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The minimal type-1 seesaw framework with texture-zero Yukawa and mass matrices inspired by

Occam’s razor is incompatible with normally ordered neutrino masses (currently preferred by data) when

lepton mixing originates solely from the neutrino sector. Moreover, the lightest right-handed neutrino mass

required to generate the observed baryon asymmetry of the Universe via leptogenesis (M ~ 10! GeV) is
in conflict with vanilla scenarios for (Peccei-Quinn) axion dark matter where the reheating temperature of

the Universe is typically below 10'> GeV. In this work, we present a new Occam’s razor setup which
overcomes these problems by including charged-lepton mixing parametrized by a single angle, which is
predicted to be very close to the quark Cabibbo angle. Furthermore, the atmospheric mixing angle lies
in the second octant and the leptogenesis scale is lowered to ~5.5 x 10'° GeV, lifting the tension with the

axion dark-matter hypothesis.

DOI: 10.1103/PhysRevD.102.055021

The discovery of neutrino oscillations, and the ensuing
fact that neutrinos are massive particles, provide irrefutable
evidence for physics beyond the Standard Model (SM).
Besides being unable to accommodate neutrino masses and
lepton mixing, the SM also fails at supplying a suitable
dark-matter (DM) candidate, and a convincing explanation
for the observed excess of matter over antimatter in the
Universe. Remarkably, two of the said limitations may be
overcome adding to the SM two heavy right-handed (RH)
neutrinos which, besides acting as light-neutrino mass
mediators at the classical level (seesaw mechanism [1]),
also play a crucial role in generating the baryon asymmetry
of the Universe (BAU) via leptogenesis [2]. This minimal
setup provides a perfect template to address the neutrino
mass and BAU problems in a rather economical and
minimal way [3].

Over the last few decades, neutrino oscillation experi-
ments have been collecting data, gradually improving the
measurement of neutrino parameters. Still, and in spite of
the exceptional results obtained so far, three crucial aspects
remain to be clarified: the type of neutrino mass ordering
(normal or inverted), the value of the leptonic CP-violating
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phase o, and the 6,3 (atmospheric mixing angle) octant.
At present, global analyses of the data [4-6] indicate a
preference for a normally-ordered (NO) neutrino mass
spectrum at the 3¢ level, and also for 6,3 belonging to
the second octant. Furthermore, the current best-fit value
for 6 lies around 37/2 for inverted-ordered (I0) neutrino
mass spectrum, hinting to large CP-violating effects in the
lepton sector for that case. For NO, global fits using the
latest data presented at the Neutrino 2020 conference
[7-10] reveal that ¢ is closer to the CP conserving value
0~z due to a mild tension between T2K and NOvA data
[4-6]. In spite of this, the two data sets are statistically
consistent.

Several approaches have been proposed to explain neu-
trino data [11], being the two RH neutrino extension of the
SM (2RHvSM) [12,13] a framework often considered
[14-21], also in the context of leptogenesis [22-33].
Following the Occam’s razor spirit, previous studies have
shown that the 2RHvSM with texture-zero Yukawa and mass
matrices is not compatible with data for a NO spectrum
[3,34-39]. Moreover, for leptogenesis to be effective in
generating the observed value of the BAU, the lightest RH
neutrino mass M, should lie close to 10'* GeV [38]. Since,
typically, the reheating temperature of the Universe obeys
Trn 2 M, [40,41], that value of M is in conflict with vanilla
scenarios where the DM density is due to a Peccei-Quinn
(PQ) axion [42] with f, ~10'> GeV [43-45]. Indeed, if
Trh > fa» the PQ symmetry is restored, even if broken
before or during inflation. The required spontaneous
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breaking of that symmetry after reheating would lead to
domain-wall production, which is incompatible with stan-
dard cosmology [46] (this is, however, not a problem in a
special axion model with domain-wall number Npw = 1
[47,48]). So, besides being incompatible with NO neutrino
masses, the minimal seesaw with Occam’s razor studied so
far is also in tension with the axion DM hypothesis. Notice,
however, that to keep the number of parameters as minimal
as possible, charged leptons were assumed to be in their
mass basis, in which case lepton mixing originates solely
from the neutrino sector.

