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1 Introduction

The Standard Model (SM) of particle physics is incredibly successful in describing the
fundamental particles and their interactions. However, it does have some limitations and
drawbacks. The model does not account for dark matter, it fails to incorporate the observed
matter-antimatter asymmetry, and it predicts neutrinos to be massless, in contradiction with
experiments. Several parameters of the model, such as fermion masses, mixing angles and
the number of families, are adjusted to experimental observations and lack a fundamental
explanation, leading to the well-known flavor puzzle.

Addressing these limitations is a significant focus of modern theoretical physics, with
various models beyond the SM aiming at explaining some or all of these shortcomings.
Grand Unified Theories (GUTs) [1–5] are well-motivated extensions which attempt such an
explanation. GUTs unify three of the fundamental forces of nature, characterized by the SM
gauge groups SU(3)c × SU(2)L × U(1)Y into a single force arising from a simple group such
as SU(5) and SO(10). GUTs also unify quarks and leptons [6] into common multiplets and
explain the small neutrino masses via the seesaw mechanism [7–13]. Furthermore, GUTs
shine in simplicity and elegance by reducing the number of effective parameters through
which non-trivial correlations are obtained among the observed fermion masses and mixing
angles. Finally, GUTs make testable predictions, such as proton decay, which provide concrete
ways to confront these theories.

Among possible GUT gauge groups, SO(10) is arguably the most attractive candidate
since it unifies all fermions of a generation into a single spinorial 16-dimensional representation.
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Additionally, the spinorial representation contains the right-handed neutrino, which, via the
seesaw mechanism, provides the desired tiny masses to the light neutrinos. Remarkably, in
the decay of these same right-handed neutrinos to leptons and the SM Higgs, an asymme-
try in the lepton number is generated, a process termed leptogenesis [14], which through
electroweak sphaleron processes [15–17] gets partially converted into baryon asymmetry —
hence explaining the observed matter-antimatter asymmetry of the Universe. (For reviews
on leptogenesis, see for example refs. [18–26].) Moreover, it turns out that the Yukawa
sector of SO(10) GUTs can be very predictive, which has been extensively analyzed in the
literature [27–52] to study correlations among quark and lepton masses and mixings as well
as neutrino oscillation parameters.

The focus of this paper is leptogenesis in a class of SO(10) GUTs with a very minimal
Yukawa sector without assuming additional symmetries. Symmetries exterior to SO(10), such
as flavor U(1), Peccei-Quinn U(1) and CP symmetry have been utilized in other studies in
order to reduce the number of parameters. The Yukawa couplings of the models that we
study here is based only on SO(10) symmetry and involve scalar fields belonging real 10H ,
a real 120H and a complex 126H [43]. Such a system, which contains 15 moduli and 12
phases, has been shown to result in realistic fermion masses and mixings. Here we show
that this setup can also generate the right amount of matter-antimatter asymmetry of the
Universe via leptogenesis.

While light neutrino mass can arise from both type-I and type-II seesaw mechanisms,
we focus here on the type-I dominated scenario (a pure type-II scenario, however, is in-
compatible with the observed fermion spectrum in this setup [43]). Due to the very con-
straining Yukawa sector, a good fit to fermion observables predicts a hierarchical mass
spectrum of right-handed neutrinos Ni (i = 1, 2, 3) with respective masses1 (M1, M2, M3) ∼(
104−5, 1011−12, 1014−15) GeV. This is in accordance with the expectations of various SO(10)-

inspired models [55–68]. This results in an interesting scenario where the final B−L asymmetry
is dominantly generated by the decays of the next-to-lightest right-handed neutrino, N2,
while the lightest right-handed neutrino, N1, inverse decays wash-out the asymmetry at lower
temperatures [69]. Thanks to flavor effects, the N1-wash-out is strongly reduced [70] and
in our case a sizeable part of the asymmetry produced from N2-decays can survive the N1
wash-out in the muon flavor. We show that this in accordance with the general analytical
results from SO(10)-inspired leptogenesis scenarios [60].

Within the framework of SO(10) GUTs, baryogenesis via leptogenesis has been discussed
in a series of works. In the SO(10)-inspired scenarios studied in refs. [55–68] leptogenesis is
analyzed in a general framework without having a predictive fermion spectrum. The fermion
mass spectrum and leptogenesis has been studied in tandem in refs. [49, 52, 71, 72]. In
particular, refs. [49, 52, 71] have considered leptogenesis in SO(10)× U(1)P Q models with
the Yukawa sector consisting of scalar fields belonging to a complex 10H and a 126H . This
model gives rise to a more compact spectrum of right-handed neutrinos where their masses
fall within the range Mi ∼ (109 − 1012)GeV and leptogenesis can have relevant contributions
from decays of some or all Ni. On the other hand, ref. [72] has considered leptogenesis

1As is well known [53, 54], heavy right-handed neutrinos with masses on the order of 107 GeV contribute to
the Higgs mass through loop corrections, which contributes to the hierarchy problem. However, in grand unified
theories, fine-tuning of quadratically divergent contributions is typically required to adjust the Higgs mass.
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with the same scalar field content but with SO(10)× CP where the discrete CP symmetry
makes all Yukawa couplings to be real, thus reducing the number of parameters. In such a
model, the spectrum of right-handed neutrinos is strongly hierarchical with M1 ∼ 107 GeV
≪ M2 ≪ M3 ∼ 1012 GeV such that leptogenesis proceeds mainly through decays of N2 while
N1 erases part of the asymmetry generated. In contrast to these works, the present work
assumes no additional symmetries beyond SO(10) gauge symmetry.

By performing a detailed numerical analysis, we show that leptogenesis is viable for both
normal and inverted mass ordering of light neutrinos. In particular, the value of the leptonic
Dirac CP phase δCP is consistent, both for normal and inverted mass ordering, with the
current global fits, which mildly prefer nonzero δCP [73]. Since we aim for precision calculation,
we utilize lepton-flavor-covariant formalism (i.e. independent of lepton flavor basis) developed
in ref. [74] which takes into account both lepton flavor effects [25] and spectator effects [75, 76].
The renormalization-group running effect is partially taken into account by considering two
sets of Yukawa couplings, one at the scale M2, the mass scale of N2, and the other at the
scale M1 with the appropriate matching conditions imposed. While the model admits both
normal ordering (NO) and inverted ordering (IO) of neutrino masses, recent global fits and
cosmological constraints show a preference to NO, which we analyze in more detail. In this
case, the leptonic CP-violating phase is found, in our fit, to have a preferred value in the
range δCP ≃ (230− 300)◦. The best fit values of the parameters that explain simultaneously
the fermion mass spectrum and the baryon asymmetry are listed in table 1.

Our analysis reveals that for gauge coupling unification, it is crucial to incorporate some
amount of threshold corrections to achieve large enough unification scale to be compatible
with proton lifetime limits. Without these threshold corrections which arise from scalar sub-
multiplets, proton lifetime would be too rapid and inconsistent with the current experimental
bounds. A dedicated analysis is carried out to show the consistency of the model with gauge
coupling unification and proton lifetime limits. Interestingly, the model prefers the lifetime to
be on the lower end, which experiments such as Hyper-Kamiokande are expected to probe.

The rest of the article is organized as follows. In section 2, we introduce the model, and in
section 3, we provide all the necessary details to perform leptogenesis computation. In section 4,
we undertake an extensive numerical analysis in search of finding a consistent fits of the
fermion masses and mixings as well as reproducing the correct baryon asymmetry parameters.
In section 5 we provide some insights into the calculation of the asymmetry, comparing our
numerical results to the analytical results from SO(10)-inspired leptogenesis [64, 66, 68]. A
detailed analyses of gauge coupling unification and proton decay is carried out in section 6.
Finally, we conclude in section 7.

2 Minimal Yukawa sector

Assuming that there are no additional fermions beyond the three families of chiral spinorial
representation of SO(10), the following fermion bilinear specifies the possible Higgs represen-
tations that can contribute to the fermion mass generation in a renormalizable theory:

16× 16 = 10s + 120a + 126s. (2.1)

Here the subscripts s and a represent symmetric and antisymmetric components in family
space. Note that 10- and 120-dimensional representations are real, whereas 126-dimensional
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representation is inherently complex. With the above bilinears, the most general Yukawa
sector of renormalizable SO(10) GUTs can be written as

Lyuk = 16F (yp
1010

p
H + yq

120120
q
H + yr

126126
r
H)16F . (2.2)

In the above equation, we have suppressed the family index. If n10 copies of 10-dimensional
representations are present, then the index p takes values p = 1, 2, . . . , n10; similarly q =
1, 2, . . . , n120 and r = 1, 2, . . . , n126. Each Yukawa coupling Y10 (and Y126) is a symmetric
3 × 3 matrix in the family space, whereas Y120 is antisymmetric.

It turns out that viable fermion spectrum can only be generated provided for n10 +n120 +
n126 > 2. By considering various possibilities, ref. [43] identified that the most minimal
Yukawa sector corresponds to (n10, n120, n126) = (1, 1, 1). In this scenario, one has two
symmetric and one antisymmetric Yukawa matrices, leading to a total of 3 real plus 9 complex
Yukawa parameters. Note that either y10 or y126 can be made real and diagonal using an
SO(10) rotation, which has been used for the parameter counting. If any other realistic choice
is considered, for example, (n10, n120, n126) = (2, 0, 1), then one would end up with larger
number of parameters, viz., 3 real and 12 complex Yukawa parameters for this choice.

There is an alternative option to reduce the number of Yukawa parameters, which
however, requires extending the symmetry of the theory. Along this line, the most studied
case in the literature is (n10, n120, n126) = (2, 0, 1), where two 10-dimensional representations
are complexified using a Peccei-Quinn U(1)PQ. In this construction, only one of the two
Yukawa couplings associated to 10H is allowed due to the PQ symmetry, thereby reducing
6 complex Yukawa parameters [27].

