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A nonsupersymmetric renormalizable SOð10Þ model, with CP invariant Yukawa sector consisting of
Lorentz scalars in 10 and 126 dimensional representations, is proposed. The elemental Yukawa couplings
are real due to CP symmetry. The latter is broken in the low energy effective theory through the standard
model Higgs which is a complex linear combination of electroweak doublets residing in 10 and 126 scalars.
As a result, the mass matrices in the quark and lepton sectors, including those of heavy and light neutrinos,
depend only on three phases which in turn determine CP violation in both sectors. The model is
comprehensively analyzed for its viability and predictions including the possibility to generate baryon
asymmetry through thermal leptogenesis. It predicts relatively small values for CP phases in the lepton
sector. Successful leptogenesis further restricts the ranges to −0.4 ≤ sin δ ≤ 0.4 for the Dirac phase and
−0.3 ≤ sin η1 ≤ 0.2, −0.5 ≤ sin η2 ≤ 0.5 for the Majorana phases.

DOI: 10.1103/PhysRevD.107.075041

I. INTRODUCTION

Grand unified theories (GUT), through the virtue of
quark-lepton unification, often provide a predictive and
verifiable theory of flavor by establishing correlations
between the masses and mixing pattern of the Standard
Model (SM) fermions. This, in particular, has been dem-
onstrated for the renormalizable versions of the SOð10Þ
GUT [1,2] inwhich the effectivemassmatrices of the quarks
and leptons including neutrinos stem from a few funda-
mental Yukawa couplings [3–10]. Quantitative fits to the
known fermion mass spectrum have been carried out for
several variants of the basic framework in [11–37] which
then allow one to derive predictions for the experimentally
unknown observables making the underlying framework
testable.As an example, a range for the reactormixing angle,
0.015 < sin2 θ13 < 0.03, was predicted in a minimal non-
supersymmetric SOð10Þ model in [22] which was found
consistent with the value, sin2 θ13 ¼ 0.023� 0.0023,
directly measured by Daya Bay [38] and RENO [39] just
a year later.
Having measured all three leptonic mixing angles with

reasonably good precision, the efforts in the neutrino
experimental activities are now focused to measure the
CP violation and the absolute scale of neutrino masses.

Therefore, it is worthwhile to derive clear and compre-
hensive predictions for these observables in realistic and
predictive frameworks. Notably, some of the simplest
models which have been investigated comprehensively
for their predictions for leptonic CP violation predict no
clear preference for specific values for the leptonic CP
phases, see for example [22,26,34,36]. This can be attrib-
uted mainly to the presence of the complex Yukawa
couplings whose phases bring enough freedom to accom-
modate the desired amount of CP violation.
A way to reduce the number of phases in the effective

couplings is to impose a suitably defined CP symmetry on
the Yukawa sector [40]. The symmetry can be broken
spontaneously to account for the nonzero CP violation in
the quark sector. SOð10Þmodels based on this principle have
been constructed and studied earlier in [15,16,20,22,37]. All
these models use the most general Yukawa sector consisting
of scalars in 10, 126 and 120 dimensional irreducible
representations of SOð10Þ. Reduction in parameters is then
achieved by imposing additional symmetries and/or assum-
ing specific choices for the phases of the vacuum expectation
values (VEV) of the underlying scalars.
In this article, we propose an alternative model based on

the CP invariant Yukawa interaction that uses only 10 and
126 and no additional symmetries and/or ad-hoc assump-
tions about VEV. The theory below the GUT scale contains
an electroweak doublet scalar, to be identified with the
SM Higgs, which is a combination of the similar scalars
residing in 10 and 126. Spontaneously broken CP makes
this combination complex and introduces three phases in
the effective Yukawa couplings of the quarks and leptons.
These phases determine CP violation in both the quark and
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lepton sectors. Exploiting the predictive power of this
simplest framework, we derive predictions for the Dirac
and Majorana CP phases in the lepton sector and for the
observables which depend on the absolute mass scale of
neutrinos. We also analyse the thermal leptogenesis within
this setup and outline its consequence on the derived
predictions.

