutoff scale. In this case, the physical masses of the lighter right-handed neutrinos can be dominated by
quantum effects induced by the heavier ones. Further, if the heaviest right-handed neutrino mass is at
around the Planck scale, two-loop effects on the right-handed neutrino masses generate, through the seesaw
mechanism, an active neutrino mass that is in the ballpark of the experimental values. In this paper we
investigate extensions of the Planck-scale lepton number breaking scenario by additional Higgs doublets
(inert or not). We find that under reasonable assumptions these models lead simultaneously to an overall
neutrino mass scale and to a neutrino mass hierarchy in qualitative agreement with observations.
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I. INTRODUCTION

The Standard Model (SM) predicts that neutrinos are
massless particles. However, neutrino oscillation experi-
ments have established that at least two active neutrinos
have a tiny, albeit nonzero, mass (for a recent determination
of the neutrino parameters from a global fit to oscillation
experiments, see [1]). The simplest scenario that explains
the tininess of the neutrino masses is the so-called type-I
seesaw mechanism [2-5]. In this scenario, the SM particle
content is extended by at least two spin-1/2 particles,
singlet under the Standard Model gauge group. The gauge
symmetry allows a Yukawa coupling of the fermion
singlets to the Standard Model Higgs and lepton doublets,
Y, which leads after the breaking of the electroweak
symmetry to a Dirac neutrino mass; for this reason, the
fermion singlets are also known as right-handed neutrinos
(RHNSs). The gauge symmetry also allows a Majorana mass
for the RHNs, M, which breaks lepton number by two
units. This mass is unrelated to the electroweak symmetry
breaking scale, v = 246 GeV, and can take a priori any
value between 0 and the cutoff scale of the model, usually
taken to be the Planck scale. The seesaw mechanism
assumes M > Y, leading in turn to active neutrino masses
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m, ~ Y>v* /M, which are suppressed with respect to the
electroweak symmetry breaking scale by the small factor
v/M, thus explaining the smallness of neutrino masses.

The seesaw mechanism provides a qualitative explan-
ation for the smallness of the neutrino masses, but not
quantitative, since the Yukawa couplings and the RHN
masses are free parameters of the model. It has been
conjectured that some RHN masses could be at the
Planck scale, from the fact that Planck-scale physics is
expected to break all global quantum numbers [6,7].
Regardless of possible theoretical motivations, it is worth-
while from the phenomenological standpoint to entertain
this possibility, since the number of free parameters of the
model is then somewhat reduced.

In a tree-level analysis, the Planck-scale RHNs do not
seem to contribute significantly to the low-energy neutrino
phenomenology, since v>/Mp ~ 107> eV. Nevertheless, it
was pointed out in Refs. [8,9] that quantum effects can
dramatically alter the conclusions when the RHN masses
are very hierarchical at the cutoff scale. Since the total
lepton number is broken already, there is no symmetry
protecting the lighter right-handed neutrino masses against
quantum effects. The latter can then receive sizable con-
tributions from two-loop quantum effects (possibly dom-
inant), thereby affecting the low-energy phenomenology.
Interestingly, when the lepton number is broken at around
the Planck scale, this scenario predicts an overall neutrino
mass scale in the ballpark of the experimental values. We
denominate this scenario as Planck-scale lepton number
breaking scenario. The predicted neutrino mass hierarchy,
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however, is typically much larger than the measured value,
as generically expected in the type-I seesaw mechanism
[10], unless the parameters take special values (not neces-
sarily fine-tuned). The observed mild neutrino mass hier-
archy could then be regarded as a hint that the type-I seesaw
model must be extended, and in particular its realization
with Planck-scale lepton number breaking.

A simple extension of the seesaw model consists in
adding to the particle content a scalar particle with identical
gauge quantum numbers as the Standard Model Higgs
doublet. The extra doublet, even if it is heavy, can play an
important role in the low-energy neutrino phenomenology.
Concretely, if the active neutrino mass hierarchy is very
large at the decoupling scale of the lightest right-
handed neutrino, quantum effects on the active neutrino
masses induced by the second Higgs doublet can generate
a mild neutrino mass hierarchy, in agreement with
observations [11,12].

In a variant of this model, so-called scotogenic, the
fermion singlets and the extra scalar doublets are furnished
with a Z, symmetry. Then, neutrino masses are not
generated at tree level, but at the one-loop level [13].
Further, the model contains one dark matter candidate,
usually the Z,-odd scalar (the “inert” doublet), or in some
regions of the parameter space the singlet fermion. The
predicted mass hierarchy among the active neutrinos is
again too large in general. However, a mild mass hierarchy
can be generated in the presence of more than one Z,-odd
inert doublet [14,15].