Guided by the same Occam’s razor principle, we show in
this work that a NO neutrino mass spectrum and ¢ lying in
the experimentally allowed region can be simultaneously
accounted for with the same number of parameters as in the
aforementioned studies, but with nontrivial charged-lepton
mixing parametrized by a single angle 9,. The atmospheric
neutrino mixing angle 6,5 is predicted to be in the second
octant and, interestingly, 8, is very close to the quark
Cabibbo angle 6 ~0.23. Moreover, taking the present
best-fit value for the low-energy CP-violating phase 0,
successful generation of the BAU through (flavored) lepto-
genesis requires the lightest RH neutrino mass to be
~5.5 x 10'% GeV, well below the problematic 10'* GeV
value referred above.

Let us start by considering the 2RHvSM in which the
minimal type I seesaw can be realized. The Lagrangian for
the lepton Yukawa and mass terms reads

_ - 1 _
£ = —l/ﬂLYD*q)I/R —EWMRI/;? —l/ﬂLYf(I)eR+H.C., (1)

where Y, (Y,) is the 3 x 2 (3 x 3) Dirac neutrino (charged-
lepton) Yukawa coupling matrix, and My, is the symmetric
2 x 2 RH neutrino mass matrix. As usual, ® = (¢* ¢°)7
stands for the SM Higgs doublet with ® = ic,®* (o, is the
complex Pauli matrix in the usual notation). The left-
handed (LH) lepton doublets, RH charged-lepton and RH
neutrino singlets are denoted by ¢; = (ve),, eg and v,
respectively. The charged-lepton and seesaw neutrino
mass matrices generated upon electroweak symmetry
breaking are

M, =vY,, M, = —0*Y,M;7'Y,7, (2)
being v ~ 174 GeV the vacuum expectation value of ¢°.
The relevant LH field rotations to the mass basis will be
denoted by the unitary matrices U, and U, such that

UI/TMI/UI/ = diag(mlv ms, m3) = dmv (3)

U, "M/M, U, = diag(mg, my, mz), (4)

where, m, , 3 and m, , . are the light-neutrino and charged-
lepton masses, respectively. The lepton mixing matrix

probed by neutrino oscillation experiments is U=U,"U,.
We recall that, since m; = 0 in the 2RHUSM, m3 = Am3,
and m3 = Am3,, being the neutrino mass-squared differences
Am3, 5, also measured experimentally.

In the charged-lepton mass basis (U, = 11), the most
restrictive texture-zero matrices Y, and My, (labeled as T,
and R_,, respectively) compatible with data are [38]:

Ttlb: (Yl/)al = (YU)bZ - O’ a # b = 1727 37 (5)

Rey: Mg).y =0, c¢<d=1,2. (6)
The effective neutrino mass matrix M, generated by the
seesaw formula given in Eq. (2) with any of the (Y,, My) =
(TupRey) pairs always exhibits one of the following
structures

0 x x x 0 x X 0
A: x|, B: - x x|, C: x |,
X . X X
X X X X X X X
D: 0 x|, E:| - x 0], F: X
X . X 0
(7)

From Eq. (3), and taking into account that U, = U,U, the

low-energy constraint imposed by the condition (M, ),; = 0
for each texture A — F reads
my (U000 "
ms (U;’U*)Q (U;U* ) 2

As usual, we express U = Vydiag(1, ¢/¥/?, 1), where V; is
defined by the three mixing angles 6;; (i < j = 1, 2, 3) and
the Dirac-type phase o (here, we consider Vs parametrized
as in Ref. [39]). Since m; = 0, there is a single Majorana
phase a. With this convention, Eq. (8) leads to the low-
energy relations

. Am3, :‘ (UV;5)5(UpV5) 15 )
g Am%l (U;VZ)IQ(U;V;)JQ ’
= o (UV3)s <U;V:;>,-3} o
(U:V5)(UpV5)

It has been shown that in the 2RHvSM none of the textures
given in Eq. (7) is compatible with present neutrino
oscillation data for a NO spectrum when all lepton mixing
stems from the neutrino sector, i.e., when U, = 1 [38].

055021-2



NEW APPROACH TO NEUTRINO MASSES AND LEPTOGENESIS ...