II. CP INVARIANCE AND YUKAWA SUM-RULES

The renormalizable Yukawa interactions of 16-dimen-
sional spinors ψa, containing the left chiral Weyl fermions,
with a complex Φ and Σ̄, which respectively transform as
10 and 126 of SOð10Þ, can be written as [41]

−LY ¼ ðY10ÞabψT
aC−1C5ΓμψbΦμ

þ ðỸ10ÞabψT
aC−1C5ΓμψbΦ�

μ

þ 1

5!
ðY

126
ÞabψT

aC−1C5Γ½μΓνΓρΓλΓκ�ψbΣ̄μνρλκ

þ H:c:; ð1Þ

where a, b ¼ 1, 2, 3 are flavor indices. Γμ, with μ ¼
1; 2;…; 10, are traceless matrices which define rank 10
Clifford algebra, fΓμ;Γνg¼2δμνI. Also, Γ

†
μ ¼ Γμ and ΓT

μ ¼
ð−1Þ1þμΓμ. C is the usual charge conjugation matrix acting
on Lorentz spinors and it obeys CT ¼ C† ¼ C−1 ¼ −C.
Analogously, C5 ¼ Π5

i¼1Γ2i−1 is conjugation matrix which
acts on SOð10Þ spinors with properties: C†

5 ¼ C−1
5 ¼ C5

and ΓμC5 ¼ ð−1Þ1þμC5Γμ. It is well known that the Fermi
statistics along with the above properties of Γμ and C5

imply that Y10, Ỹ10, and Y126
are symmetric matrices [41] in

flavor space.
We define the following CP transformations for the

fermion and scalar fields.

ψaðxÞ⟶CP iCψ�
aðx̂Þ;

ΦμðxÞ⟶CP ð−1Þ1þμΦ�
μðx̂Þ;

Σ̄μνρλκðxÞ⟶CP ð−1Þ1þμ…ð−1Þ1þκΣ̄�
μνρλκðx̂Þ; ð2Þ

where x≡ ðx0; xiÞ and x̂≡ ðx0;−xiÞ. The above trans-
formations are specific choices from a more general class
of CP transformations that leave the gauge interactions
invariant [40]. CP transforming each term in Eq. (1) using
(2) and comparing the result with the Hermitian conjugate
of the original term, we find

Yab ¼ Y�
ba; for Y ¼ Y10; Ỹ10; Y126

: ð3Þ

The above along with their symmetric property implies that
all the elements of Y10, Ỹ10, and Y

126
are real.

The scalar fields Φ and Σ̄ each contains a pair of
electroweak Higgs doublets, namely h1; h̄1 ∈ Φ and
h2; h̄2 ∈ Σ̄, where h1;2 (h̄1;2) have hypercharge Y ¼ 1=2
(−1=2). The Yukawa interactions of the SM fermions and
right-handed (RH) neutrinos with h1;2 and h̄1;2, as com-
puted from Eq. (1), are given by [36]