In this paper we will analyze the Planck-scale lepton
number breaking scenario, which is successful in predicting
the correct overall neutrino mass, with an extended scalar
sector, which is successful in explaining the observed mild
neutrino mass hierarchy. We will show that, under plausible
assumptions, it is possible to reproduce simultaneously
the correct neutrino mass scale and mass hierarchy. In
Sec. II we calculate the quantum effects on the right-handed
neutrino parameters in the two-Higgs doublet model, and in
Sec. III we determine the mass spectrum of right-handed
neutrinos in the Planck-scale lepton number breaking
scenario. In Sec. IV we explore the implications for the
active neutrino masses in this scenario, and in Sec. V for
its scotogenic variant. Finally, in Sec. VI we present our
conclusions.

II. QUANTUM EFFECTS ON THE RIGHT-HANDED
NEUTRINO MASS MATRIX IN THE
TWO-HIGGS DOUBLET MODEL

We consider in this section the two-Higgs doublet model
(2HDM) extended by three RHNs, N;, i =1, 2, 3. The
scalar potential reads

V= Zﬂabqﬁq)b + bzd/labcd (@iD,) (PLD,), (1)

where ®,, a =1, 2, are scalar SU(2) doublets with
hypercharge Y = 1. The Hermiticity of the potential
requires p2, = (u3,)* and Agpeq = A} 4q. (for a comprehen-
sive review of the 2HDM, see [16]). The part of the
Lagrangian involving the RHNs reads:

1
Ly N JAPN; —

1M NN, YW N®, +He., (2)
where L, (@ = e, pu, 7) are the lepton doublets. Further,
®, = io,® denotes the charge conjugated scalar fields,
and N¢ = —iy’N} the charge conjugated RHN fields.

The parameters of the Lagrangian in Eq. (2) are subject
to quantum corrections, which can have significant
impact on the phenomenology. The leading quantum
effects can be calculated using the renormalization group
equations (RGEs). Including up to two-loop effects, the
RGE of the RHN mass matrix reads:

am
dlogpu

— Z(MQ(ab) T Q(ab)TM+4P<ba)TMP(ab>), (3)
a,b

where for convenience, we have defined

1

plab) — T (@ty(b), (4)
Q( ( 4 g) plab)s ab _ %P(ab)P(ba)

2 1622 2

1 17 , 51,
1671' ( 91+ 892>~ (6)

Here, g, and g, are the U(1), and SU(2), gauge couplings

(a) y(b)T
Tr|Y, 'Yy 3
_ (9 I’[ }+—TI’[P<ba)]>P(ah), (5)

and Y\ are the up-quark Yukawa coupling matrices to
both Higgs doublets (we assume that the Yukawa couplings
of the other SM fermions to both Higgs doublets are
negligible). For the purposes of this paper, it is sufficient
to consider the one-loop RGE of the neutrino Yukawa
coupling. Using SARAH [17], we obtain:

{3;Tr

3.9
ZTr 4 —Zg?—zgﬁ}Y(“)

+ZY (b)iy(a) +Z yla

1672
( dlog/,t

(7)

We will work in the basis where the RHN mass matrix is
real and diagonal at the cutoff energy scale A:
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FIG. 1. Leading two-loop diagram generating radiatively right-
handed neutrino masses from the breaking of lepton number

M, 0 O
M@l,r=|{ 0 M, 0 | (8)
0 0 M,

Integrating Eq. (3), one can calculate the RHN mass matrix
at the scale u < A. Keeping terms up to the order O(P(@»)?)
we obtain:

[1+Z< it ! plaa z2>]T
xM[l—f—Z( ”bt—f— Lpon t2>}

+42Pba TMPab I+O(Pab)3), (9)
ab

where we have denoted 7 = log(u/A).

We are interested in the scenario where the mass matrix
at the cutoff scale is approximately rank-1, M|, M, << M,
and where My~ Mp, being Mp = 1.2 x 10" GeV the
Planck mass. To emphasize the main features of the RGE,
let us consider the limiting scenario where M; = M, = 0,
namely when the mass matrix is exactly rank 1 (our
conclusions, however, apply to a wider class of scenarios,
as we will discuss below). One can readily check that at
O(P'), i.e., keeping just the first line of Eq. (9), the mass
matrix at the scale y is also rank-1. However, at O(P(@0)2),
the mass matrix in general becomes rank 3: the RGE
evolution generates radiatively nonzero values for M ,(u)
proportional to M5, through the diagram shown in Fig. 1.
This effect was explored in [9] for the seesaw scenario with
one Higgs doublet (see also [18]). In that case, however, a
rank-1 mass matrix at the scale A remained rank 1 at order
O(P), became rank 2 at order O(P?), and became rank 3
only at order O(P*). However, the existence of an addi-
tional RHN Yukawa coupling in the 2HDM (and thereby
the existence of additional flavor symmetry breaking
parameters), allows us to increase the rank of the mass
matrix at lower order in perturbation theory. Here, we have
considered the limiting case where the mass matrix is
exactly rank 1 at the cutoff scale. For an approximately

rank-1 mass matrix, one finds that the physical masses of
the two lightest RHNs can be dominated by the quantum
contribution induced by the heaviest RHN. Correspon-
dingly, their tree-level masses would not play any role in
the phenomenology, thus rendering a more predictive
scenario.