In this work, we stick to the scenario where the full symmetry of the theory is nothing
but SO(10) gauge symmetry, and consider the most minimal Yukawa sector that corresponds
to (n10, n120, n126) = (1, 1, 1). Then, the up-type quark, down-type quark, charged leptons,
Dirac neutrino, and Majorana neutrino mass matrices can be written as [43]:

MU = v10y10︸ ︷︷ ︸
≡D

+ vu
126y126︸ ︷︷ ︸
≡S

+(v(1)
120 + v

(15)
120 )y120︸ ︷︷ ︸

≡A

, (2.3)

MD = v∗10y10 + vd
126y126 + (v(1)∗

120 + v
(15)∗
120 )y120, (2.4)

ME = v∗10y10 − 3vd
126y126 + (v(1)∗

120 − 3v
(15)∗
120 )y120, (2.5)

MνD = v10y10 − 3vu
126y126 + (v(1)

120 − 3v
(15)
120 )y120, (2.6)

MνR = vRy126. (2.7)

There are a few special features of the above set of mass matrices. For example, the same
VEV (vacuum expectation value) v10 enters in both the up-sector (up-type quark and Dirac
neutrino) as well as in the down-sector (down-type quark and charged lepton). This happens
because 10H is a real representation and it contains a self-conjugate bi-doublet, (1, 2, 2), under
the SU(4)c ×SU(2)L ×SU(2)R (Pati-Salam) subgroup of SO(10). Consequently, the reality of
10H implies that vu = v∗d ≡ v10. Additionally, the reality of 120H implies, v

(1)
u = v

(1)∗
d ≡ v

(1)
120

and v
(15)
u = v

(15)∗
d ≡ v

(15)
120 . Here v

(1)
120 and v

(15)
120 represent the VEVs of the submultiplets (1, 2, 2)

and (15, 2, 2) contained in 120H , under the Pati-Salam symmetry. The VEVs of the up-type
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and down-type weak doublets contained in (15, 2, 2) arising from the complex 126H , which
we denote by vu

126 and vd
126, have no such relations. We now define

r1 = vd
126

vu
126

, r2 = v
(1)∗
120 − 3v

(15)∗
120

v
(1)
120 + v

(15)
120

, eiϕ = v
(1)∗
120 + v

(15)∗
120

v
(1)
120 + v

(15)
120

, cR = vR

vu
126

, (2.8)

and rewrite the above mass matrices as

MU = D︸︷︷︸
symetric

+ S︸︷︷︸
real−diagonal

+ A︸︷︷︸
antisymetric

≡ vyU , (2.9)

MD = D + r1S + eiϕA ≡ vyD, (2.10)
ME = D − 3r1S + r2A ≡ vyE , (2.11)

MνD = D − 3S + r∗2eiϕA ≡ vyνD , (2.12)
MνR = cRS, (2.13)

with v2 = |v10|2 + |v(1)
120|2 + |v(15)

120 |2 + |vu
126|2 + |vd

126|2, and v = 174.104GeV. These Yukawa
coupling matrices, yf , (with f = U, D, E, νD) are matched to the following Lagrangian of
the SM extended with right-handed neutrinos:

−Lyuk = (yνD)ijNiℓjϵH + (yU )ijUiQjϵH + (yD)ijDiQjH∗ + (yE)ijEiℓjH∗

+ 1
2(MνR)iiNiN

c
i + h.c., (2.14)

where Qj , ℓj and H are the left-handed quark, lepton and Higgs SU(2)L doublets, respectively;
Ui, Di, Ei and Ni are the right-handed up-type quark, down-type quark, charged lepton and
neutrino SU(2)L singlets, respectively, i, j = 1, 2, 3 are the family indices, the superscript c

denotes charge conjugation and ϵ is the antisymmetric tensor for SU(2)L contraction.
Here we have chosen a phase convention where v10 is made real by an SU(2)L rotation.

Without loss of generality, we choose to work in a basis where the matrix S is diagonal and
real, as specified above. When the charged fermion Yukawa coupling matrices are diagonalized,
the corresponding diagonal couplings are denoted by ydiag

U = (yu, yc, yt), ydiag
D = (yd, ys, yb),

and ydiag
E = (ye, yµ, yτ ). The light neutrino mass matrix mν for the SM neutrinos νi, obtained

from the seesaw formula [7–11], in the basis νc mν ν/2 is given by,

mν = −MT
νD

M−1
νR

MνD , (2.15)

where we have assumed the type-I dominance. We diagonalize the neutrino mass matrix
as follows:

mν = N∗
Ldiag(m1, m2, m3)N †

L, (2.16)

where NL is a unitary matrix. Then, the PMNS matrix is defined as

Uν = E†
LNL, (2.17)
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where the unitary matrix EL is obtained by diagonalizing the charged lepton mass matrix
ME = ER diag(me, mµ, mτ )E†

L where ER is the right-handed analog of EL. We parametrize
the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix as:

Uν =

 c12 c13 s12 c13 s13 e−i δCP

−s12 c23 − c12 s23 s13 ei δCP c12 c23 − s12 s23 s13 ei δCP s23 c13
s12 s23 − c12 c23 s13 ei δCP −c12 s23 − s12 c23 s13 ei δCP c23 c13


× diag(e−iα/2, e−iβ/2, 1), (2.18)

where cij = cos θij and sij = sin θij .
The number of parameters contained in the fermion mass matrices given in eqs. (2.9)–

(2.13) may be counted as follows. Matrices S, A, and D contain 3 real, 3 complex, and 6
complex parameters, respectively. The ratios r1,2 are complex, whereas, the phase of cR

is irrelevant for fermion mass fit. Moreover, there is a non-trivial phase, ϕ, as defined in
eq. (2.8). Altogether, we have 15 real parameters and 12 phases. If all parameters were real,
then these 15 real parameters would determine 17 observables, namely, 9 charged fermion
masses, 3 quark mixing angles, 2 neutrino mass-squared differences, and 3 neutrino mixing
angles. Such a system, however, would not explain the observed CP violation in the quark
sector, and also would not lead to a realistic fermion spectrum. Hence the phases play a
crucial role in providing a correct fit to the masses and mixings. Since 12 of the parameters
are phases, it is nontrivial to achieve a consistent fit.

3 Leptogenesis

Aiming to determine the production of baryon asymmetry from leptogenesis as precise as
possible, we will utilize the lepton-flavor-covariant formalism developed in ref. [74] which
includes both lepton flavor effects [25] and spectator effects [75, 76]. The renormalization-
group-running effects will also be partially taken into account as described at the end of
this section. First we review the formalism used in this work.

Let us define the number asymmetry of particle species i as

Y∆i ≡ Yi − Yī =
ni

s
− nī

s
, (3.1)

where ni(̄i) is particle (antiparticle) number density of species i and s = 2π2

45 g⋆T 3 is the cosmic
entropy density and g⋆ is the effective relativistic degrees of freedom of the Universe at the
relevant temperature. The baryon number charge (B) can be constructed as

YB =
∑

i

qB
i Y∆i, (3.2)

where qB
i is the baryon number carried by species i.

Since we are interested in taking into account lepton flavor effects, we will consider
3 × 3 matrices of number asymmetries of lepton doublets ℓ and charged lepton singlet E,
Y∆ℓ and Y∆E

Y∆ℓ =

 Y∆ℓ11 Y∆ℓ12 Y∆ℓ13

Y ∗
∆ℓ12

Y∆ℓ22 Y∆ℓ23

Y ∗
∆ℓ13

Y ∗
∆ℓ23

Y∆ℓ33

 , Y∆E =

 Y∆E11 Y∆E12 Y∆E13

Y ∗
∆E12

Y∆E22 Y∆E23

Y ∗
∆E13

Y ∗
∆E23

Y∆E33

 , (3.3)
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where the basis-independent quantities Tr (Y∆ℓ) and Tr (Y∆E) are respectively the total
number asymmetries of lepton doublets ℓ and charged lepton singlet E. The off-diagonal
elements are needed to describe lepton flavor coherence and correlations.

Let us further define the following baryon charge matrix

Y∆̃ ≡ 1
3YBI3×3 − Y∆ℓ. (3.4)

The evolution of Y∆̃ due to the SM charged lepton Yukawa interactions can be described by

sHz
dY∆̃
dz

= γE

2Y nor

{
y†EyE ,

Y∆ℓ

gℓζℓ

}
− γE

Y nor y†EyE
Y∆H

gHζH
− γE

Y nor y†E
Y∆E

gEζE
yE (3.5)

where we have defined the anticommutator {A,B} ≡ AB + BA, z ≡ Mref/T with Mref an
arbitrary mass scale, H = 1.66√g⋆T 2/MPl with MPl = 1.22× 1019 GeV is the Hubble rate
during the radiation dominated era, Y nor ≡ 15

8π2g⋆
, gi is the gauge degrees of freedom of

species i (with gℓ = gH = 2 and gE = 1) and

ζi ≡
6
π2

∫ ∞

mi/T
dx x

√
x2 − m2

i /T 2 ex

(ex + ξi)2 , (3.6)

with mi the mass of i and ξi = 1(−1) for fermion (boson). Since we are considering the
condition before electroweak symmetry breaking, we will take mℓ = mE = mH = 0 which
results in ζℓ = ζE = ζH/2 = 1. The charged lepton Yukawa reaction density γE was
determined in refs. [77, 78] to be γE ≈ 5 × 10−3 T 4

6 , which we shall make use of.
Assuming that the electroweak sphaleron freezes out at 132 GeV after the electroweak

phase transition temperature of 160 GeV [79], we obtain the final baryon charge asymmetry as

YB = csp(T )Tr(Y∆̃ − Y∆E)
∣∣
T =132 GeV (3.7)

where assuming the SM degrees of freedom, we have [80]

csp(T ) = 6(5 + ζt)
97 + 14ζt

. (3.8)

The extreme values of this parameter are csp = 12/37 for ζt = 1 and csp = 30/97 for
ζt = 0. Using the top mass mt = 173GeV, we have csp = 0.315 which is the value we will
use. To convert to ηB ≡ nB/nγ i.e. the baryon number density normalized to the photon
number density today, we multiply YB by the ratio of entropy to photon number density
today s0/nγ0 = 7.039.

From eq. (2.14), we can write down the relevant type-I seesaw Lagrangian with Mi ≡
(MνR)ii and y ≡ yνD in the mass basis of Ni as follows:

−L ⊃ 1
2MiNiN

c
i + yiαNiℓαϵH + (yE)αβ EαℓβH∗ + h.c., (3.9)

where lepton number L or B − L are explicitly broken, and for readability we have used
Greek indices α, β = 1, 2, 3 to denote the SM lepton flavors to distinguish them from the
flavors of Ni (i = 1, 2, 3). The evolution of YNi is described by

sHz
dYNi

dz
= −γNi

(
YNi

Y eq
Ni

− 1
)

, (3.10)
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where we now fix the reference scale by defining z ≡ M1/T . In our calculations, we assume
that the SO(10) GUT is broken before/during the inflation and after inflation, the reheat
temperature TR is below the GUT scale, so that the GUT gauge bosons are not brought
into thermal equilibrium. We can estimate if Ni will be thermalized through GUT gauge
interaction by estimating the relevant rate by

ΓR ∼ T 5

π3v4
R

. (3.11)

Comparing to the Hubble rate H(T ) assuming radiation domination, Ni will be thermalized
if the cosmic temperature satisfies

T > Teq ∼ 1.6× 1013 GeV
(

vR

1014 GeV

)4
, (3.12)

where we have set g⋆ = 106.75. If TR < Teq or Mi > Teq, Ni will not be thermalized. Since
TR and also vR are unknown, we will quote the results for the baryon asymmetry assuming
zero and thermal initial abundances of Ni in the next section.