− LY ⊃ Q̄L

�
2

ffiffiffi
2

p
Y10h1 þ 2

ffiffiffi
2

p
Ỹ10

˜̄h1 þ 4

ffiffiffi
2

3

r
Y
126

h2

�
dR

þ L̄Lð2
ffiffiffi
2

p
Y10h1 þ 2

ffiffiffi
2

p
Ỹ10

˜̄h1 − 4
ffiffiffi
6

p
Y126h2ÞeR

þ Q̄L

�
2

ffiffiffi
2

p
Y10h̄1 þ 2

ffiffiffi
2

p
Ỹ10h̃1 þ 4

ffiffiffi
2

3

r
Y
126

h̄2

�
uR

þ L̄Lð2
ffiffiffi
2

p
Y10h̄1 þ 2

ffiffiffi
2

p
Ỹ10h̃1 − 4

ffiffiffi
6

p
Y
126

h̄2ÞνR
þ H:c:; ð4Þ

where h̃1;2 ¼ iσ2h�1;2 and ˜̄h1;2 ¼ iσ2h̄�1;2. We have sup-
pressed the flavor indices in writing the above. Note that
the Higgs doublet residing in Φ couples to both the up-type
and down-type fermions as bothΦ andΦ� participate in the
Yukawa interaction.
Next, we assume that only a linear combination of four

Higgs doublets is light and participate in the electroweak
symmetry breaking. In general, the Higgs doublets with
identical SM charges mix with each other and their most
general mass Lagrangian, in the basis h ¼ ðh1; h2; ˜̄h1; ˜̄h2ÞT ,
can be written as

Lmass
h ¼ −ðM2

hÞijh†
ihj: ð5Þ

The diagonal elements of M2
h can arise from the terms like

ΦΦ� and Σ̄Σ̄� in the scalar potential and they are always real.
The off-diagonal terms are in general complex parameters
which can result from gauge invariant terms like ΔΦ2,
Δ2Φ�Σ̄, Δ2ΦΣ̄, and/or ΘΦ�Σ̄, ΘΦΣ̄ when Δ and/or Θ
acquires complex VEVs breaking the CP spontaneously.
Here, Δ (Θ) is 45-(210-)dimensional Lorentz scalar and at
least one of them is necessarily required to be present in the
complete model to break SOð10Þ down to the SM [42].
Amassless linear combination ofhi can be arranged through
a usual fine-tuning condition, DetðM2

hÞ ¼ 0.
Identifying the lightest combination of hi as h, the latter

can be parametrized as

h ¼ cθh1 þ sθcχe−iϕ1h2 þ sθsχcζe−iϕ2 ˜̄h1

þ sθsχsζe−iϕ3 ˜̄h2; ð6Þ

where cθ ¼ cos θ, sθ ¼ sin θ and so on. Using Eqs. (4)
and (6), the Yukawa interactions of the SM quarks and
leptons at the sub-GUT scale are then obtained as
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−LY ⊃ Q̄LYdhdR þ Q̄LYuh̃uR

þ L̄LYeheR þ L̄LYνh̃νR þ H:c:; ð7Þ

with

Yd ¼ H þ reiϕ2H̃ þ eiϕ1F;

Ye ¼ H þ reiϕ2H̃ − 3eiϕ1F;

Yu ¼ H̃ þ re−iϕ2H þ se−iϕ3F;

Yν ¼ H̃ þ re−iϕ2H − 3se−iϕ3F; ð8Þ

and H ¼ 2
ffiffiffi
2

p
cθY10, H̃ ¼ 2

ffiffiffi
2

p
cθỸ10, F ¼ 4

ffiffi
2
3

q
sθcχY126

,

r ¼ sχcζ tan θ, and s ¼ sζ tan χ.
It is well known that the third term in Eq. (1) can give

masses to the RH neutrinos when an SM singlet and B − L
charged scalar, namely σ, residing in Σ̄ acquires a VEV. We
parametrize the resulting RH neutrino mass matrix as

MR ¼ cvσY126
≡ vRF: ð9Þ

The above, together with the Dirac neutrino masses vYν,
generates effectively the masses for the light neutrinos,
through type I seesaw mechanism,1 given by