In order to construct the low-energy effective theory of
the Planck-scale lepton number breaking scenario, we first
integrate out the heaviest RHN at the scale y = M5. The
effective Lagrangian reads:

175 vy

eff = 2 M33

(L®,)(®LS) - VL, PN,
u=M;

I —

with Yukawa and mass matrices given by

Y(“) ~ <Y(a) MI3Y((1(;))
ai ai M ’
3/ lu=m,
MM .
= (- o) (1)
Mss )|,
with i, j =1, 2.

The first term in Eq. (10) is a Weinberg operator giving
rise to a contribution to the active neutrino masses sup-
pressed by M. In the Planck-scale lepton number breaking
scenario M5 is close to the Planck scale. Hence, this term
gives a negligible contribution to the neutrino masses. We
will drop this term henceforth, and describe the effective
theory as a two-right handed neutrino model with the
Lagrangian:

1 —
SMNIN; +He.  (12)

‘Ceff = _Yé?l‘_a&)aNi -
with Y and M given in Eq. (11). Using Eq. (9), and using
that M3/ M| u—m, 15 @ small parameter, one can further
approximate

YO @,

M 4M3log< >ZP 31, (13)

where we have assumed generic Yukawa couplings at the
scale A, and that the running does not significantly modify
the Yukawa couplings. However, two-loop quantum effects
lift the zeroes in the RHN mass matrix and generate
radiatively two mass eigenvalues. The implications for
the mass spectrum of right-handed neutrinos and active
neutrinos will be discussed in the next sections.
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III. RIGHT-HANDED NEUTRINO MASSES

Let us first calculate the mass spectrum of heavy
neutrinos in our scenario. The eigenvalues can be calcu-
lated from Eq. (13) using the tensor invariants'

I, = Tr[M]
I, = det[M]

= Ml +M2|,L£:M3a
= M1M2|/4:M3' (14)

Assuming a hierarchy between the eigenvalues, one obtains

M2|;¢:M3 ~1,
I,

M1|;1=M3 ZE’ (15)

which are complicated expressions that depend on the
Yukawa couplings.

In order to gain some analytical understanding of the
results, let us consider for simplicity rank-1 Yukawa
matrices. The Yukawas Y(® can be expressed in terms
of the nonvanishing eigenvalues, y,, and the tensor

products of two vectors in flavor space Ei(L“), ﬁgl) (normal-

ized to unity):

Y@ =y, il @ u". (16)

In a similar notation, the RHN neutrino mass matrix can be
cast as

M(A) = M;d @ . (17)
Clearly, the physical RHN masses can only depend on

invariant quantities. In our simplified scenario, we have

three vectors in the RHN flavor space, @ and iige“), and two

vectors in the left-handed neutrino (LHN) flavor space,
L7<L“>. There are then only four invariant quantities related to

the relative orientation among these vectors, (ﬁ;‘) @),

(ﬁg) @), (ﬁg) . iif)), and (ii(Ll) . ii(Lz)), as well as the three
eigenvalues y;, y,, and M5. In terms of these invariants, the
radiatively generated RHN masses M and M, at the scale

u = M5 read

, (18)

4M310g(MA;) —(a) -y =(b) =y\/=(a) =(b —(a) -y\/=(b) -
Moo, 2 =z > Vi @) - @)@ - Pl = @ )iy - B
a,b
A - - - - - - - 2 - -
Myl o M 0RG) iy - @) 6@ Gy x a1~ (@) 7)Y
=M; — Sla SN\ o -\ s=(a o S(a SN /o -
ey i @)y - @)@ i) - (i - @) - @)

- -(1 -(2)\\2 (1 - -(2 -
(@- (g x iig)" = 1 = (i - @) = (i - &

From these equations one concludes that in order to
generate a nonvanishing M, either ﬁ;” or ﬁﬁ? must be
nonorthogonal to @. Further, in order to generate a non-
vanishing M/, the three following conditions must be

(1) (2)

simultaneously fulfilled: (i) both ii and iy’ must be

nonorthogonal to @, (11) u and u ) must point in different

directions, and (iii) # u L and u L must also point in different
directions. In more generality, generating M, requires at
least two independent directions in the RHN flavor space,
and generating M, requires three independent directions
in the RHN flavor space, as well as two independent
directions in the LHN flavor space. This can also be
understood from the breaking of the global flavor group,
U(3), x U(3)z — nothing, by the Yukawa couplings [8].

'In this paper we assume all parameters to be real for
simplicity. In the comglex case, the corresponding invariants
are I, = Tr[M*M] + M3 and I, = detM™™M] = M?M3.