Next, to eq. (3.5), we introduce a source and a washout term respectively given by2

SI ≡ −
∑

i

ϵiγNi

(
YNi

Y eq
Ni

− 1
)

, (3.13)

W I ≡ 1
2
∑

i

γNi

Y nor

(1
2

{
Pi,

Y∆ℓ

gℓζℓ

}
+ Pi

Y∆H

gHζH

)
. (3.14)

We will further assume Maxwell-Boltzmann distribution to calculate the decay reaction density,

γNi = sY eq
Ni

ΓNi

K1 (Mi/T )
K2 (Mi/T ) , (3.15)

where Y eq
Ni

= 45
2π4g⋆

M2
i

T 2 K2
(

Mi
T

)
with Kn (x) the modified Bessel function of the second kind

of order n and ΓNi =
(yy†)

ii
Mi

8π is the total decay width of Ni. The CP parameter matrix
ϵi and flavor projection matrix Pi are respectively given by [81]

(ϵi)αβ = 1
16π

i

(yy†)ii

∑
j ̸=i

[(
yy†
)

ji
yjβy∗iα −

(
yy†
)

ij
yiβy∗jα

]
g

(
M2

j

M2
i

)

+ 1
16π

i

(yy†)ii

∑
j ̸=i

[(
yy†
)

ij
yjβy∗iα −

(
yy†
)

ji
yiβy∗jα

]
M2

i

M2
i − M2

j

, (3.16)

Pi =
1

(yy†)ii

 |yi1|2 y∗i1yi2 y∗i1yi3
yi1y∗i2 |yi2|2 y∗i2yi3
yi1y∗i3 yi2y∗i3 |yi3|2

 , (3.17)

where
g(x) ≡

√
x

[ 1
1− x

+ 1− (1 + x) ln 1 + x

x

]
. (3.18)

2We will consider only decay and inverse decay of Ni since scatterings are in general suppressed.
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Under arbitrary flavor rotations

E → UEE, ℓ → Vℓℓ, y → yV †
ℓ , yE → UEyEV †

ℓ , (3.19)

where UE and Vℓ are unitary matrices, the density matrix of eq. (3.5), including the source
and washout terms of eqs. (3.13)–(3.14), is manifestly covariant with

Y∆ℓ → VℓY∆ℓV
†

ℓ , Y∆E → UEY∆EU †
E , (3.20)

ϵi → VℓϵiV
†

ℓ , Pi → VℓPiV
†

ℓ . (3.21)

From eq. (3.7), we see that the B or B − L asymmetry at any moment is invariant under
such rotations.

To have closed set of equations, we can write [74]

Y∆ℓ =
2
15cBTrY∆̃ − Y∆̃, (3.22)

Y∆H = −cH

(
TrY∆̃ − 2TrY∆E

)
, (3.23)

where Y∆ℓ is now a 3×3 matrix with off-diagonal element α ̸= β given by (Y∆ℓ)αβ = −
(
Y∆̃

)
αβ

.
The temperature-dependent coefficients cB and cH can capture all the spectator effects in
the SM. Across TB ∼ 2× 1012 GeV, the EW sphaleron interaction gets into equilibrium. To
within percent level precision, the following fitting function can be used [82]

cB (T ) = 1− e−
TB
T , (3.24)

where TB = 2.3×1012 GeV. The rest of the quark spectator effects are described by cH with [82]

cH (T ) =



1 T > Tt

2
3 Tu < T < Tt

14
23 Tu−b < T < Tu

2
5 Tu−c < T < Tu−b

4
13 TB3−B2 < T < Tu−c

3
10 Tu−s < T < TB3−B2

1
4 Tu−d < T < Tu−s

2
11 T < Tu−d

, (3.25)

where we use the transition temperatures Tx given in ref. [74]. One can parametrize these
transitions with the following function:

cH (T ) =
(2
3 + 1

3e−
Tt
T

)
−
(2
3 − 14

23

)(
1− e−

Tu
T

)
−
(14
23 − 2

5

)(
1− e−

Tu−b
T

)
−
(2
5 − 4

13

)(
1− e−

Tu−c
T

)
−
( 4
13 − 3

10

)(
1− e−

TB3−B2
T

)
−
( 3
10 − 1

4

)(
1− e−

Tu−s
T

)
−
(1
4 − 2

11

)(
1− e−

Tu−d
T

)
. (3.26)
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In the model under discussion, as we will see in the next section, due to the mass spectrum
of Ni imposed by the model, N2 is mainly responsible for asymmetry generation while N1
dynamics is mainly responsible for washout and the role of N3 is important in yielding the
necessary interference to have non-vanishing CP violation in N2 decays: it should be then
appreciated how the existence of three families is crucial to have successful leptogenesis.

For the calculation of the final asymmetry, we partially take into account renormalization-
group running by considering two sets of Yukawa couplings, one fixed at renormalization
scale µ = M2 throughout N2 leptogenesis while another is fixed at scale µ = M1 throughout
N1 washout. This running effect is important since the washout depends exponentially on
the decay parameter defined as

Ki(µ) ≡
ΓNi(µ)

H(T = Mi)
≡ (yy†)iiv

2

m⋆Mi
, (3.27)

where m⋆ ≡ 1.66√g⋆ × 8πv2/MPl and Ki > (<)1 is known as strong (weak) washout regime
in which Ni does (not) thermalize before decay. The two sets of Yukawa couplings y and
yE in the right-handed neutrino mass basis at renormalization scale µ = M2 and µ = M1
are given in appendix C. One should have in mind that, despite a full account of flavor
and spectator effects, in the intermediate to strong washout regimes (as indicated by our
benchmark points in the next section), there remains a theoretical uncertainty of O(1)
since we are not taking into account full running of parameters, as well as thermal and
next-to-leading order corrections [83–85].

4 Numerical analysis

In this section, we perform a combined fit to the fermion masses and mixings along with the
baryon asymmetry of the universe. In our fitting procedure, we first use the approximate
formulas for the calculation of baryon asymmetry through leptogenesis as in ref. [81] to
identify candidate points which might produce sufficient baryon asymmetry. Only after a
good fit is obtained, we carry out a full numerical calculation for baryon asymmetry using
the formalism explained in the previous section to see if the resulting baryon asymmetry is
consistent with the observed value. The details of our fitting procedure are summarized below.

4.1 Benchmark fits

The free parameters Sii, Dj≥i
ij , Aj>i

ij , r1,2,, cR, and ϕ are varied randomly at the GUT scale,
which we choose to be MGUT = 2× 1016 GeV. We then run the relevant Yukawa couplings
defined in eqs. (2.9)–(2.12) and the right-handed neutrino mass matrix of eq. (2.13) by
taking into account the full SM+Type-I seesaw renormalization group equations (RGEs) from
MGUT to MZ scale. In this running procedure, heavy right-handed neutrinos are successively
integrated out at their respective mass thresholds. We have implemented our model in the
package REAP [86] to take into account this running. Since the model under investigation
predicts the intermediate symmetry breaking scale, Mint ∼ 1014 GeV (as shown below), which
is very close to the GUT scale, for our purpose, it is good enough to consider only SM+Type-I
RGEs below the GUT scale. Note that to be consistent with the present experimental
bounds [87] on gauge-mediated proton decay, the GUT scale approximately needs to satisfy
MGUT ≳ 5× 1015 GeV. Consistency of obtaining such a large intermediate scale as well as
evading proton decay bounds are discussed in section 6.
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Observables Values at MZ scale
(∆m2

ij in eV2) Input Benchmark Fit: NO Benchmark Fit: IO

yu/10−6 6.65±2.25 7.30 10.0
yc/10−3 3.60±0.11 3.59 3.57

yt 0.986±0.0086 0.986 0.986

yd/10−5 1.645±0.165 1.636 1.635
ys/10−4 3.125±0.165 3.122 3.148
yb/10−2 1.639±0.015 1.639 1.637

ye/10−6 2.7947±0.02794 2.7945 2.7906
yµ/10−4 5.8998±0.05899 5.9011 5.9080
yτ /10−2 1.0029±0.01002 1.0022 1.0023

θCKM
12 /10−2 22.735±0.072 22.729 (θCKM

12 =13.023◦) 22.730 (θCKM
12 =13.023◦)

θCKM
23 /10−2 4.208±0.064 4.206 (θCKM

23 =2.401◦) 4.204 (θCKM
23 =2.408◦)

θCKM
13 /10−3 3.64±0.13 3.64 (θCKM

13 =0.208◦) 3.64 (θCKM
13 =0.208◦)

δCKM 1.208±0.054 1.209 (δCKM =69.322◦) 1.212 (δCKM =69.457◦)

∆m2
21/10−5 7.425±0.205 7.413 7.506

∆m2
31/10−3 (NO) 2.515±0.028 2.514 -

∆m2
32/10−3 (IO) -2.498±0.028 - -2.499

sin2 θ12 0.3045±0.0125 0.3041 (θ12 = 33.46◦) 0.3067 (θ12 = 33.63◦)
sin2 θ23 (NO)∗ 0.5705±0.0205 0.4473 (θ23 = 41.98◦) -
sin2 θ23 (IO)∗ 0.576±0.019 - 0.5784 (θ23 = 49.51◦)
sin2 θ13 (NO) 0.02223±0.00065 0.02223 (θ13 = 8.57◦) -
sin2 θ13 (IO) 0.02239±0.00063 - 0.02238 (θ13 = 8.60◦)

δ◦CP (NO) 207.5±38.5 240.49 -
δ◦CP (IO) 284.5±29.5 - 263.49

ηB/10−10 6.12±0.04‡ 7.6 (7.6) 9.6 (51)

χ2 - 1.45 5.76†

Table 1. Fitted values of the observables. See text for details. ∗Note that experimental measurements
of θ23 have two local minima [73], one is for smaller and the other for larger values than 45◦. For
these experimental values, although only the best fit values from the global fit [73] are shown in this
table, in the fitting procedure we have allowed the entire viable ranges. †For the inverted neutrino
mass ordering, a significant contribution to χ2, in particular,

(
∆χ2)

θ23
≈ 2.7, originates from global

fit to neutrino parameters [73]. ‡Since the uncertainty of the observed baryon asymmetry parameter
ηB from Planck [88] is much smaller than the expected “theoretical uncertainty” alluded to in the
previous section, we have not added its contribution to the total χ2 quoted above (see text for more
details). The generated ηB values quoted here are for zero (thermal) initial Ni abundance.
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We then perform a minimization of a χ2-function at the MZ = 91.8176GeV scale, which
is defined as

χ2 =
∑

k

(
Tk − Ok

Ek

)2
, (4.1)

where Tk, Ok, and Ek stand for theoretical prediction, experimentally observed central value,
and 1σ experimental uncertainty, respectively, for the k-th physical quantity. The sum
over k includes 3 up-type quark, 3 down-type quark, 3 charged lepton masses, 3 CKM
(Cabibbo-Kobayashi-Maskawa) mixing angles, 1 Dirac phase in the CKM matrix, 2 neutrino
mass-squared differences, 3 PMNS mixing angles, and 1 Dirac phase in the PMNS matrix.
Low scale experimental values of these observables in the charged and neutral fermion sectors
are taken from refs. [89] and [73, 90], respectively. The χ2-function also includes the baryon
asymmetry of the universe, ηB. Since the asymmetry is generated from the decay of the
next-to-lightest right-handed neutrinos, ηB is computed using the Dirac Yukawa coupling
YνD and the right-handed neutrino masses MνR evaluated at M2, the mass scale of N2.