Mν ¼ −
v2

vR
YνF−1YT

ν ; ð10Þ

where v≡ hhi ≃ 174 GeV.
The Yukawa sum rules derived in Eq. (8) and Mν given

in Eq. (10) determine all the masses and mixing observ-
ables of the SM fermions including theCP violation in both
the quark and lepton sectors. The model contains 21 real
parameters (see the next section for the count) in compari-
son to 21 in [15] and 17 in [16,22] proposed and analyzed
earlier based on SOð10Þ and spontaneous CP violation.
However, all the previous frameworks use the extended
Yukawa sector including 120-dimensional Higgs and addi-
tional symmetries like Z2 or Uð1Þ, or assume purely
imaginary VEVs. The model proposed here does not rely
on such ad-hoc assumptions.
The most noteworthy feature of the relations, Eqs. (8)

and (10), is that the CP violation arises only from phases ϕk
(k ¼ 1, 2, 3) since all the remaining parameters are real.
The model, therefore, provides a predictive setup in which
the CP violation in the quark and lepton sectors is expected
to be correlated.

III. FERMION SPECTRUM FIT
AND PREDICTIONS

With a suitable choice for the basis of ψa in Eq. (1), the
matrix H̃ in Eq. (8) can be made diagonal and positive. This
leaves a total of 21 real parameters (3 in H̃, 6 each inH and
F, three phases ϕk and r, s, vR) which determine 22
observable quantities that include 12 fermion masses, 6
mixing angles in the quark and lepton sectors and 4CP
phases. Out of these, the absolute scale of the neutrino
masses and three leptonic CP phases are not yet directly
measured.2 Our aim in this section is to fit the 18 exper-
imentally observed quantities to determine the 21 unknown
parameters using the χ2-minimization method [36] and
use the obtained parameters to derive predictions for the
unmeasured observables.
Our numerical analysis method is similar to the one used

earlier and described at length in [36]. The fit is carried out
for the values of parameters at the GUT scale, MGUT ¼
2 × 1016 GeV. We use 1-loop renormalization group evo-
lution (RGE) equations of the SM to determine the charged
fermion masses and quark mixing parameters atMGUT. For
the neutrino masses, we assume normal ordering which is
qualitatively plausible considering the quark-lepton uni-
fication. It is known that RGE effects in the neutrino masses
and leptonic mixing angles are small for the normal
ordering and, therefore, we use low-energy values for
these observables from [44] for fitting. The values of
various observables used in χ2 are given as Oexp

i in
Table I. For the standard deviation, we consider 30% for
the light quark masses and 10% for all the remaining
observables. These conservative uncertainties are taken to
account for higher-order RGE effects and threshold cor-
rections. We also assume no sizeable modification in the
running of Yukawa couplings due to possible new inter-
mediate scales. Actual incorporation of such effects
requires the specification of a complete Higgs sector and
symmetry-breaking pattern beyond the Yukawa sector and
is highly model dependent. Nevertheless, with the use of
conservative standard deviations, we expect our results to
not get drastically altered in the presence of such effects.
Since ϕk are the only source of nonvanishing CP, we

first randomly vary their values (which can be taken
between 0 and π without loss of generality) simultaneously
and optimize the values of the other 18 parameters using χ2

minimization. The result is displayed in Fig. 1 in case of ϕ1

for which we get a clear correlation. Solutions with χ2min<9

disfavors 0.4π < ϕ1 < 0.6π. In case of ϕ2;3, we do not find
any specific correlation. Almost all the values of ϕ2;3 are
found to give acceptable χ2min. We also find χ2min ≥ 100 for
ϕk ¼ 0 or π, since they cannot reproduce the nonzero CKM

1There is also type II seesaw contribution induced through the
VEV of electroweak triplet residing in Σ̄. Depending on the
choice of scalars and their potential in the full model, either of
them can dominate over the other. We assume that type II
contribution is negligibly small.