)2 — () - ul)? 2y - @) () - @)y - ug)). (19)

In the Standard Model extended with RHNSs, a rank-1
Yukawa matrix and a rank-1 mass matrix provide two
directions in the RHN flavor space, and therefore this
model generates only M,, but not M; [due to a residual
global U(1) symmetry]. A rank-2 Yukawa matrix can
generate via quantum effects a nonvanishing M, although
suppressed by the next-to-largest Yukawa eigenvalue and
only beyond two-loop order. In the 2HDM extended with
RHNs there are many more directions in flavor space, and
therefore it is possible to generate radiatively both M and
M, with rank-1 Yukawa couplings. From these expres-
sions, one can also construct the limit where one of the
RHN:Ss, say Ny, has no coupling to the left-handed doublets;
this would correspond to a model with only two RHNSs.
In this case, 17;;), iig), and @ are coplanar and there-
fore M|,_y, = 0.

For our analysis we will find convenient to use as
invariants the following four angles:
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=cosb;,

Up’ = cosfpg,

’7‘(Ll> _ ﬁf)
e
iy &

=cosf ;.

(20)

as well as the three eigenvalues y;, y,, and M5. With this parametrization, the eigenvalues in Eq. (18) can be written as

2y, 2
) —I—(—s202> +2c3ciea(cg —cicr) |,

Y1

4yiys AN (o

2|,4 M, —mMﬂOg E y—2S101
4yiy3

1|” s (16 2)2 o8 M, 5101)2

with §; = sin#; and ¢; = cos®; (i =1,2,L,R).

Below the scale M3, both RHN masses are subject to
additional quantum effects, although in this case they
amount to small corrections. Therefore, one can approxi-
mate the physical masses for Ny and N, by the running
masses at the scale y = M5 in Eq. (21).

The overall mass scale of both M| and M, is determined

by the parameter
M;lo A
3108 M)

Numerically, in the Planck-scale lepton number breaking
scenario

M, M;
My ~2 x 10" GeVy?y3 (M >10g(M ) (23)

P

4)’1)’2

Mo=Ter

(22)

which is generically at the seesaw scale. The concrete
values of M; and M, depend on complicated combinations

10°

105.

104.

103k . .

M,
M,

|

102.

101 L

10°E
10"

107 10's

|M>| [GeV]

FIG. 2. Scan plot showing the mass hierarchy |M,/M | vs |M,|
for the radiatively generated masses in the Planck-scale lepton
number breaking scenario with two Higgs doublets, assuming
A=Mp, My=Mp/\/87, y, =y, =1, and random angles
between 0 and 2.

< A > ctc3(1=cf)(1 =7 =3 — ¢k +2cicack)
3
G

(21)

+ (Bs202)* +2ciciea(cg = ci62)’

|
of angles and y,/y,. We show in Fig. 2 a scan plot with the
ratios of the physical masses M,/M; vs M, from solving
the RGEs numerically between the cutoff scale A and the
scale u = M5. For the plot, we have taken A = Mp,
M; = Mp/\87, M, =M, =0, y; =y, = 1, and random
angles 0, ,0g, 0, , at the cutoff. One concludes from the
figure that for y; ~y, ~1, two-loop quantum effects
generate nonvanishing values for M; and M,, with M, ~
10" GeV and M,/M, being typically smaller than ~100.

Let us note that the same conclusion holds whenever the
physical masses of N; and N, are dominated by quantum
contributions proportional to M5, even if they do not vanish
at the cutoff scale. In this case, quantum effects can milden
the hierarchy between the two lighter eigenvalues, leading
to Mj|,_p, ~M|,_p,- The consequences for the light
neutrino mass spectrum are expected to be dramatic. If two-
loop effects had been neglected and M; < M, at the
decoupling scale, the generation of a mild mass hierarchy
msy ~m, would look rather accidental. However, the
quantum effects induced at two loops by the two Higgs
doublets generically lead to a mild hierarchy between M,
and M,, and therefore it will be easier to generate n3 ~ m,.

IV. ACTIVE NEUTRINO MASSES

At energy scales below the mass of the lightest RHN, the
phenomenology of the model can be properly described by
the following effective Lagrangian:

Logr =5 ZZ

ab i,j

J(®ILY) +He.,  (24)

where the Wilson coefficients at the scale 4 = M, can be
calculated in the usual manner by integrating out the heavy
RHNS:

O mp, = YOMYOT, (25)
with Y@ and M given in Eq. (13) (for calculating x(“?), we
neglect the contribution from integrating-out N3, which as
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mentioned above is subdominant). For rank-1 Yukawa
couplings one finds

uL ®uL

" > P, (20)

i, j=12

K.(ab |/4:M1 ~ L L

with P(e?) = y(@'y
explicitly find:

(), Using the notation of Eq. (16) we

R ()T
Yab y?y% i @ i

|/4:M1 -

M, y2y? cos,cos 0,
1/(1 = cos*0 a=b,
—cos?0, /(1 —cos*d,) a # b.