As pointed out first in ref. [50], this minimal Yukawa sector of SO(10) allows solutions for
both normal ordering (NO) and inverted ordering (IO) of the light neutrino masses. In this
work, we also consider these two scenarios and benchmark fit results are given in table 1. This
table also includes the experimentally measured values of the observables and their associated
1σ uncertainties. Since the experiment errors on the charged fermion masses are very small,
we have quoted 1% uncertainty in their masses in the table, which we have used. The fit
parameters for these two cases (NO and IO) are provided in appendices A and B, respectively.

The right-handed neutrino mass spectra obtained from the best fits are

NO : (M1, M2, M3) =
(
6.57× 104, 2.08× 1012, 8.10× 1014

)
GeV, (4.2)

IO : (M1, M2, M3) =
(
1.06× 104, 1.72× 1012, 5.85× 1014

)
GeV. (4.3)

The light neutrino masses mi, the effective neutrino mass appearing in neutrinoless double
beta decay,3 mββ, and the Majorana phases α and β (cf. eq. (2.18)) are given as follows:

NO :(m1,m2,m3,mββ)= (0.038,8.61,50.14,3.68) meV, (α,β)= (178.55◦,124.46◦), (4.4)
IO :(m1,m2,m3,mββ)= (49.24,49.99,0.1923,34.36) meV, (α,β)= (100.76◦,172.86◦). (4.5)

Concerning the solutions presented in table 1, note that the total χ2 per degrees of
freedom for both the NO and IO solutions are similar. While the model admits both NO
and IO spectra, global fits and cosmological constraints show a preference of NO over IO. A
variation of the Dirac CP-violating phase, δCP, in the neutrino sector obtained for the case
of normal ordering by marginalizing over all other model parameters is shown in figure 1.
This plot shows a slight preference of the phase close to the region δCP ∈ (230− 300)◦ for
the solutions corresponding to θ23 < 45◦ (the blue curve in figure 1). Although for NO,

3Note that heavy Majorana neutrinos can, in general, contribute to neutrinoless double beta decay. The
current limits can be translated as Mi ≳ 8.5 TeV|yiα|2/3 [91, 92]. However, our scenario is quite far from this
limit: for the lightest one M1 ≳ 104 GeV, we have |y1α| ∼ 10−6 while only for the heaviest one M3 ∼ 1014 GeV,
we have |y3α| ∼ 1. Hence in all cases, their contributions are completely negligible.
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Figure 1. Variation of the Dirac CP-violating phase, δCP, in the neutrino sector obtained by
marginalizing over all other model parameters for the case of NO solution. The 1σ range of δCP from
global fit is depicted with light green band [73]. For making this plot, in the numerical fit procedure,
we have utilized analytical approximated formula for ηB , and demanded that the baryon asymmetry
lies within the range ηB/10−10 ∈ (5, 50). One should not get confused by the fact that at δCP ∼ 280◦,
one sees a deeper minimum compared to the solution presented in table 1. This is simply because
the benchmark fit presented in table 1 is closer to the central value of δCP obtained from global
fit of neutrino observables. The blue (red) curve represents the solutions corresponding to the case
θ23 < 45◦ (θ23 > 45◦).

solutions are also possible for the case of θ23 > 45◦ (the red curve in figure 1), comparatively
it has somewhat larger total χ2 within the 1σ preferred range of δCP from global fit (light
green band in figure 1). In this particular case, the preferred value of the CP violating
phase is rather close to δCP ∼ 50◦.

For leptogenesis, the washout parameters defined in eq. (3.27) are obtained from the
best fit and are given by

NO : K1(µ = M2) ≃ 19, K2(µ = M2) ≃ 0.39, K3(µ = M2) ≃ 63, (4.6)
IO : K1(µ = M2) ≃ 70, K2(µ = M2) ≃ 0.65, K3(µ = M2) ≃ 88. (4.7)

At µ = M1, while K2 and K3 remain the same, we have K1(µ = M1) ≃ 18 and K1(µ =
M1) ≃ 64 for NO and IO, respectively. Notice that we found M3 ≃ 8 × 1014 GeV and
5× 1014 GeV for NO and IO, respectively. One could wonder whether for a sufficiently large
reheat temperature, comparable to M3, one should also include a contribution to the B − L

asymmetry from N3-decays. However, we have checked that the B − L asymmetry generated
from N3-decays is in any case negligible. This is because for M3 ≫ M2 all N3 CP flavored
asymmetries are strongly suppressed. As for N1, since M1 ≪ 109 GeV, the CP asymmetries
are too small for leptogenesis, as one could expect from the usual Davidson-Ibarra lower
bound on right-handed neutrino masses for successful leptogenesis [93]. Notice that since
K1 ≫ 1, flavor effects are crucial to avoid the N1 wash-out, since the wash-out suppression is
exponential in K1 [69, 70]. We will discuss this point in more detail in section 5. Finally, notice
that since M2 ∼ 1012 GeV and thanks to the interference with N3, the N2 decays can generate
the correct asymmetry for successful leptogenesis. Since K2 is close to the boundary between
strong and weak washout regimes, one expects some sensitivity to the initial N2 abundance.
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We indeed observe an order of magnitude enhancement in the asymmetry generation for the
case of thermal initial N2 abundance compared to the case of initial vanishing N2 abundance
at the production. This is because in this case the small neutrino Yukawa interactions are not
responsible for the production of the N2 abundance that is assumed to be thermal prior to N2
decays. This should not be regarded as a drawback of the scenario since the thermalisation of
the N2 abundance can be achieved thanks to the SO(10) gauge interactions, as we previously
discussed, if the reheat temperature is sufficiently large (see eq. (3.12)).

Solving the Boltzmann equations discussed in section 3, the resulting values of baryon
to photon number density today assuming zero (thermal) initial Ni abundances are found
for the best fit to be

NO : ηB = 7.6 (7.6)× 10−10, IO : ηB = 9.6 (51)× 10−10, (4.8)

which are slightly larger than the observed value (6.12 ± 0.04) × 10−10 [88]. Due to the
“theoretical uncertainty” mentioned at the end of the previous section, we have not included
this measurement into the fit. Instead, we just require the generated asymmetry to be of
the correct sign and not smaller than the observed value.4 Though we did observe enhanced
asymmetry generation from N2 leptogenesis with thermal initial N2 abundance for both
NO and IO cases, curiously, nontrivial flavor effects during N1 washout renders the final
asymmetry to be the same as that of zero initial N2 abundance in the NO case while some
enhancement survives for the IO case. What we observe in the charged lepton flavor basis
where yE is diagonal is the following. The N1 washout of the initially dominant (Y∆̃ −Y∆E)ττ

(from N2 leptogenesis) is strong for both NO and IO scenarios, which makes it eventually
subdominant. On the other hand, the N1 washout of (Y∆̃ − Y∆E)µµ is under control for both
NO and IO scenarios, eventually making it the dominant one with positive sign. Finally, the
N1 washout of (Y∆̃ − Y∆E)ee is weak and strong in the NO and IO scenarios, respectively,
making it relevant only for the NO scenario. Due to the negative sign in the final (Y∆̃−Y∆E)ee,
it partially cancels (Y∆̃ − Y∆E)µµ in the NO scenario such that the final asymmetry in both
zero and thermal Ni remains similar. This is another example of the importance of flavor
effects in leptogenesis. In section 5 we will provide some analytical insight on these results
on the final asymmetry, showing how flavor effects can explain it.

4.2 Features of the minimal Yukawa sector

In the following, we illustrate two unique features of the minimal Yukawa sector, namely (i) the
right-handed neutrino spectrum is predicted and (ii) contrary to other SO(10) setups, inverted
neutrino mass ordering solution is possible within this framework. First, one important
feature of this model is that, a viable fit to fermion mass spectrum can obtained provided
that 2 × 1013 GeV ≲ M3 ≲ 1015 GeV [50], while best fit typically prefers M3 ∼ 1014 GeV.
Moreover, for the moment, focusing only on orders of the diagonal entries (hence antisymmetric
contribution is ignored), the up-type quark, down-type quark, and charged lepton mass

4While a larger baryon asymmetry can always be reduced by additional entropy injection and/or washout
processes after baryogenesis, a scenario which generates an insufficient asymmetry is a failed baryogenesis
by definition.
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matrices are,

MU ∼ D + S, MD ∼ D + r1S, ME ∼ D − 3r1S. (4.9)

It is obvious from these relations that the only consistent solution can be found if D ≪ S and
r1 ≪ 1. One, therefore, has D33 + r1S33 ∼ mb (and similarly, D33 − 3r1S33 ∼ mτ ), whereas
S33 ∼ mt (for the top quark mass, D33 plays no role owing to its smallness). Due to the
smallness of strange-quark mass compared to the charm-quark mass, a similar argument is
also valid for the second generation (however, such an argument is not applicable to the first
generation). Therefore, reproducing the correct fermion mass hierarchies demands,

S ∼

S11
mc

mt

 . (4.10)

Then the ratio r1 must obey r1 ≲ 10−2 not to provide too large contributions to the masses
in the down-type quark sector. An immediate consequent is that

M2 ∼ mc

mt
M3 ∼ 1011−12 GeV, (4.11)

which is a prediction of this scenario. The features mentioned above are true for both
NO and IO solutions.

Furthermore, the S11 entry plays no role in charged fermion mass fit, which is solely
fixed by the requirement of reproducing correct neutrino fit. Looking at the light neutrino
mass matrix at the GUT scale and using the fit parameters, we obtain (for illustration, we
only present the order of the numbers)

mν = −MT
νD

M−1
1

M−1
2

M−1
3

MνD , (4.12)

∼


3×10−7

M1
+ 10−17 4×10−7

M1
+ 10−15 4×10−7

M1
+ 10−15

4×10−7

M1
+ 10−13 6×10−7

M1
+ 10−13

6×10−7

M1
+ 10−10


NO

, (4.13)

MNO
1 ∼105 GeV

−−−−−−−−−→

 5× 10−12 6× 10−12 6× 10−12

9× 10−12 9× 10−12

8× 10−11


NO

. (4.14)

The contributions from M2,3 are presented in gray. It turns out that apart from the (3,3)
entry, contributions from M3 are completely negligible. However, subleading contributions
from M2 on the (2,2), and (2,3) entries cannot be fully ignored. For the rest of the terms,
M1 contributions dominate over the rest. Hence, the mass of the lightest right-handed
neutrino, M1, plays a vital role in generating neutrino masses via type-I seesaw formula.
Therefore, M1 cannot be larger than a certain value. To provide sufficient contributions and
reproduce neutrino oscillation data, for the NO solution, one must have MNO

1 ∼ 105 GeV.
This accordingly fixes S11 ∼ 10−9, making it irrelevant for charged fermion masses.
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On the other hand, for IO case, M IO
1 must be about an order of magnitude smaller

than MNO
1 such that it provides dominant contributions in the first row and first column

of mν . In particular, using the fit parameters, we find (as before, we only present the
order of the numbers)

mν ∼


5×10−7

M1
+ 10−17 7×10−8

M1
+ 10−15 4×10−7

M1
+ 10−15

10−8

M1
+ 10−13 6×10−8

M1
+ 10−13

3×10−7

M1
+ 10−10


IO

, (4.15)

M IO
1 ∼104 GeV

−−−−−−−−−→

 5× 10−11 8× 10−12 4× 10−11

10−12 6× 10−12

3× 10−11


IO

. (4.16)

This shows that the model predicts M1 ∼ 105 GeV for NO and M1 ∼ 104 GeV for IO.
Summarizing, the model predicts,

(M1, M2, M3) ∼
(
104−5, 1011−12, 1014−15

)
GeV. (4.17)

It is intriguing to point out that such a high value ∼ 1015 GeV of the B − L symmetry
breaking scale could explain the recently observed gravitational waves at nanoHertz frequencies
(see, for example, ref. [94]). A series of pulsar timing arrays, CPTA [95], EPTA [96],
NANOGrav [97], and PPTA [98], very recently reported this result, which could originate
from metastable cosmic strings with a string tension, µcs, such that Gµcs ∼ 10−7 [99]
(here, G is the Newton’s constant, and, Gµcs is the dimensionless string tension parameter),
corresponding to a metastable cosmic string network formation scale of ∼ 1015 GeV.