2Indirect limits exist on values of the Dirac CP phase δ through
the global fits to neutrino oscillation data [43–45]. However, they
allow an almost entire range of sin δ at 3σ.
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phase. Although, even a very small deviation from these
values leads to a good fit. Out of 40K distinct solutions
obtained for the full range of ϕ shown in Fig. 1, approx-
imately 23K are found with χ2min ≤ 9. This choice of χ2min
ensures that no observable deviates more than 3σ from its

central value and hence they can be considered viable
solutions. The reproduced values of the observables and
optimized values of the parameters for one of the best-fit
solutions, corresponding to χ2min ¼ 0.11, are given in the
Appendix for illustration.
To derive comprehensive predictions, we do not rely

only on the best fit solution and consider all the solutions
with χ2min ≤ 9. We compute the leptonic Dirac phase, δ,
using the Jarlskog invariant [46] and the standard para-
metrization of the lepton mixing matrix U given in the
PDG [47]. For the Majorana CP phases, we use the
rephasing invariants [48–50]

I1 ¼ Im½U2
11U

�2
13� ¼ c212c

2
13s

2
13 sin 2ðη1 þ δÞ;

I2 ¼ Im½U2
12U

�2
13� ¼ s212c

2
13s

2
13 sin 2ðη2 þ δÞ; ð11Þ

where the second equality is obtained using again the
standard parametrization of the unitary matrix U. We also
compute the other relevant predictions which include the
mass of the lightest neutrino mν1 , the effective mass of the

electron-neutrino mβ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

i m
2
νi jU1ij2

q
and the effective

FIG. 1. Minimized χ2 for different values of the phase ϕ1.

FIG. 2. Number of solutions with χ2min ≤ 9 as a function of the Dirac CP phase (δ), Majorana phases (η1;2), the lightest neutrino mass
(mν1 ), the effective beta decay mass (mβ) and the effective Majorana mass of the electron-neutrino (mββ). The darker bars in all the plots
correspond to the solutions which also reproduce viable baryon asymmetry through leptogenesis.
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Majorana mass of electron-neutrino mββ ¼ jPi mνiU
2
1ij,

respectively. mβ and mββ can be measured directly in the
beta decay and neutrinoless double beta decay experiments.
The results are shown in Fig. 2 which is self-explanatory.
Unlike the previous scenarios [22,26,34,36], the present
framework shows clear preferences for certain ranges of the
Dirac and Majorana CP phases.

IV. LEPTOGENESIS

The CP-violating out-of-equilibrium decays of the RH
neutrinos can give rise to lepton asymmetry [51] which
subsequently can get converted into the baryon asymmetry
of the universe through the electroweak sphaleron proc-
esses, see [52,53] for recent reviews. The precise compu-
tation of lepton asymmetry depends on the masses of RH
neutrinos. We, therefore, compute the mass spectrum of the
RH neutrinos in the model for all the viable solutions. The
results are displayed in Fig. 3.
Since MN1

≪ MN2
< 1012 GeV, the lepton and antilep-

ton flavor states which couple to the RH neutrinos do not
maintain the coherence between their production and
inverse decays. Moreover, in this case, one must also
consider the contributions to the final lepton asymmetry
from the RH neutrinos heavier than N1 [54–58]. Therefore,
it becomes necessary to compute kinetic evolutions of the
lepton asymmetry using the density matrix equations
(DME) instead of the classical Boltzmann equations.
The most general DME applicable for three RH neu-

trinos and valid for MN1
> 106 GeV are derived in [59]

which we use for the evaluation of the total B − L
asymmetry, namely Nf

B−L. The latter is given by a trace
of asymmetry matrix Nαβ where α and β denote lepton
flavors. Nαβ can be computed by solving the DME numeri-
cally. For this analysis, we follow the procedure and
method described in detail in [36]. The final baryon-to-
photon ratio is computed using

ηB ¼ 0.0096Nf
B−L; ð12Þ

where the numerical factor takes into account the sphaleron
conversion and dilution due to an increase in the number of
photons in the comoving volume.
Although we compute Nf

B−L numerically, an approxi-
mate analytical solution of the same, valid for the RH
neutrino mass spectrum predicted by the model, is given by