PHYS. REV. D 102, 055021 (2020)

In the Occam’s razor spirit, we will consider simple cases
of two-flavor mixing in the charged-lepton sector, with the
same number of parameters as when M, is diagonal, i.e.,
three. Namely, the textures for M, to be studied are

m, 0 0 0 0 €
L’l‘: 0O 0 €], L’z‘: 0 mg O],
0 €€ m e 0 m
0 ¢ O
Lkl e m 0|, (11)
O 0 my

where the charged lepton with flavor k=e, pu, 7 is
decoupled. In each case, € and m are determined by the
charged-lepton masses as € = &, /m;m; and m = m; — m;
with i # j # k = e, u, T and m; > m;. The corresponding
2 x 2 rotation in the (i, j) plane which diagonalizes Lf , 5 is

defined by the angle 6%

1 2. /mnt;
0% = :l:arctan<j> ~+\/mj/m;,  (12)
2 m; —m;

J 1

which, using the experimental values of m, , ., implies:

05| ~0.24, 6| ~0.017, 07] ~0.07.  (13)
Notice that 0% ~ \/m,/m, ~0.24 is close to the quark
Cabibbo angle 0- ~0.23. As it will be shortly seen, the
case L{ turns out to be preferred by data. From now on we
will only focus on textures L¢, L’z‘ and L for M, since the
remaining possibilities are related to those by row and
column permutations. Any i-row permutation must be
also performed in Y,, implying a simultaneous i-row
and -column permutation in M,. Thus, some pairs
(M,,M,) = (A—F,Lf,;), with A-F and L! given
in (7) and (11), respectively, are actually equivalent with
respect to their low-energy predictions.

In order to test the compatibility of the new Occam’s
razor setups with neutrino data we proceed as follows.
For each (M,,M,.05)=(A-FL},; &) case, where +
indicates the sign of 9’; in Eq. (12), we obtain the
corresponding low-energy constraint defined by Eqgs. (9)
and (12). Since the atmospheric mixing angle 0,3 is
currently the less precisely measured oscillation parameter
(besides o), we choose to express 03 as function of 0, ;3,
Am3, 5, 6 and 6%. We then minimize the total chi-squared
function y2, using the one-dimensional y? distributions
given in Refs. [6,49] for all oscillation parameters,
except for 6,3 and §. Their contribution to y2, is instead
determined using an interpolating function of the two-
dimensional y?(6,3,5) data sample publicly available at
[49]. Obviously, the value of 0,3 is the one implied by
Occam’s razor and extracted from (9). After identifying the

best-fit scenario and the corresponding 72. , we find the 1o
and 30 allowed regions in the (6,6,3) plane for all
cases compatible with data which correspond to Ay =
2% =72, <230 and 11.83, respectively.

Our results show that the best scenario is the one
provided by the combination (C,L¢,+) with 72, =
7.2 x 1072, The 1o and 3¢ regions are presented in the
top panel of Fig. 1, where the experimental regions are also
shown for comparison. Clearly, 6,5 is predicted to be in the
second octant. Other combinations like (B,LS,—),
(C,L%,+) and (A, L%, —) are marginally compatible with
data at 1¢ while (C,L%,-) and (B, L%, +) are only com-
patible at 30, as shown in the bottom panel of the same
figure. Notice that, except for the case (A, L%, —), all those
solutions select one of the 6,3 octants. Thus, future
clarification of the 6,3 octant problem will be essential
to scrutinize the Occam’s razor hypothesis put forward in
this work, rending it testable. It is also worth emphasizing
that for the preferred case M, is of L{ type and, thus, the
mixing coming from the charged lepton sector is very close
to quark Cabibbo mixing. To evaluate the impact of the
latest T2K [7] and NOvA [9] data, we present in Fig. 2 the
same as in Fig. 1 but considering the pre-Neutrino2020
global fit results of Refs. [50,51], which do not include that
data. By comparing the two figures we conclude that after
including the new T2K and NOvA data (C, L{, 4+) remains
the preferred scenario with a better fit quality, being
(B,L¢, —), (C,L%, —) and (A, L%, —) now marginally com-
patible with data at 1.