5 Comparison with SO(10)-inspired leptogenesis

In this section we compare the obtained numerical results with the analytical results obtained
within the framework of SO(10)-inspired leptogenesis [64, 66, 68]. First of all, it is convenient
to define the quantities NX ≡ YX/Y eq

N2
(T ≫ M2), so that simply N eq

N2
(T ≫ M2) = 1.

The final B − L asymmetry has to be calculated as the sum of the three charged lepton
flavor asymmetries

N f
B−L =

∑
α=e,µ,τ

N∆α , (5.1)

where ∆α ≡ B/3− Lα. The baryon-to-photon ratio predicted by leptogenesis can then be
calculated as 0.96×10−2 N f

B−L. We also define the neutrino Dirac mass matrix in the charged
lepton mass basis as mD ≡ (MνD EL)† and define the corresponding light neutrino mass
matrix in the flavor basis as m̄ν ≡ −mDM−1mT

D in a way that, in terms of m̄ν , the light
neutrino Majorana mass term is ν m̄ν νc/2 with mass eigenvalues Dm ≡ diag(m1, m2, m3).
Within SO(10)-inspired leptogenesis it is assumed that if one diagonalises the neutrino Dirac
mass matrix with a biunitary transformation, mD =

V †
Ldiag(mD1, mD2, mD3)UR, then (mD1, mD2, mD3) ≃ (mu, mc, mt) and VL ≃ UCKM [55–60].

The spectrum of right-handed neutrino masses resulting from the seesaw formula in
combination with the low energy neutrino experimental data is very hierarchical with

– 16 –



J
H
E
P
1
0
(
2
0
2
4
)
1
9
0

M1 ≪ 109 GeV and M2 ∼ 1011–1012 GeV, exactly of the kind obtained in the numerical
fit. With such a hierarchical spectrum, the neutrino Dirac mass eigenvalue that enters the
final asymmetry is mD2 ∼ mc, while mD1 and mD3 cancel out and do not play any role: for
this reason there is a reduction of the number of parameters that determines the asymmetry
and once the condition of successful leptogenesis is imposed, there are some interesting
constraints on low energy neutrino parameters. From this point of view the numerical
fit that we have obtained seems to respect the main features of the solutions obtained in
SO(10)-inspired leptogenesis. In particular, NO solutions are favoured and first octant for θ23
is also favoured. There is, however, one remarkable departure from the solutions obtained
within SO(10)-inspired leptogenesis. The final asymmetry is either tauon dominated, with
N f

B−L ≃ N∆τ , or muon dominated, with N f
B−L ≃ N∆µ . In both cases one obtains a lower

bound on the absolute neutrino mass scale that in terms of lightest neutrino mass can be
expressed as m1 ≳ 1meV in the case of tauon-dominated solutions and m1 ≳ 20meV in the
case of muon-dominated solutions, where we refer to the, by far more interesting, NO case.

In the numerical fit we have obtained, the asymmetry is muon-dominated but as one
can see one has m1 ≃ 0.038meV, violating the lower bound obtained for SO(10)-inspired
leptogenesis with VL ≃ UCKM. If we parameterise the unitary matrix VL in terms of three
mixing angles and six phases, we can write:

VL =

 cL
12 cL

13 sL
12 cL

13 sL
13 e−i δL

−sL
12 cL

23 − cL
12 sL

23 sL
13 ei δL cL

12 cL
23 − sL

12 sL
23 sL

13 ei δL sL
23 cL

13
sL

12 sL
23 − cL

12 cL
23 sL

13 ei δL −cL
12 sL

23 − sL
12 cL

23 sL
13 ei δL cL

23 cL
13


×diag

(
e−i

αL
2 , e−i

βL
2 , 1

)
, (5.2)

where cL
ij = cos θL

ij and sL
ij = sin θL

ij . We have extracted this matrix in the case of the best
numerical fit and found that while θL

12 ≃ 4◦ and θL
13 ≃ 0.3◦ respect the condition to be

comparable to the corresponding values of the angles in the CKM matrix, one has θL
23 ≃ 45◦,

a maximal value corresponding to a drastic departure from the condition VL ≃ UCKM. It
was already noticed that a non-vanishing value of θL

23 is necessary to have non-vanishing
ε2µ and, therefore, muon dominated solutions [66]. However, this angle was still kept small
and it was shown one could not obtain successful leptogenesis in the normal hierarchical
limit (m1 ≪ msol ≡

√
∆m2

21 ∼ 10meV). Here we want to show how, thanks to a large
value of θL

23, one can have successful (muon dominated) leptogenesis with m1 as small as
0.038meV, as obtained in the numerical fit.

If in first approximation we neglect flavor coupling stemming from spectator processes,
mainly dominated by the Higgs asymmetry, an analytical expression for the muonic con-
tribution is given by

N lep,f
∆µ

≃ ε2µ κ(K2e + K2µ) e−
3π
8 K1µ , (5.3)

where K1µ, K2µ and K2e are the flavored decay parameters given by Kiα = |(mD)αi|2/(Mi m⋆),
ε2µ is the muonic CP asymmetry and κ(K2e + K2µ) is the efficiency factor at the production,
i.e., at the scale M2. For initial thermal N2 abundance this can be calculated as

κ(K2α) =
2

zB(K2e + K2µ) (K2e + K2µ)

(
1− e−

(K2e+K2µ) zB(K2e+K2µ)
2

)
, (5.4)
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with
zB(K2e + K2µ) ≃ 2 + 4 (K2e + K2µ)0.13 e

− 2.5
K2e+K2µ . (5.5)

We have now to understand the effect of a maximal θL
23 = 45◦. For simplicity we can

approximate θL
12 ≃ θL

13 ≃ 0. A very useful quantity in connecting the neutrino Dirac mass
matrix to the low energy neutrino parameters via the seesaw formula when VL ̸= I is the
neutrino mass matrix in the Yukawa basis given by m̃ν = VL m̄ν V T

L , that is clearly symmetric.
In particular, the right-handed neutrino masses can be expressed in a compact way in terms
of the m̃ν entries as:

M1 ≃ m2
D1

|(m̃ν)11|
, M2 ≃ m2

D2
m1 m2 m3

|(m̃ν)11|
|(m̃−1

ν )33|
, M3 ≃ m2

D3 |(m̃−1
ν )33| . (5.6)

Since we take only θL
23 large, it is easy to see that the only entries (m̃ν)ij that change compared

to the case VL = I are (m̃ν)23 and (m̃ν)33. With this observation it is simple to see the effect
of having a large θL

23 in the muon-dominated final asymmetry.
Let us start from calculating K1µ. It is simple to derive the following approximate

expression in the hierarchical limit (m1 ≪ msol) [66]:

K1µ = |(mD)µ1|2

M1 m⋆
≃ c2

12 c2
23

msol
m⋆

≃ 3 . (5.7)

In this expression we have neglected a correcting term (sL
23)2 |(m̃ν)13|2/(|(m̃ν)11|m⋆), so that

there is no substantial change in K1µ even with a maximal value θL
23 = 45◦. Notice that this

result implies that there is necessarily a suppression of the muon asymmetry produced from
N2 decays due to the N1 washout given by a factor e−3π K1µ/8 ≃ 0.03. This suppression of
course needs to be compensated mainly by a large enhancement of the muonic CP asymmetry
ε2µ and, to a minor extent, by a small value of K2e + K2µ so that κ(K2e + K2µ) ≃ 1 for
initial thermal N2 abundance.

Let us show that this is indeed what happens starting from the crucial quantity ε2µ.
An approximate expression for ε2µ is given by

ε2µ ≃ 3
16π

M2
M3

Im
[
(mD)⋆

α2(mD)α3(m†
D mD)23

]
v2 (m†

D mD)22
. (5.8)

From this expression, using the eqs. (5.6) for M2 and M3, the biunitary parameterisation for
mD and an expression of UR in terms of m̃ν entries, one arrives to the following approximate
expression for ε2µ:

ε2µ ≃ 3m2
D2

16π v2
|(m̃ν)11| |(VL)32|2

m1 m2 m3 |(m̃−1
ν )33|2

sinαlep , (5.9)

where from eq. (5.2) one can see that, in our case, |(VL)32|2 = (sL
23)2 ∼ 1. Moreover, one

finds for the effective phase

αlep = Arg [(m̃ν)11]− 2Arg[(m̃−1
ν )23]− π + α − 2β + αL − 2βL . (5.10)

It should be immediately noticed how the CP asymmetry vanishes in the limit θL
23 → 0

showing how muon-dominated solutions necessarily require some departure from the case
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VL = I. We now have to understand how one can have an enhancement in the hierarchical
limit, for m1 ≪ msol. The crucial point is to have a small value of |(m̃−1

ν )33|. Let us calculate
this important quantity. First of all notice that m̃−1

ν = V ⋆
L m̄−1

ν V †
L so that one obtains

(m̃−1
ν )33 = (V ⋆

L )2
33 (m̄−1

ν )33 + (V ⋆
L )2

32 (m̄−1
ν )22 + 2 (V ⋆

L )32(V ⋆
L )33 (m̄−1

ν )23 . (5.11)

The inverse low energy neutrino mass matrix is given by m̄−1
ν = U⋆

ν D−1
m U †

ν , so that one
finds in the hierarchical limit:

(m̄−1
ν )33 ≃ s2

12s2
23

m1
eiα , (m̄−1

ν )22 ≃ s2
12 c2

23
m1

eiα , (m̄−1
ν )23 ≃ −s2

12 s23 c23
m1

eiα . (5.12)

Notice that for m1 → 0, one has (m̃−1
ν )33 ∝ 1/m1 implying ε2µ ∝ m1 → 0. It is then necessary

that the factor of proportionality (m̃−1
ν )33 m1 gets sufficiently small in order to have successful

leptogenesis. This also corresponds to have a reduction of the ratio M2/M3 ∝ (m̃−1
ν )2

33. This
implies that there must be some phase cancellation. Let us see whether this is possible for
some choice of the values of some of the phases.