Nf
B−L ≃ ε1τκðK1τÞ þ ε1τ⊥κðK1τ⊥Þ

þ p12ε2τ⊥κðK2τ⊥Þe−3π
8
K

1τ⊥

þ ð1 − p12Þε2τ⊥κðK2τ⊥Þ: ð13Þ

The various quantities appearing above are defined in [36].
The above is derived systematically following the steps
discussed in [36]. The first two terms in Eq. (13) denote
asymmetry produced by decays of N1 in the τ-lepton flavor
state and its orthogonal state, respectively. The term in the
second line is a fraction of asymmetry produced in N2

decays that gets diluted due to washout processes involving
N1. The last term is the fraction of asymmetry which does
not get affected by N1 washouts due to the flavor effects.
We numerically solve the full set of DME and find that

the mismatch between the analytical and exact numerical
results is less than Oð100%Þ for almost all the points with
χ2min ≤ 9. Therefore, the analytical solution may not be
suitable for the accurate determination of ηB. Nevertheless,
an extremely simple form of Eq. (13) allows one to make a
quick estimation for an order of magnitude of ηB in this
class of models.
Out of the 23K solutions with viable fit to the fermion

mass spectrum, we find that around 1.1K solutions repro-
duce values of ηB in the range 6.12 × 10−9–6.12 × 10−11.
We have chosen a conservative range instead of the
experimentally measured value ηexpB ¼ ð6.12� 0.04Þ ×
10−10 since the Yukawa couplings and RH neutrino
spectrum which determine ηB are obtained with 10% −
30% uncertainties in the other observables. These solutions
are indicated in Figs. 2 and 3 by darker bars. It can be seen
that the requirements of viable baryon asymmetry through
the thermal leptogenesis within the underlying model
significantly narrow down the range of predicted quantities.
The results show that successful leptogenesis can be
realized in the model despite of relatively small CP
violation in the lepton sector.

V. CONCLUSION

We propose a minimal renormalizable Yukawa sector
for nonsupersymmetric SOð10Þ GUT which uses CP
symmetry. The latter is broken spontaneously leading to
the effective quark and lepton Yukawa matrices that contain
only three phases. Observed CP violation in the quark
sector restricts the range of one of these phases, namely ϕ1,

FIG. 3. The mass spectrum of RH neutrinos as predicted by the
model. The small darker bars correspond to the solutions which
also reproduce viable baryon asymmetry through leptogenesis.
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which in turn leads to predictions for CP phases in the
lepton sector. From comprehensive fits to the fermion
masses and mixing parameters, we find that the framework
shows preference for relatively small CP violation in the
lepton sector. The model also has specific predictions for
the lightest neutrino mass (mν1 ∈ ½0; 0.007� eV), the rates
of double beta (mβ ∈ ½0.0085; 0.0115� eV) and neutrino-
less double beta decay (mββ ∈ ½10−4; 0.002� eV). The
requirement of successful leptogenesis within this model
further reduces the ranges of predicted observables. In
particular, we find sin δ ∈ ½−0.4; 0.4� for the Dirac and
sin η1 ∈ ½−0.3; 0.2� and sin η2 ∈ ½−0.5; 0.5� for the
Majorana CP phases. The conclusive predictions can be
tested in the neutrino oscillation and nonoscillation experi-
ments making the underlying model a falsifiable frame-
work of gauge and quark-lepton unification.
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APPENDIX: BEST FIT SOLUTION

In this appendix, we give details of one of the best-fit
solutions corresponding to χ2min ¼ 0.11. There are several
solutions with lesser χ2min, however, the present is the best
fit solution which also reproduces the viable value of ηB.
The optimized values of the parameters are obtained as:

H̃ ¼

0
B@

−2.9464 × 10−6 0 0

0 0.00146793 0

0 0 0.444117

1
CA;

H ¼

0
B@

0.000120191 0.027934 0.000566981

0.027934 −0.107859 0.457788

0.000566981 0.457788 −1.25006

1
CA

× 10−3; ðA1Þ

F ¼

0
B@

3.5123 × 10−7 1.26879 × 10−4 0.0250325

1.26879 × 10−4 0.0144722 −0.545796
0.0250325 −0.545796 −3.50025

1
CA

× 10−3; ðA2Þ

ϕ1 ¼ 0.554938; ϕ2 ¼ 2.38024; ϕ3¼ 1.24964; ðA3Þ

r ¼ 4.98311 × 10−3; s ¼ −9.98489 × 10−4;

vR ¼ 1.94476 × 1014 GeV: ðA4Þ

All the observables of quark and lepton mass spectrum
can be determined by substituting the above values in
Eqs. (8) and (10). ηB can be computed by solving the DME
following the procedure explicitly outlined in [36]. The
computed values of various observables are given as Oth

i in
Table I. Oexp

i is the reference value used in the fit and their
details are given in the main text. The pull, ðOth

i −Oexp
i Þ=σi,

denotes deviation in the fitted observables. Predictions
corresponding to this solution are also listed in Table I.

TABLE I. Results and predictions obtained for an example
solution corresponding to χ2min ¼ 0.11.

Observable Oth
i Oexp

i Pull

yu 2.95 × 10−6 2.92 × 10−6 ∼0
yc 1.47 × 10−3 1.47 × 10−3 0
yt 0.444 0.444 0
yd 6.87 × 10−6 6.42 × 10−6 0.2
ys 1.22 × 10−4 1.28 × 10−4 −0.2
yb 5.85 × 10−3 5.86 × 10−3 ∼0
ye 2.75 × 10−6 2.76 × 10−6 ∼0
yμ 5.75 × 10−4 5.75 × 10−4 0
yτ 9.73 × 10−3 9.72 × 10−3 ∼0
Δm2

sol½eV2� 7.40 × 10−5 7.42 × 10−5 ∼0
Δm2

atm½eV2� 2.515 × 10−3 2.515 × 10−3 0
jVusj 0.2273 0.2304 −0.1
jVcbj 0.0483 0.0483 0
jVubj 0.0043 0.0043 0
sin δCKM 0.909 0.910 ∼0
sin2 θ12 0.302 0.304 −0.1
sin2 θ23 0.576 0.573 0.1
sin2 θ13 0.02229 0.02220 ∼0

Predictions

sin δ −0.205 MN1
[GeV] 7.02 × 106

sin η1 −0.183 MN2
[GeV] 1.89 × 1010

sin η2 −0.205 MN3
[GeV] 6.97 × 1011

mν1 ½meV� 2.46 ηB 5.96 × 10−10

mβ½meV� 9.17
mββ½meV� 0.17

KETAN M. PATEL PHYS. REV. D 107, 075041 (2023)

075041-6



[1] H. Fritzsch and P. Minkowski, Ann. Phys. (N.Y.) 93, 193
(1975).

[2] M. Gell-Mann, P. Ramond, and R. Slansky, Conf. Proc. C
790927, 315 (1979).

[3] C. S. Aulakh and R. N. Mohapatra, Phys. Rev. D 28, 217
(1983).

[4] T. E. Clark, T.-K. Kuo, and N. Nakagawa, Phys. Lett. 115B,
26 (1982).

[5] K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 70, 2845
(1993).

[6] K. Matsuda, T. Fukuyama, and H. Nishiura, Phys. Rev. D
61, 053001 (2000).

[7] K. Matsuda, Y. Koide, and T. Fukuyama, Phys. Rev. D 64,
053015 (2001).

[8] C. S. Aulakh, B. Bajc, A. Melfo, G. Senjanovic, and F.
Vissani, Phys. Lett. B 588, 196 (2004).

[9] H. S. Goh, R. N. Mohapatra, and S.-P. Ng, Phys. Lett. B
570, 215 (2003).