For (C,L{,+) and (B, L{, —), the dependence of 6,3 on
the remaining oscillation parameters and on the charged-
lepton mixing angle 6% can be expressed by

2 . ]l
2513 F 2r,81351,C5

tan(ezj; + 9;) = r Sin(2912) ’

a~+65, (14)

which hold to a very good approximation (we use the
notation c¢;; = cos;; and s;; =sin6;;). The upper and
lower signs apply to the (C,L{,+) and (B,L{, —) combi-
nations, respectively. Notice that the Majorana phase « is
directly related to the Dirac CP phase 6. In the top panel of
Fig. 3, the allowed regions in the (§, @) plane are shown for
(C, LS, +), confirming the approximate result & ~ ¢ in (10).
Using relations (9) and (10), the dependence of mg; (the
effective neutrino mass parameter relevant for neutrinoless
beta decay) and 6 can be established, as shown in the
bottom panel of Fig. 3 for (C,L{, +). The results show
that Mgz € [1.2,3.8] meV at 36, being 1.55 meV at the
best-fit point.

Besides setting the minimal seesaw template for neutrino
mass generation, the 2RHvSM also provides the most
economical framework for the generation of the BAU
through the leptogenesis mechanism [2]. In this context,
the baryon-to-photon ratio 7p is given by [52]
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FIG. 1. Top: lo and 30 allowed regions in the (8, 0,3) plane FIG. 2. For comparison, we show in this figure the same as in

are shown in cyan and magenta, respectively, for the best-fit
combination (M,,M,,6%) = (C,L¢,+). The point marked
with a black dot corresponds to the absolute minimum
72 =7.2x 1072, For comparison, the lines delimiting the
regions allowed by experimental data only are also shown (with
the best-fit point marked with a blue star). Bottom: Delimiting
lines of the 3¢ regions (Ay? = 11.83) and corresponding values
of Ay2. = y2. — 7%, for the remaining texture combinations.

nNp = asthB_L/N;eC ~90.6 x 10_3NB—L7 (15)

being ag,, = 28/79 the sphaleron conversion factor, Np_;,
the final B — L asymmetry and Ny¢ ~37.0 the number of
photons at the recombination temperature computed in the
same comoving volume. The present 77z value determined
from Planck Collaboration data is [53]

Fig. 1, but considering the pre-Neutrino 2020 global-fit of
Refs. [50,51], i.e., without the new NOvA and T2K data [7,9].

n% = (6.11 +£0.04) x 10710, (16)

The generation of #p through leptogenesis requires
nonvanishing CP asymmetries in the RH neutrino decays
vpi — C,P, given by [54,55]

11 o
ef = gemy, UMIOV)aH; (Yo )o ]l () + 9(,)]
+Im{(Y;) 1Y, (Y, )9 ()} (17)

where j#i=1, 2, x; = Mj/M}, being M; the heavy
neutrino masses. Here, Y, = U,”Y, denotes Y, in the
charged-lepton diagonal basis, H” = Y*'Y?, and f(x), g(x)
and ¢(x) are loop functions (see, e.g., Ref. [56]).
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FIG. 3. Majorana CP-violating phase a (top panel) and

effective neutrino mass parameter 1145 (bottom panel) as function
of the Dirac CP phase 6.

To compute Np_; we consider two regimes differing from
their M , validity ranges [55,57]: the flavored regime with
10 <M, <10 GeV (only 7 Yukawa interactions are
in equilibrium), and the unflavored regime with M, 2
10'2 GeV (all Yukawa interactions are out of equilibrium,
being indistinguishable). In the former case, the relevant
CP asymmetries are €7 and €/ = €¢ + ¢/, while in the latter
only the asymmetry summed over all flavors, i.e.,
€ = > , €% needs to be considered. The efficiency factors
in the production of Ng_; (k¢ and «; for the flavored and
unflavored regimes, respectively) can be computed using
the results of Refs. [52,58].

In the remaining, we address the question of whether the
observed BAU can be generated via leptogenesis in the

preferred Occam’s razor scenario with (M,, Mg, 05) =
(C,L§,+). Within the 2RHv/SM with texture-zero Y,
and Mg, a neutrino mass matrix M, of the type C shown
in (7) can only be generated by combining Y, and Mg
matrices of the type T35, and Ry, defined in (5) and (6),
respectively. To compute the CP asymmetries €, we use
the Casas-Ibarra parametrization [59]

Y’ = »~1U, U d)/*Rd.)%, (18)

where d,, has been defined in Eq. (2) and dy =
diag(M,, M,). Since m; =0, the complex orthogonal
3 x 2 matrix R can be parametrized by a single complex
angle z and a discrete-valued parameter £ = 41 [13]. The
conditions for Y, given in (5) determine z in terms of low-
energy parameters. Namely, for a NO spectrum,

(Y,); = 0: tanz = —5\/%% (19)

(Uv*)iS
(UU*)iZ ’

which, together with the low-energy relations given in
Eq. (14), determine the CP asymmetries and corresponding
efficiency factors k;. The results when Y, is of the type T3
may be obtained from those with T3; through M; < M,
i.e., ry = 1/ry where ry = M, /M. It can also be shown
that € = 0, and that the dependence of x; on M|, can be
safely neglected.