In the hierarchical limit one obtains then the following expression for (m̃−1
ν )33:

(m̃−1
ν )33 m1 ≃ s2

12 eiα
[
(cL

23)2 s2
23 + 2sL

23 cL
23s23c23 ei

βL
2 + (sL

23)2 c2
23 eiβL

]
. (5.13)

For θL
23 = π/4, one has a cancellation in the second term if βL ≃ 2n π with n integer number

in a way that one obtains

|(m̃−1
ν )33|m1 ≃ s2

12
2 (c23 − s23)2 ∼ 0.01 , (5.14)

where for the numerical estimation we used the best fit values for θ12 and θ23. Notice
that in our fit we indeed find βL ≃ −2π and |(m̃−1

ν )33|m1 ∼ 0.01, in nice agreement with
this analytical result. The smallness of |(m̃−1

ν )33|m1, combined with a large θL
23 ≃ π/4,

strongly enhances the muonic CP asymmetry, allowing successful leptogenesis despite that for
m1 ≪ msol one has K1µ ≃ 3, as we have seen. Notice that a small |(m̃−1

ν )33| is also important
to suppress K2e + K2µ since one has in the hierarchical limit

K2µ = |(mD)µ2|2

M2 m⋆
≃ (cL

23)2 m1 msol matm
m⋆ |(m̃ν)11|

|(m̃−1
ν )33| ∼ 0.1 , (5.15)

and K2e ≪ K2µ. It is interesting that the value θL
23 seems to be a special one in order to have

such phase cancellation and this might suggest the presence of some discrete symmetry. It
is also interesting that in this case the deviation of the atmospheric mixing angle from the
maximal value sets the value of |(m̃−1

ν )33|m1 and, consequently, of the baryon asymmetry.5

Finally, let us say that an analogous result holds for inverted ordering, though this
possibility is now strongly disfavoured by recent results from neutrino oscillation experi-
ments [100] and new cosmological observations placing a very stringent upper bound on
the sum of neutrino masses [101].

5Notice that for θ23 = π/4 one would have an exact cancellation and (m̃−1
ν )33 = 0 (in this case the validity

of eqs. (5.6) breaks down). This would correspond to one of the two so-called crossing level solutions (the
second is realised for (m̃ν)11 = 0 and in that case one has M1 = M2) studied in [59] for small mixing angles in
VL. Therefore, the fit we found is just in the vicinity of the crossing level solution (m̃−1

ν )33 = 0 (corresponding
to M2 = M3).
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6 Gauge coupling unification and proton decay

Proton decay is the smoking gun signal of grand unification. For a recent review on this
subject, see, for example, ref. [102]. In the framework of non-supersymmetric SO(10) GUTs,
the most significant proton decay mode is the p → e+π0 and the corresponding lifetime of
the proton can be estimated as follows [103, 104]:

τp =
[
g4

GUT
mp

32π

(
1−m2

π0

m2
p

)2

A2
L×

{
A2

SR

(
M2

X,Y +M2
X′,Y ′

M2
X,Y M2

X′,Y ′

)2 ∣∣⟨π0|(ud)RuL|p⟩
∣∣2+A2

SL

4
M4

X,Y

∣∣⟨π0|(ud)LuL|p⟩
∣∣2}]−1

. (6.1)

Here, mp and gGUT represent the proton mass and the unified gauge coupling, respectively.
MX,Y and MX′,Y ′ denote the masses of the gauge bosons X, Y ∈ (3, 2, 5/6) and X ′, Y ′ ∈
(3, 2,−1/6). For our analysis, we identify the scale at which all gauge couplings unify, the
GUT scale, with these gauge boson masses. Although the masses MX,Y and MX′,Y ′ are
in general different, they are nearly degenerate in the symmetry breaking scheme that we
adopt here with an intermediate Pati-Salam symmetry, as they belong to the same (6, 2, 2)
multiplet of the PS symmetry.

The values of the hadronic matrix elements appearing in eq. (6.1) have been computed
on the lattice and are found to be ⟨π0|(ud)RuL|p⟩ = −0.131GeV2 and ⟨π0|(ud)LuL|p⟩ =
0.134GeV2 [105]. Furthermore, the long-distant renormalization group running factor
AL [106] has a value given by AL ≈ 1.2, and the short range renormalization factor AS

is computed as follows [107–110]:

AS =
MZ≤Mj≤MX∏

j

∏
i

[
αi (Mj+1)
αi (Mj)

] γi
bi

, (6.2)

where, the beta function coefficients bi are explicitly presented later in this section. Fur-
thermore, αi = g2

i /4π and γi’s are the relevant anomalous dimensions [111]. Values of
the anomalous dimensions to be used for our numerical studies are [112–114]: for the SM
gauge group, γL

3C,2L,1Y = {2, 9
4 , 23

20} and γR
3C,2L,1Y = {2, 9

4 , 11
20}; whereas, for the Pati-Salam

intermediate gauge group with parity we have γL
4C,2L,2R = γR

4C,2L,2R = {15
4 , 9

4 , 9
4}.

In order to satisfy the current proton lifetime bound of τp(p → e+π0) > 2.4× 1034 yrs
from Super-Kamiokande [87], one requires the GUT scale to be MGUT ≳ 5× 1015 GeV. This
limit follows from eq. (6.1) when the values of the various parameters appearing in it are
inserted as discussed above. In the following we show how this limit can be respected in
our scenario while also being consistent with gauge coupling unification. For this purpose a
symmetry breaking scheme should be specified with the intermediate scale gauge symmetry
identified. The scalar spectrum that survive below the GUT scale down to the intermediate
scale (Mint) should also be specified. For this we shall adopt a minimal scenario dictated
by the extended survival hypothesis [115–118]. Under this hypothesis, only those scalar
fragments from the GUT multiplets needed for subsequent symmetry breaking are assumed
to survive down to the intermediate scale.

As discussed in section 4, the heaviest right-handed neutrinoN3 has a mass of 2 ×
1013 GeV ≲ MN3 ≲ 1015 GeV. This follows solely from the fermion fit [50]. Since N3
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Figure 2. Gauge coupling evolution with an intermediate SU(4)c×SU(2)L×SU(2)R symmetry and an
unbroken Z2 parity. The minimal set of particle content affecting the running above the intermediate
scale is (1, 2, 2)R ⊂ 10H , (1, 2, 2)R, (15, 2, 2)R ⊂ 120H , and (1, 2, 2), (15, 2, 2), (10, 1, 3), (10, 3, 1) ⊂
126H . Here, for clarity, real representations are denoted by a subscript R. No threshold effects are
included here. All particles surviving to Mint are taken to be degenerate, and all particles at the GUT
scale are also taken to be degenerate.

mass can only arise after intermediate symmetry breaking, and since the relevant Yukawa
coupling should be not more than order unity (so that perturbative unitarity is preserved),
we infer that (2− 4)× 1013 GeV ≲ Mint. Furthermore, the best fit for the fermion spectrum
typically prefers this scale to be MN3 ∼ (1 − 10) × 1014 GeV, which suggests that Mint
should be also in this range. Remarkably, preference of such a high intermediate scale (Mint)
points towards a particular symmetry breaking scheme, viz., where SO(10) breaks down to
the SU(4)c × SU(2)L × SU(2)R Pati-Salam subgroup with an unbroken Z2 parity. To be
specific, with the assumption of extended survival hypothesis, in ref. [43], two schemes of
SO(10) symmetry breaking was analyzed. If a 54H is used for the GUT symmetry breaking,
gauge coupling unification requires Mint to be about two orders of magnitude below MGUT
(from 1-loop RGE analysis). This is fully consistent with the above-mentioned range of
2× 1013 GeV ≲ Mint ≲ 1015 GeV. However, if a 45H or 210H is used for the GUT breaking,
SO(10) would break down to the Pati-Salam symmetry, but without the Z2 parity, in which
case Mint ≃ 1011 GeV would follow [43] (from 1-loop RGE analysis). The fermion mass fit to
the minimal Yukawa sector that we have adopted here, therefore, prefers the GUT symmetry
breaking Higgs to be in the 54-dimensional representation.

Therefore, for consistency, in this work, we consider the following symmetry break-
ing chain:

SO(10) MGUT−−−−→
54H

SU(4)C × SU(2)L × SU(2)R × D (6.3)

Mint−−−→
126H

SU(3)C × SU(2)L × U(1)Y (6.4)

MEW−−−−−−−−−−−→
10H+120H+126H

SU(3)C × U(1)em (6.5)
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such that MGUT > Mint > MEW . As mentioned earlier, MGUT is identified with the mass
of the MX(′),Y (′) gauge bosons. Similarly, we identify Mint with the mass of leptoquark
gauge boson of the Pati-Salam symmetry, Vµ(3, 1,−2/3). The rest of the gauge bosons
at Mint are not, however, degenerate with MV , with their masses given by the relations
mWR

/Mint = g2R/g4C and mZR
/Mint =

(
3/2 + g2

2R/g2
4C

)1/2 [119]. We shall take account of
this non-degeneracy in the calculation of gauge coupling evolution.

Thus, GUT symmetry is first spontaneously broken to the Pati-Salam symmetry with a
discrete Z2 symmetry D, which is subsequently broken down to the SM when 126H acquires a
VEV of order Mint. This discrete symmetry guarantees that g2L,PS = g2R,PS. This symmetry
breaking is also responsible for generating the mass of the heavy right-handed neutrinos.
Hereafter, with this symmetry breaking chain, we perform a detailed analysis of the gauge
coupling unification. The 2-loop RGEs for the gauge couplings gi (i = 1, 2, 3) are given by

dα−1
i (µ)

d lnµ
= − bi

2π
−
∑

j

bij

8π2α−1
j (µ)

, (6.6)

where µ denotes the energy scale. At the low scale, i.e., µ = MZ , we use the following
values of the gauge coupling [89]:

g1(MZ)= 0.461425+0.000044
−0.000043, g2(MZ)= 0.65184+0.00018

−0.00017, g3(MZ)= 1.2143+0.0036
−0.0035. (6.7)

Using the generalized formula for the beta-function, β = µdg/dµ, the 1-loop and 2-loop
coefficients are given by [120]

bi = −11
3 C2(Gi) +

4
3κS2(Fi) +

1
6ηS2(Si), (6.8)

bij = −34
3 [C2(Gi)]2 δij + κ

[
4C2(Fj) +

20
3 δijC2(Gi)

]
S2(Fi)

+ η

[
2C2(Sj) +

1
3δijC2(Gi)

]
S2(Si). (6.9)

Here, S2 and C2 denote the Dynkin indices and quadratic Casimir of a given representation,
along with their respective multiplicity factors. For Dirac (Weyl) fermion, κ = 1 (κ = 1

2).
The parameter η takes values 1 for real scalar fields and 2 for complex scalar fields. The
symbols G, F , and S represent gauge multiplets, fermions, and scalars, respectively.