Furthermore, to determine the low-energy neutrino param-
eters, we include quantum contributions to xl@0)  As in the
rest of this paper, and due to the large separation between
M, and the energy scale of neutrino oscillation experi-

ments, the dominant quantum contributions to x(“?) can be
encoded in the RGE [19-22]:
dx@b) 1
=—— P, 28
dlogu 167° Pt (28)

with dominant terms of the f function at one loop given by

2
P = =3I > A prled
c,d=1
2
ZBTr[ ( )Y( o)t ] (cb) 4 3TI'[ ( )Y<C)T]K(ac)]’

c=1

(29)

where we have neglected all gauge and Yukawa couplings
except for the top-quark coupling for the analytical treat-
ment. The Wilson coefficient of the Weinberg operator at
the scale mpy is

K(ab) |ﬂ:mH _ K.(ab) |

ﬂ:M]

Finally, after the electroweak symmetry breaking through
the expectation value of the neutral components of the

Higgs fields, (®) = v,/v/2, with v? + 03 =%, a3 x 3
neutrino mass matrix is generated:

M, ~——ZK‘”’ ‘

ab K=

VaUp, (31)

where we have neglected the effects of the running between
the scale my and the scale of the experiment, since the
most relevant RGE effects occur between M; and my.
The impact of quantum effects is twofold. First, each

Wilson coefficient «(“?) receives quantum corrections

proportional to itself, which changes the values of the

(ab)

different entries x;; ~ by O(1) factors. Second, and more

importantly, the different Wilson coefficients x(“®) can mix
through the running, due to “Higgs changing interactions”
in the Weinberg operators, induced by Higgs quartic
couplings. This effect is characteristic of the model with
an extended Higgs sector, and can significantly affect the
low-energy phenomenology [11,12,23,24].

In order to better differentiate the impact on the phe-
nomenology of the quantum effects above and below the
RHN decoupling scale, two scenarios are analyzed. We first
discuss a scenario where the operator mixing between the
scales M and my is negligible, and then a scenario where
the operator mixing is sizable.

A. Operator mixing between x(®) negligible

Following our analysis of Sec. II, we assume that the
RHN Yukawa coupling and mass matrices are rank 1 at
the cutoff scale A. Then, from Eq. (27), and neglecting the
effects of the running below the scale 4 = M, one obtains

M, 2)%% i (32)
where
m = Dava)pvp) yivs 1
ab 2M,  ylyicosf,cos0,

5 { 1/(1 —cos*;) a=bh, (33)

—cos?0; /(1 —cos*0,) a#b.

The active neutrino mass eigenvalues can be calculated
using the tensor invariants:

I, = Tr[M,] = m| + my + ms,
1
L= 5 (M

13 = det[MU} = nmymynis. (34)

= Tr[MG]) = mymy + myms + myms,

From Egs. (32) and (33) one obtains:

Iy = my; + my + (myy + my;)cosb,

_ )
I, = (mllm22 - m12m2,) sin” 6,

I; = 0. (35)

Therefore, m; =0 in the approx1mat10n that only two
RHNs contribute to the mass matrix.> The other two
eigenvalues read, under the assumption m3 > m,:

2Strictly, m; is nonvanishing although much smaller than the
atmospheric and solar neutrino mass scales, since m; receives
contributions at tree level of the order of v?/M;~ 1075 eV.
Further, it receives quantum contributions proportional to ms,
although at two loops [25-27].
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ma~ Il = m _ N2
o (1 = cos*d;)
L[ cos’f y; sin’f  2sinfcos fcos’l,
y; o826,  y,cos’f, cos @ cos 6,

I, .
my =~ 7 = myy,y,sin’6,

y,c0826,  y,cos’0; 2cosb, cosbcos’f, |1
y; sin?f v, cos’p sin fcos 8 ’
(36)

where we have used v; = vcosf and v, = vsinf, and we
have defined the overall mass scale

1 22

=—— 37
my 2M, (37)

with M, defined in Eq. (22). Numerically,

MV v\ (272
~0.05eV|— — - 38
o ¢ <MP> (0.7 0.7 (38)
which is in the right ballpark if M5 is around the Planck
scale, and the largest Yukawa eigenvalues are O(1).

It is evident in Eq. (36) that a necessary condition to
generate a nonvanishing m, is to have a misalignment

(

between i Ll) and ii(Lz) (i.e., sin@; # 0). Further, the overall
scales of m, and m5 are determined by the same parameter
mg. Therefore, for generic values of the misalignment
angles, for y; ~y, and for tanff ~ 1 one expects a mild
hierarchy between m, and mj. Concretely, the mass
hierarchy is estimated to be

¥, cos 6, sin yicost cosff 3 2
(y] cos 6, cos f} + Y5 cos 6, sin 8 2 cos 9L) (39)

sin? @, (1 — cos*6,) ’

ms

my

which is ~1-10 under the assumptions listed above.
This result is independent of the alignment of the neutrino
Yukawa couplings Y(12) with the charged lepton Yukawa
eigenbases. Predictions for the leptonic mixing matrix
are hence not possible unless one imposes restrictions on
the flavor structure of the Yukawa couplings, e.g., from
flavor symmetries. Generic misalignment angles at high
energies will lead at low energies to an “anarchic” structure
for the leptonic mixing matrix, with angles which are
neither small nor maximal, in qualitative agreement with
observations.