In the following, all presented numerical results were
obtained considering the values of the neutrino parameters
which minimize y2, for (M,,M,,0%) = (C,L{,+), ie.,
those corresponding to the black dot in the left panel of
Fig. 1. We obtain 575 < 0O for texture T3 and ry > 1, in both
flavored and unflavored regimes. Therefore, these cases are
obviously excluded and, from now on, we will restrict
ourselves to T3; with ry > 1. In the unflavored regime
(M, = 10'? GeV), the dominant contribution to 5z comes
from vk, decays implying 7z ~—9.6 x 107%k;e; with
Kk, =~ 3.7 x 1073, Taking a ~ 8, as obtained in (10),

(Y,), =0:tanz = & Z—: (20)

. 3M, Am3,s3sss
= 22 22 2\°
1670 (513 + rys1,¢13)

€1 (21)

leading t0 7z ~6.9 x 10722(M,/GeV) which, for M, >
10'2 GeV, implies 75 2 6.9 x 1071° ~ 1.1%%. Including
the contribution of the heaviest RH neutrino one gets
ng 2 1.2 x 107 =~ 1.9%. Thus, 53 is too large and unfla-
vored leptogenesis is disfavored.

Turning now to the flavored regime, and assuming
M, Z 3M, as in Ref. [58], we checked that the dominant
contributions to 7z come from €]”, being Np_; ~ —ke] —
K\ el with
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np =1y =6.11 x 1071 M, > 102 GeV

I

107 [

T~

(TZSh R]‘Z)

10° 101

I .1.011 0 1012

M1 (GCV)

FIG. 4. njp contours in the plane (M, ry) obtained with a full
numerical analysis based on the results of Ref. [58] for flavored
leptogenesis applied to the case (M,,, M, %) = (C,L¢, +) built
from (Y,,My) = (T3;,R},). The low-energy constraints cor-
responding to texture C for M, and the best-fit values for the
oscillation parameters have been used. In the hatched region M,
is out of the mass interval for the flavored leptogenesis regime.
The red solid contour corresponds to the experimental
value (16).

/A2 2
. 3M, Am355513(513¢33 = 1,512€12523€23)

€
1 2022 2 )
167v*(r;s1, + 513)
3M\/Am? s555135-3C
671/ _ 6,14 ~ 1 3155513523 23’ (22)

167v%r, tan 6,

where a ~ § was again used. Given that k7 ~ 1.7 x 107!
and K/ ~5.6 x 1073, we obtain 7z ~ 6.0 x 10721(M, /GeV).
Thus, the experimental value of #p requires M, ~
1 x 10" GeV. In Fig. 4, we show the results for ng
obtained with a full numerical analysis, considering the
contributions of all flavors in the decays of both

heavy neutrinos. The red contour for gz = 7% at M, =
5.5 x 10'° GeV is in agreement with the estimate above." It
is also clear from the figure that 75 is not sensitive to M,.

In conclusion, the new Occam’s razor scenario for texture-
zero Yukawa and mass matrices with (M,,M,,0%)=
(C,L¢,+) is compatible with a normally ordered neutrino
mass spectrum, and predicts 6,3 belonging to the second
octant. The difference with respect to previous works, where
only invertedly ordered neutrino masses are compatible with
data, is that charged-lepton mixing is introduced without
increasing the number of parameters in M. Interestingly,
this mixing is predicted to be very close to quark Cabibbo
mixing. Another appealing feature of this setup is that the
mass of the lightest RH neutrino required for leptogenesis
to work is substantially lowered from 10'* GeV (the value
inferred in previous works with diagonal M,) to
5.5 x 10'° GeV. Such value is consistent with vanilla
scenarios of axion dark matter in which the reheating
temperature of the Universe lies below 102 GeV to avoid
harmful domain-wall production. Future neutrino oscillation
results will be decisive to confirm or disprove the hypothesis
put forward in this work.
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M, =22x10'° GeV.
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