At the GUT scale, the appropriate matching conditions read [121, 122]

α−1
4C,PS = α−1

2L,PS = α−1
2R,PS = α−1

GUT, (6.10)

whereas, at the PS scale, we have

α−1
3C,SM = α−1

4C,PS − 1
12π

, (6.11)

α−1
2L,SM = α−1

2L,PS, (6.12)

α−1
1Y,SM = 3

5

(
α−1

2R,PS − 1
6π

)
+ 2

5

(
α−1

4C,PS − 1
3π

)
. (6.13)
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Figure 3. Example of 2-loop gauge coupling unification including 1-loop threshold corrections; see
text for details.

The well-known beta function coefficients of the SM are as follows:

(
bSM

1Y , bSM
2L , bSM

3C

)
=
(41
10 ,−19

6 ,−7
)

, bSM
ij =


199
50

27
10

44
5

9
10

35
6 12

11
10

9
2 −26

 . (6.14)

If the extended survival hypothesis is assumed (as we do), the minimal set of scalar fields that
affects the running above the intermediate scale is (1, 2, 2)R ⊂ 10H , (1, 2, 2)R, (15, 2, 2)R ⊂
120H , and (1, 2, 2), (15, 2, 2), (10, 1, 3), (10, 3, 1) ⊂ 126H . Here, for clarity, real representations
are denoted by a subscript R. The (10, 1, 3) ⊂ 126H must survive down to Mint as it is
responsible for the PS symmetry breaking. The (10, 3, 1) fragment should then be also
at Mint since it is the Z2 parity partner of (10, 3, 1), with the discrete Z2 parity broken
only at Mint. The light Higgs doublet of the SM is a well-tempered mixture of the Higgs
doublets from the other fragments listed above, all of which should survive down to Mint.
With this particle content, we obtain the following beta function coefficients effective in
the momentum range Mint ≤ µ ≤ MGUT:

(
bPS

2L , bPS
2R, bPS

4C

)
=
(23

2 ,
23
2 ,

10
3

)
, bPS

ij =


593
2

147
2

1485
2

147
2

593
2

1485
2

297
2

297
2

4447
6

 . (6.15)

We have plotted in figure 2 the evolution of the gauge couplings with energy in this scenario
using the full two-loop evolution equations with the assumption that all particles at the
intermediate scale have a common mass, and all GUT scale particles also have a common
mass. As can be seen from figure 2, the GUT scale obtained with these assumptions,
MGUT = 8.54× 1014 GeV, is not large enough to evade the current proton decay limits from
Super-Kamiokande. Utilizing eq. (6.1) and using gGUT = 0.586 corresponding to figure 2,
we obtain τp = 8.4 × 1030 yrs, which is too rapid.
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Our assumption in figure 2 that all GUT scale particles have a commons mass, and
similarly, all intermediate scale particles are also degenerate is in fact too simplistic. The
intermediate scale gauge boson spectrum discussed earlier shows clearly that the gauge
bosons don’t have a common mass, although their masses are close to each other. Similarly,
a full Higgs potential analysis would reveal that the scalar sub-multiplets have differing
masses, which holds for the particles at the GUT scale as well as at the intermediate scale. A
more realistic scenario would allow for small deviations from degeneracy for these masses.
These threshold corrects [121, 122] at MGUT and Mint will play a crucial role in the gauge
coupling evolution, in particular, in the numerical determination of MGUT. Therefore, in
search of a viable scenario, we consider a more general scheme, where the particle content
is taken to be similar to the minimal scheme, with only the scalar states (1, 2, 2)R ⊂ 10H ,
(1, 2, 2)R, (15, 2, 2)R ⊂ 120H , and (1, 2, 2), (15, 2, 2), (10, 1, 3), (10, 3, 1) ⊂ 126H residing close
to the intermediate scale. However, these states are now allowed to live within a narrow
range (0.1− 2)× Mint. Similarly, states that were assumed to be perfectly degenerate with
the GUT scale are now allowed to float within (0.1− 2)× MGUT. (The upper range of 2 is
used to ensure that perturbation theory remains valid [112].) Due to these threshold effects,
the modified matching condition between the gauge couplings α−1

d of the daughter gauge
group (Gd) and the gauge couplings α−1

p of the parent group (Gp) reads

α−1
d (µ)− C2(Gd)

12π
=
(

α−1
p (µ)− C2(Gp)

12π

)
− Λd(µ)

12π
, (6.16)

where the 1-loop threshold corrections involving the superheavy fields are given by [112,
121–124],

Λd(µ) = −21 Tr(t2
dV ln mV

µ
) + 2 η Tr(t2

dS ln mS

µ
) + 8 κ Tr(t2

dF ln mF

µ
). (6.17)

Here, tdV , tdS , and tdF are the generators for the representations of the superheavy vector,
scalar, and fermion fields under Gd, respectively, with mV , mS , and mF representing their
corresponding masses.

For a sample particle spectrum (benchmark given below6), gauge coupling unification is
presented in figure 3. This plot illustrates that with the inclusion of threshold corrections in
the range (0.1, 2), a high GUT scale of MGUT ∼ 1016 GeV can be obtained, which escapes
the present proton decay bounds. The corresponding intermediate scale Mint ∼ 1014 GeV
also aligns well with the fermion mass fit. Again, utilizing eq. (6.1) and using gGUT = 0.615
corresponding to figure 3, we obtain τp = 7× 1034 yrs, which can be probed by the 10-years of
Hyper-Kamiokande [125] operations (note that the future sensitivity of Hyper-K in its 10(20)-
years of operations is 7.8× 1034 (1.56× 1035) yrs at 90% confidence level). The benchmark
point corresponding to figure 3 has the following threshold corrections at the GUT scale:(

r
(6,1,1)
10 , r

(1,3,3)
54 , r

(20′,1,1)
54 , r

(6,3,1),(6,1,3)
54

)
= (0.11, 1.93, 0.10, 1.94), (6.18)(

r
(10,1,1),(10,1,1)
120 , r

(6,1,1)
126

)
= (0.10, 0.11). (6.19)

Here we have defined rX
Y ≡ MX

Y /µ, where MX
Y denotes the mass of the associated sub-

multiplet and µ = MGUT for GUT-scale threshold effects and µ = Mint for intermediate-scale
6The threshold corrections presented here are some examples, they are not predictions of the model. One

could choose them differently, and in some cases the spectrum would be inconsistent with proton decay.
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threshold effects. We assume that the masses of these sub-multiplets are independent, except
for the relations dictated by the Z2-parity symmetry. This appears to be justified, since
the scalar potential of the model has sufficient number of free parameters. For GUT-scale
threshold effects, X in rX

Y represents the PS sub-multiplet residing in a GUT multiplet Y .
The benchmark point also takes the threshold effects at Mint to be(

r
(3,2,7/6)
120 , r

(3,2,−1/6)
120 , r

(8,2,1/2)
120 , r

(1,3,1)
126

)
= (1.73, 0.153, 0.102, 1.90),(

r
(3,3,1/3)
126 , r

(6,3,−1/3)
126 , r

(1,1,−2)
126 , r

(3,1,2/3)
126

)
= (1.95, 0.985, 1.82, 0.108),(

r
(3,1,−1/3)
126 , r

(3,1,−4/3)
126 , r

(6,1,4/3)
126 , r

(6,1,1/3)
126

)
= (0.121, 1.99, 1.40, 0.102),(

r
(6,1,−2/3)
126 , r

(3,2,7/6)
126 , r

(3,2,−1/6)
126 , r

(8,2,1/2)
126

)
= (0.103, 1.84, 0.112, 0.105). (6.20)

Here µ = Mint and x in rX
Y represents the SM sub-multiplet X residing in a GUT multiplet

Y . The explicit form of the GUT scale threshold corrections are given as

Λ2L,PS = 6 ln
(
r

(1,3,3)
54

)
+ 12 ln

(
r

(6,3,1)
54

)
, (6.21)

Λ2R,PS = 6 ln
(
r

(1,3,3)
54

)
+ 12 ln

(
r

(6,1,3)
54

)
, (6.22)

Λ4C,PS = ln
(
r

(6,1,1)
10

)
+ 3 ln

(
r

(10,1,1)
120

)
+ 3 ln

(
r

(10,1,1)
120

)
+ 8 ln

(
r

(20′,1,1)
54

)
+ 3 ln

(
r

(6,3,1)
54

)
+ 3 ln

(
r

(6,1,3)
54

)
+ 2 ln

(
r

(6,1,1)
126

)
. (6.23)

Similarly, the threshold corrections at PS scale are given by
5
3Λ1Y,SM = 49

3 ln
(
r

(3,2,7/6)
120

)
+ 1

3 ln
(
r

(3,2,−1/6)
120

)
+ 8 ln

(
r

(8,2,1/2)
120

)
+ 6 ln

(
r

(1,3,1)
126

)
+ 2 ln

(
r

(3,3,1/3)
126

)
+ 4 ln

(
r

(6,3,−1/3)
126

)
+ 8 ln

(
r

(1,1,−2)
126

)
+ 8

3 ln
(
r

(3,1,2/3)
126

)
+ 2

3 ln
(
r

(3,1,−1/3)
126

)
+ 32

3 ln
(
r

(3,1,−4/3)
126

)
+ 64

3 ln
(
r

(6,1,4/3)
126

)
+ 4

3 ln
(
r

(6,1,1/3)
126

)
+ 16

3 ln
(
r

(6,1,−2/3)
126

)
+ 49

3 ln
(
r

(3,2,7/6)
126

)
+ 1

3 ln
(
r

(3,2,−1/6)
126

)
+ 8 ln

(
r

(8,2,1/2)
126

)
− 21× 6 ln

(
gPS

2R

gPS
4C

)
, (6.24)

Λ2L,SM = 3 ln
(
r

(3,2,7/6)
120

)
+ 3 ln

(
r

(3,2,−1/6)
120

)
+ 8 ln

(
r

(8,2,1/2)
120

)
+ 4 ln

(
r

(1,3,1)
126

)
+ 12 ln

(
r

(3,3,1/3)
126

)
+ 24 ln

(
r

(6,3,−1/3)
126

)
+ 3 ln

(
r

(3,2,7/6)
126

)
+ 3 ln

(
r

(3,2,−1/6)
126

)
+ 8 ln

(
r

(8,2,1/2)
126

)
, (6.25)

Λ3C,SM = 2 ln
(
r

(3,2,7/6)
120

)
+ 2 ln

(
r

(3,2,−1/6)
120

)
+ 12 ln

(
r

(8,2,1/2)
120

)
+ 3 ln

(
r

(3,3,1/3)
126

)
+ 15 ln

(
r

(6,3,−1/3)
126

)
+ ln

(
r

(3,1,2/3)
126

)
+ ln

(
r

(3,1,−1/3)
126

)
+ ln

(
r

(3,1,−4/3)
126

)
+ 5 ln

(
r

(6,1,4/3)
126

)
+ 5 ln

(
r

(6,1,1/3)
126

)
+ 5 ln

(
r

(6,1,−2/3)
126

)
+ 2 ln

(
r

(3,2,7/6)
126

)
+ 2 ln

(
r

(3,2,−1/6)
126

)
+ 12 ln

(
r

(8,2,1/2)
126

)
. (6.26)
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Finally, summarizing the results obtained in this section, we have shown that with the
assumption of extended survival hypothesis without allowing for threshold corrections, proton
decay is too rapid, therefore does not lead to a viable scenario. However, there is no a
priori reason for all states to be perfectly degenerate in mass with the corresponding scales,
namely MGUT and Mint. Once these threshold corrections are included by assuming that the
associated states can reside within a factor of (0.1− 2) of the corresponding scales, proton
lifetime is found to be fully consistent with current limits. Interestingly, the model prefers
the lifetime to be on the lower end, and the upcoming Hyper-Kamiokande experiment is
expected to probe such a scenario.