These expectations are confirmed by our numerical
analysis. We consider different realizations of our scenario
at the cutoff A = Mp, assuming a rank-1 RHN mass matrix
with My = Mp/+/87 and rank-1 Yukawa matrices with
eigenvalues y, =1, and y; =1 or 0.01. The Yukawa

eigenvectors ugf)L are chosen randomly. We then solve

1010 g . . . . r .
10%f
108
107F
10°¢
10%F
10%F
10%f
10%f
10'f
10°

ms3
ny

1072 107" 10° 10' 10> 10° 10* 10° 10° 107 10%® 10°
[m3| [eV]

FIG. 3. Scan plot showing the mass hierarchy between the two
heavier active neutrinos |m3/m,| vs |ms3| in the Planck-scale
lepton number breaking scenario with two Higgs doublets, in the
case where RGE-induced mixing between the x(“?) is negligible.
We take A= Mp, My = Mp/\/87, y, =1, random angles
between O and 2z, and y; =1, tanff =1 (green points),
y1 = 1, tan # = 0.01 (orange points); y; = 0.01, tanf = 1 (blue
points).

numerically the two-loop RGEs for the RHN parameters
above the scale M, and the one-loop RGEs for the Wilson
coefficients below the scale M, neglecting the terms in
Eq. (29) that mix the different «(“*). Finally, we calculate
the neutrino mass matrix assuming tan# = 1 or 0.01. The
resulting values for ms and |ms/m,| are shown in the
scan plot in Fig. 3, for the cases (i) y; = 1 and tanff = 1
(green points), (i1) y; = 1 and tan # = 0.01 (orange points),
and (iii) y; =0.01 and tanf =1 (blue points). When
the Yukawa eigenvalues are y, ~y; ~ 1 and tanff ~ 1 the
predicted neutrino parameters are in the ballpark of the
experimental values. However, when y,/y, and/or tan j§ are
very different from 1, the predicted neutrino mass hierarchy
is generically too large. It is remarkable that this simple
scenario can already reproduce the observations for rea-
sonable parameters. Further, and as we will see in the next
subsection, the allowed parameter space widens when
including the operator mixing induced by quantum effects
below the scale M.

(ab)

B. Operator mixing between x'*°) nonnegligible

We consider in what follows the phenomenologically
interesting case of the 2HDM in the decoupling limit,
where the lighter CP-even scalar resembles the Standard
Model Higgs, while the other scalars are very heavy. In this
case, tanf = v,/v; ~0, so that M, = «1Vp?/2, with
v = v. If quantum effects between M; and my were
negligible, the decoupling limit would lead to a very large
neutrino mass hierarchy, cf. Eq. (39). However, operator
mixing below the scale M, can significantly modify this
conclusion.
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The relevant Wilson coefficient (') at the scale my is
calculated from ''|, = «'!|), + 6k'! where

Sl ~ —

M,
— log|{ — ). 40
1622 7" iz, %8 <mH> (40)
Using the explicit form of the  function, this correction can
be schematically written as [11]

o'l = Bk + kBT + bx?2, (41)

which makes clear the operator mixing through the RGE
running. Here B, denote 3 x 3 matrices whereas b is a
number. Explicitly,

2%s (M,
b= 5 jog (ML), 4
167° Og(mH> (42)

which depends linearly on the coefficient of the potential
term 1 15(®]®,)(d]®,) while only logarithmically on the
ratio between the scale of the RHN and the overall scale of
the extra scalars H°, H*, A°.* Due to the large separation
of scales between M; and my, the large logarithm
log(M,/my) partially compensates the loop factor, result-
ing in b ~ O(0.1) for 15 ~ O(1). Concretely,

M, my \7!
b= —034slog [(1014 GeV) (10 TeV> } (43)

where we have taken my > v to implement the decou-
pling limit.

Expressing M,, in terms of mass parameters m,;, as in
Eq. (32), we find for the case tan ff = 0:

2
o Y2
my = - ,
H (1 —cos* @) cos® 0,
my b)’%
my, = — ,
2 (1 —cos* ;) cos® 0,
miy; = my = 0. (44)

Using the invariants from Eq. (35), we obtain for the largest
active neutrino mass:

Y1Y2 Y2 + by,
O(1=cos?0,) |y, cos? 0, ' y,cos?6,]’

ms ~ —m

(45)

and the mass hierarchy

’In the notation of Eq. (1), 45 = 2421o = 2455,

1010 g . . . . r .
10%f
108
107
10°
10°
10*
10°
107 .
10!
10° :

ms3
ny

1072 107" 10° 10' 10> 10° 10* 10° 10° 107 10%® 10°
[m3| [eV]
FIG. 4. Same as Fig. 3, but for a scenario with 15 = 1, such

that the operator mixing due to running below p= M; is
non-negligible.