[10] B. Dutta, Y. Mimura, and R. N. Mohapatra, Phys. Lett. B
603, 35 (2004).

[11] C. S. Aulakh and S. K. Garg, Nucl. Phys. B757, 47
(2006).

[12] K. S. Babu and C. Macesanu, Phys. Rev. D 72, 115003
(2005).

[13] S. Bertolini and M. Malinsky, Phys. Rev. D 72, 055021
(2005).

[14] S. Bertolini, T. Schwetz, and M. Malinsky, Phys. Rev. D 73,
115012 (2006).

[15] W. Grimus and H. Kuhbock, Phys. Lett. B 643, 182 (2006).
[16] W. Grimus and H. Kuhbock, Eur. Phys. J. C 51, 721 (2007).
[17] B. Bajc, I. Dorsner, and M. Nemevsek, J. High Energy Phys.

11 (2008) 007.
[18] C. S. Aulakh and S. K. Garg, Nucl. Phys. B857, 101 (2012).
[19] C. S. Aulakh, Phys. Lett. B 661, 196 (2008).
[20] A. S. Joshipura, B. P. Kodrani, and K. M. Patel, Phys. Rev.

D 79, 115017 (2009).
[21] A. S. Joshipura and K. M. Patel, J. High Energy Phys. 09

(2011) 137.
[22] A. S. Joshipura and K. M. Patel, Phys. Rev. D 83, 095002

(2011).
[23] G. Altarelli and D. Meloni, J. High Energy Phys. 08 (2013)

021.
[24] A. Dueck and W. Rodejohann, J. High Energy Phys. 09

(2013) 024.
[25] D. Meloni, T. Ohlsson, and S. Riad, J. High Energy Phys. 12

(2014) 052.
[26] F. Feruglio, K. M. Patel, and D. Vicino, J. High Energy

Phys. 09 (2014) 095.
[27] F. Feruglio, K. M. Patel, and D. Vicino, J. High Energy

Phys. 09 (2015) 040.
[28] D. Meloni, T. Ohlsson, and S. Riad, J. High Energy Phys. 03

(2017) 045.
[29] K. S. Babu, B. Bajc, and S. Saad, J. High Energy Phys. 02

(2017) 136.

[30] K. S. Babu, B. Bajc, and S. Saad, Phys. Rev. D 94, 015030
(2016).

[31] W. Buchmuller and K. M. Patel, Phys. Rev. D 97, 075019
(2018).

[32] T. Ohlsson and M. Pernow, J. High Energy Phys. 11 (2018)
028.

[33] S. M. Boucenna, T. Ohlsson, and M. Pernow, Phys. Lett. B
792, 251 (2019); 797, 134902(E) (2019).

[34] K. S. Babu, B. Bajc, and S. Saad, J. High Energy Phys. 10
(2018) 135.

[35] T. Ohlsson and M. Pernow, J. High Energy Phys. 06 (2019)
085.

[36] V. S. Mummidi and K. M. Patel, J. High Energy Phys. 12
(2021) 042.

[37] B. Fu, S. F. King, L. Marsili, S. Pascoli, J. Turner, and Y.-L.
Zhou, J. High Energy Phys. 11 (2022) 072.

[38] F. P. An et al. (Daya Bay Collaboration), Phys. Rev. Lett.
108, 171803 (2012).

[39] J. K. Ahn et al. (RENO Collaboration), Phys. Rev. Lett. 108,
191802 (2012).

[40] W. Grimus and M. N. Rebelo, Phys. Rep. 281, 239 (1997).
[41] F. Wilczek and A. Zee, Phys. Rev. D 25, 553 (1982).
[42] S. Bertolini, L. Di Luzio, and M. Malinsky, Phys. Rev. D 80,

015013 (2009).
[43] P. F. de Salas, D. V. Forero, S. Gariazzo, P. Martínez-Miravé,
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