7 Conclusions

In this work, we have presented a simultaneous fit to the fermion masses and mixings, including
neutrino oscillation parameters, and the baryon asymmetry of the Universe generated by
leptogeneis, in the context of SO(10) grand unified theory with a very minimal Yukawa sector.
The model employs three scalar fields taking part in the fermion mass generation: a real
10H , a real 120H and a complex 126H . This is the simplest Higgs system in a renormalizable
SO(10) theory which does not rely of exterior symmetries such as U(1) or CP to reduce
the fermion sector parameters. The framework has 15 moduli and 12 phases that enters
into the fermion masses and mixings.

We have shown that excellent fits to the fermion observables can be realized with χ2 = 1.45
for the normal ordering of neutrino masses (NO) and χ2 = 5.76 for the inverted ordering (IO)
case, while also generating the baryon asymmetry with the correct sign and the right value.
Interestingly, the mass spectrum of the right-handed neutrinos in both NO and IO cases is
found from the fermion fits to be (M1, M2, M3) ∼

(
104−5, 1011−12, 1014−15)GeV, which leads

to a scenario where B − L asymmetry is dominantly produced from N2 dynamics while N1 is
responsible for erasing the excess asymmetry. For the best-fit points, the efffective mass for
neutrinoless double beta decay parameter is 3.68 (34.36) meV for NO (IO) case, consistent
with the current experimental limit from KamLAND-Zen (corresponding to upper limits on
⟨mββ⟩ of 36–156 meV [126]) while the IO scenario can be completely probed in the future
nEXO experiment [127]. For the case of normal ordering of neutrino masses, the model
prefers the leptonic CP-violating phase to be in the range δCP ≃ (230 − 300)◦. Moreover,
we have found that the fermion mass fit prefers a high scale symmetry breaking triggered
by a 54H -dimensional representation. Our detailed numerical study reveals that non-zero
threshold corrections are vital in realizing gauge coupling unification while being consistent
with proton decay bounds. As long as these threshold correctins remain small, proton lifetime
cannot exceed 1035 years, which may be within reach of forthcoming experiments.
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A Fit parameters: normal ordering

In this appendix we provide the fit parameters defined in eqs. (2.8)–(2.9) for the normal
ordering (NO) solution. The best fit values of these parameters at the GUT scale are as follows:

r1 = −3.23303× 10−3 + 6.51103× 10−6i, (A.1)

r2 = −0.355963 + 1.25289i, (A.2)

ϕ = −1.35108, (A.3)

cR = 9.84658× 1012, (A.4)

S =

 6.67309× 10−9 0 0
0 0.211339 0
0 0 82.3132

 GeV, (A.5)

D =
−2.89062× 10−4 + 4.87101× 10−4i 2.34361× 10−3 + 3.43972× 10−3i −5.44162× 10−3 + 3.42227× 10−4i

2.34361× 10−3 + 3.43972× 10−3i 4.61704× 10−2 − 1.39879× 10−3i −4.37217× 10−3 − 5.40885× 10−1i

−5.44162× 10−3 + 3.42227× 10−4i −4.37217× 10−3 − 5.40885× 10−1i 3.83674× 10−1 + 2.9757× 10−2i

GeV,

(A.6)

A =
 0 1.10335× 10−3 + 2.93066× 10−3i −4.7391× 10−3 − 1.62764× 10−4i

−1.10335× 10−3 − 2.93066× 10−3i 0 5.35481× 10−1 − 1.00172× 10−1i

4.7391× 10−3 + 1.62764× 10−4i −5.35481× 10−1 + 1.00172× 10−1i 0

GeV.

(A.7)

B Fit parameters: inverted ordering

In this appendix we provide the fit parameters defined in eqs. (2.8)–(2.9) for the inverted
ordering (IO) solution. The best fit values of these parameters at the GUT scale are as follows:

r1 = 3.72884× 10−3 + 3.49392× 10−5i, (B.1)

r2 = 0.146324 + 1.11548i, (B.2)

ϕ = −1.55817, (B.3)

cR = 7.01764× 1012, (B.4)
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S =

 1.51614× 10−9 0 0
0 2.45908× 10−1 0
0 0 8.34044× 101

 GeV, (B.5)

D =
−7.18337× 10−4 + 2.32015× 10−4i 2.67684× 10−3 + 1.98135× 10−3i −3.98144× 10−3 + 8.5517× 10−4i

2.67684× 10−3 + 1.98135× 10−3i 6.6873× 10−3 − 4.28609× 10−2i −4.34152× 10−2 − 5.38267× 10−1i

−3.98144× 10−3 + 8.5517× 10−4i −4.34152× 10−2 − 5.38267× 10−1i −3.33469× 10−1 − 3.11386× 10−2i

 GeV,

(B.6)

A =
 0 2.69205× 10−3 + 1.37192× 10−3i −3.46624× 10−3 + 7.82184× 10−4i

−2.69205× 10−3 − 1.37192× 10−3i 0 5.54677× 10−1 − 3.55935× 10−2i

3.46624× 10−3 − 7.82184× 10−4i −5.54677× 10−1 + 3.55935× 10−2i 0

GeV.

(B.7)

C Parameters for leptogenesis

For the convenience of the reader, here we present the neutrino Dirac, eq. (2.12), and the
charged lepton, eq. (2.11), Yukawa coupling matrices in a basis where the right-handed
neutrino mass matrix, eq. (2.13), is diagonal. These quantities are given at the M2 scale
used for leptogenesis and at M1 scale used for washout calculations. Notice that in our
flavor-covariant formalism, it is not necessary to use the charged lepton mass diagonal basis.
As we have shown in section 3, B or B − L asymmetry is invariant under flavor rotations,
see eq. (3.19). These Yukawa coupling and masses quoted below are the outcomes of the fits
presented in appendices A and B. At renormalization scale M2, we have for

normal ordering (NO):

(M1, M2, M3) =
(
6.57071× 104, 2.08095× 1012, 7.51307× 1014

)
GeV, (C.1)

yνD =
−1.60399× 10−6 + 2.70269× 10−6i 3.83439× 10−6 − 1.6047× 10−6i 3.99098× 10−6 + 1.09775× 10−6i

2.21767× 10−5 + 3.97769× 10−5i −3.26201× 10−3 − 7.64731× 10−6i −3.77518× 10−3 − 2.01867× 10−3i

−6.07975× 10−5 + 2.51138× 10−6i 3.58336× 10−3 − 3.71946× 10−3i −1.29043 + 1.55752× 10−4i

 ,

(C.2)

yE =
 −1.6569× 10−6 + 2.79187× 10−6i −9.85534× 10−6 + 2.16613× 10−5i −2.15379× 10−5 − 3.35986× 10−5i

3.67292× 10−5 + 1.77743× 10−5i 2.76287× 10−4 − 8.26329× 10−6i −4.2159× 10−4 + 1.00513× 10−3i

−4.20094× 10−5 + 3.56618× 10−5i 3.46994× 10−4 − 7.14891× 10−3i 7.17039× 10−3 + 1.71882× 10−4i

 .

(C.3)

and for inverted ordering (IO):

(M1, M2, M3) =
(
1.06397× 104, 1.72569× 1012, 5.37463× 1014

)
GeV, (C.4)

yνD =
−3.96655× 10−6 + 1.28114× 10−6i −5.56661× 10−7 + 1.20903× 10−7i 2.06712× 10−8 + 2.91964× 10−6i

3.01215× 10−5 + 2.17624× 10−5i −4.03696× 10−3 − 2.36699× 10−4i −3.60534× 10−3 − 3.17552× 10−3i

−4.12295× 10−5 + 6.06392× 10−6i 3.00083× 10−3 − 2.53226× 10−3i −1.29604− 1.61077× 10−4i

 ,

(C.5)

yE =
−4.10011× 10−6 + 1.32424× 10−6i 8.79887× 10−6 + 2.95932× 10−5i −3.26182× 10−5 − 1.76321× 10−5i

2.1766× 10−5 − 6.97592× 10−6i 2.23477× 10−5 − 2.44794× 10−4i 4.71227× 10−4 + 4.57941× 10−4i

−1.4865× 10−5 + 2.62983× 10−5i −9.36539× 10−4 − 6.5749× 10−3i −7.70666× 10−3 − 2.41542× 10−4i

 .

(C.6)
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At the scale M1, we have Mi as in eq. (C.1) and

NO :

yνD =
−1.55316× 10−6 + 2.61706× 10−6i 3.71295× 10−6 − 1.55390× 10−6i 3.86458× 10−6 + 1.06301× 10−6i

0.0000221767 + 0.0000397769i −0.00326201− 7.64730× 10−6i −0.00377518− 0.00201867i

−0.0000607975 + 2.51138× 10−6i 0.00358336− 0.00371946i −1.29043 + 0.000155752i

 ,

(C.7)

yE =
−1.68764× 10−6 + 2.84365× 10−6i −0.0000100378 + 0.0000220627i −0.000021937− 0.0000342215i

0.0000374106 + 0.0000181041i 0.0002814− 8.42045× 10−6i −0.000429407 + 0.00102376i

−0.0000427879 + 0.0000363228i 0.000353425− 0.00728139i 0.00730327 + 0.000175067i

 .

(C.8)

IO :

yνD =
 −3.80357× 10−6 + 1.2285× 10−6i −5.33817× 10−7 + 1.15942× 10−7i 1.98218× 10−8 + 2.79971× 10−6i

3.01215× 10−5 + 2.17624× 10−5i −4.03696× 10−3 − 2.36699× 10−4i −3.60534× 10−3 − 3.17552× 10−3i

−4.12295× 10−5 + 6.06392× 10−6i 3.00083× 10−3 − 2.53226× 10−3i −1.29604− 1.61077× 10−4i

 ,

(C.9)

yE =
−4.15257× 10−6 + 1.34119× 10−6i 8.91127× 10−6 + 2.99719× 10−5i −3.30355× 10−5 − 1.78575× 10−5i

2.20445× 10−5 − 7.06517× 10−6i 2.26371× 10−5 − 2.4793× 10−4i 4.77254× 10−4 + 4.63796× 10−4i

−1.50549× 10−5 + 2.66343× 10−5i −9.48504× 10−4 − 6.6589× 10−3i −7.80512× 10−3 − 2.44628× 10−4i

 .

(C.10)

Open Access. This article is distributed under the terms of the Creative Commons Attri-
bution License (CC-BY4.0), which permits any use, distribution and reproduction in any
medium, provided the original author(s) and source are credited.
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