‘m3 o1 { v, cos 6, Vby, cos 6,12 (46)
my|  sin’0; |\/by,cosf;  yacosb |’

Therefore, for y; ~y,, generic angles 6,,60,,60;, and
As~O(1) [so that b= (O(1)], a mild neutrino mass
hierarchy is generically expected. The effect of A5 in the
running is illustrated in Fig. 4, which considers the same
scenarios as in Fig. 3, but including the running between
M, and my setting A5 = 1. Clearly, for plausible values of
As the operator mixing has a significant impact on the
phenomenology and widens the allowed parameter space of
the model.

V. PLANCK-SCALE LEPTON NUMBER
BREAKING SCOTOGENIC SCENARIO

We consider now a variant of the previous scenario
where the SM symmetry group is extended with a discrete
Z, symmetry, assumed to be exact in the electroweak
vacuum. All SM particles are even under the Z, symmetry.
Further, the SM particle content is extended with fermion
singlets, N;, and scalar doublets with identical gauge
quantum numbers as the SM Higgs boson, 7,, all odd
under the Z, symmetry.

With this setup, all lepton number violating interac-
tions involving only SM particles vanish at tree level. In
particular, the Weinberg operator arises at the one-loop
level. Further, the lightest particle of the Z,-odd sector
constitutes a dark matter candidate. This is the so-called
scotogenic model [13]. This model, however, presents the
same drawbacks as the type-I seesaw model in regards of
predicting the correct neutrino mass and neutrino mass
hierarchy. It was argued in [14,15] that the extension of the
scotogenic model by an additional Z,-odd scalar doublet
leads in general to a mild neutrino mass hierarchy. In this
section, we will investigate whether the breaking of the
lepton number at the Planck scale in a variant of the
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scotogenic model, extended by an additional Z,-odd scalar
doublet, can simultaneously lead to the correct neutrino
mass and mass hierarchy.

The part of the Lagrangian containing the Z,-odd
fermions and scalars reads

1 1 o
Ly =5 NN, = s MiNiNe = Y LNiji, + Hee.. (47)

with a =1, 2. Here we have chosen without loss of
generality to work in the basis for the singlet fermions
where the mass matrix is diagonal with eigenvalues M.
The scalar potential can be split into three separate parts

Voot (@.711:12) = Voo (@) + V, (11,12) + Vi (@, 111, 12),
(48)

with a = 1, 2. Here, Vg(®) = 2®'® + 4 (®T®)? is the
potential for the Z,-even scalar doublet (the SM Higgs
doublet), V, has the form of Eq. (1), replacing ®, by 7,
and

1 1
Vil ®.11.m2) = 5 25 (@1®) (ny) + 5 2" (@7,) () @)

D D
~ -
~ -
~ -
~ -
s
na// \\le
/ \
/ \
$ N
Va Ni Ni \Z

FIG. 5. One-loop diagram generating neutrino masses in the
scotogenic scenario with two inert doublets.

neutral components of the inert doublets will be denoted
by m,, .

As in the rest of this paper, we assume the RHN mass
matrix to be approximately rank 1 at the cutoff scale of the
theory, for which we take A = Mp. We set for simplicity
M3 ~Mp and M;,M, =0. Two-loop quantum effects
induced by the inert doublets generate nonzero values
for M, and M,, given by Eq. (18), with the appropriate
substitutions. Integrating out the heavy particles, a single
Weinberg operator arises, shown in Fig. 5, corresponding to
the effective Lagrangian

1 ab 1 e V- )
+ 545" (@10, (@Fny) +He  (49) Lor=s ) Kp(La®)(@®'LY) +He  (50)
ap
is the interaction potential between the Standard Model
Higgs doublet and the inert doublets. The masses of the  with
|
(@) y(b) 5(ab) 2 2
Yo Y i 4s M m m M? m
"aﬁzz lg 2 2 kMz{ 2 2 1°g<ga>_ 2 kleog(Mné)}' (51)
abk ” my, — M \my, — ny, my, nmy, — My k
Using that in our scenario My > m, , m,,, one can simplify4
(ab) 2 2
A p) U n
M)y S By @y o ), 52
( )aﬂ ;{327[2 ak * pk Mk og M% ( )

where in the logarithm we have approximated both scalar masses by m,, and both fermion masses by M, [see Eq. (22)].
It is now straightforward to calculate approximate expressions for the largest active neutrino mass, using the rank-1
assumption for the Yukawa and RHN mass matrices as previously

(22) 39 4012) 2

1 A A 2cos’ 0,4 m
ms = Tr(M,) ~ ——— mo)’%’z Y2 5 Y1 52 _ LAs log 7'; ’ (53)

167% (1 —cos*0;) \y,cos* @,  y,cos“@, cosbcosb, M;

and for the neutrino mass hierarchy
), cos B, 4(11 )| cos 22 12
ms| [Tr(M,))? Bl uefiad — 2cos’ 6,457 (54
my|  5[Tr(M,)? = Tr(M7)] [/1?1)/1?2) - (/1212))2 cos* 0, sin? 0,

*This result differs by the one reported in [13,14] by factors of 2, as pointed out in [15,28]. Note that [28] defines v = (<I)0>, while [15]
takes v = <d>0) / V2, as we do, hence our formula coincides with the one in [15].
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FIG. 6. Scan plot showing the mass hierarchy between the two
heavier active neutrinos |m3/m,| vs |m3| in the scotogenic
Planck-scale lepton number breaking scenario with two inert
doublets, assuming A = Mp, M3 = Mp/+/8x, and inert doublet
masses m, = 100 TeV and m,, = 2m,, . The Yukawa couplings
have eigenvalues y; = y, = 1 and random misalignment angles,
and the quartic couplings are ﬂgm = /1222) = 0.1 and all other
quartic couplings are taken to be zero for simplicity.

The overall neutrino mass scale is suppressed with respect
to my, given in Eq. (38), as well as the loop factor, but also
enhanced by the large logarithm log(m?2/M3). Therefore,

when the relevant couplings y, y,, and Agab) are all O(1),
and for generic misalignment angles, one again finds an
overall neutrino mass scale in the ballpark of the exper-
imental values. Similarly to our conclusions in Sec. IV, it is

necessary to have sin@; # 0 (i.e., a misalignment between

the vectors ﬂ(Ll) and ﬁ(Lz)) in order to generate a non-

vanishing m,. These results of the neutrino mass eigen-
values are again independent of the misalignment between
neutrino and charged lepton Yukawa couplings. Taking this
misalignment to also be generic, one expects a leptonic
mixing matrix with mixing angles which are neither small
nor maximal, in qualitative agreement with observations.

Our conclusions are illustrated in Fig. 6, which shows the
largest neutrino mass and mass hierarchy for a random scan
of the flavor directions for the scotogenic scenario, assuming
A = Mp, M5 = Mp//8x,m, =100TeV,andm,, = 2m
as well as y; =y, = 1, and A{'"") =2 = 0.1, A{" =

/1(521) = 0. As anticipated, most points lie in the region with

|I’I’l3| = 0.001-0.1 eV, and |m3/m2| < 100.

m>

VI. CONCLUSIONS

We have considered an extension of the type-1 seesaw
model by extra scalar doublets, assuming that the total
lepton number is broken by a right-handed neutrino mass

close to the Planck scale. In this setup, lighter right-handed
neutrino masses receive contributions at two loops, propor-
tional to the mass of the heaviest. In this work we have
focused on the scenario where the lighter masses are
dominated by these quantum contributions. This scenario,
that we denominate Planck-scale lepton number breaking
seesaw scenario, has a larger predictive power compared to
the general seesaw framework, since the whole neutrino
mass spectrum is determined by only two mass scales, the
Planck scale and the electroweak symmetry breaking scale,
which are known.

We have shown that under fairly general conditions,
this scenario leads to active neutrino masses in the
ballpark of the experimental values. At very high energies,
two-loop quantum effects induced by the two Higgs
doublets, generate comparable masses for the lighter
right-handed neutrinos. Integrating out the right-handed
neutrinos leads to small neutrino masses through the
seesaw mechanism. One of the active neutrinos is pre-
dicted to be m3 ~ (162%)%v?/Mp ~ 0.1 eV. Further, the
mild hierarchy between the two lighter right-handed
neutrino masses generically leads to mild hierarchies
between the two largest eigenvalues of the Wilson
coefficients of the Weinberg operators. This already
suggests the generation of solar and atmospheric mass
scales with a mild hierarchy. Further quantum effects due
to the operator mixing among the Weinberg operators
assist in the generation of a mild neutrino mass hierarchy,
which then becomes a fairly generic expectation of the
model. Moreover, one expects angles in the leptonic
mixing matrix which are neither small nor maximal,
although the precise values cannot be predicted in our
phenomenological approach, which does not impose any
restriction on the flavor structures at high energies. Let us
also stress that this scenario does not require a light exotic
Higgs sector and the same conclusions apply in the
decoupling limit, where lepton flavor and CP-violating
processes have suppressed rates.

We have finally considered a “scotogenic” variant of this
scenario with three fermion singlets and two scalar doublets
carrying a Z, charge. The same conclusions apply for the
neutrino phenomenology. Further, the “inert” doublets in
this case make for a viable dark matter candidate.
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