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Abstract. We implement type-II seesaw dominance for neutrino mass and baryogenesis
through heavy scalar triplet leptogenesis in a class of minimal non-supersymmetric SO(10)
models where matter parity as stabilising discrete symmetry as well as WIMP dark matter
(DM) candidates are intrinsic predictions of the GUT symmetry. We also find modifications
of relevant CP-asymmetry formulas in such models. Baryon asymmetry of the universe
as solutions of Boltzmann equations is further shown to be realized for both normal and
inverted mass orderings in concordance with cosmological bound and best fit values of the
neutrino oscillation data including θ23 in the second octant and large values of leptonic Dirac
CP-phases. Type-II seesaw dominance is at first successfully implemented in two cases of
spontaneous SO(10) breakings through SU(5) route where the presence of only one non-
standard Higgs scalar of intermediate mass ∼ 109 − 1010 GeV achieves unification. Lower
values of the SU(5) unification scales ∼ 1015 GeV are predicted to bring proton lifetimes to the
accessible ranges of Super-Kamiokande and Hyper-Kamiokande experiments. Our prediction
of WIMP DM relic density in each model is due to a ∼ O(1) TeV mass matter-parity odd
real scalar singlet (⊂ 16H ⊂ SO(10)) verifiable by LUX and XENON1T experiments. This
DM is also noted to resolve the vacuum stability issue of the standard scalar potential. When
applied to the unification framework of M. Frigerio and T. Hambye, in addition to the minimal
fermionic triplet DM solution of 2.7 TeV, our mechanism of type-II seesaw dominance and
triplet leptogenesis is also found to make an alternative prediction of the triplet fermion plus
the real scalar singlet DM near the TeV scale.
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1 Introduction

Despite the success of standard model (SM) paradigm based upon SU(2)L×U(1)Y×SU(3)C(≡
G213) including the evidence of Higgs boson [1, 2], the model fails to explain several issues
like neutrino oscillation [3–7], baryon asymmetry of the universe (BAU) [8–13], nature of
dark matter (DM) and its stability [14–20], the vacuum stability of scalar potential, and the
origin of disparate values of gauge couplings. Out of Grand unified theories (GUTs) [21–32]
suggested to alleviate issues confronting the SM supersymmetric (SUSY) GUTs [33–38] have
been considered to be quite fundamental in understanding the stability of the standard
model vacuum and the origin of three forces of nature. SUSY SO(10) [24, 25] predicts R-
Parity [39–44] for stability of dark matter candidates, explains the origin of experimentally
observed parity violation in weak interaction [21, 22, 45–53], and more interestigly it predicts
the combined type-I [54–59] plus type-II [60–64] hybrid seesaw formula [65–69] for neutrino
mass matrix mν . Among a large number of investigations in neutrino physics [70–78], SUSY
GUTs with type-II seesaw dominance have the special advantage [79] that the observed
pattern of quark and lepton mixings at low energies can be explained without using any
flavor symmetry [80, 81] from the fact that the b-quark and the τ -lepton masses are nearly
equal at the GUT scale [82–84].

However, in the absence of any experimental evidence of SUSY, very recently non-SUSY
SO(10) has been in the spot light because of its inherent and intrinsic capability to predict
DM candidates and their stability. In particular, an intrinsic gauged discrete symmetry [85],
surviving as matter parity in SO(10) breakings [86–103]

ZMP = (−1)3(B−L), (1.1)

has been found to stabilise the non-standard scalars and fermions which are also predicted to
originate intrinsically from this non-SUSY GUT representations as possible DM candidates
leading to a number of attractive predictions [86–103]. It is quite interesting to note that
the matter parity conservation down to low energies naturally emerges whenever the pop-
ular Higgs representation 126H is used to break the underlying U(1)B−L gauge symmetry
and 10H is used to break the electroweak symmetry materialising in type-I⊕type-II seesaw
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formula for neutrino masses discussed in section 4. So far the SO(10) based matter parity con-
serving DM models have been largely exploiting the type-I seesaw dominance in non-SUSY
SO(10) [86–88, 91–101, 103]. On the other hand it is interesting to note that whenever type-
II dominance occurs in a minimal SUSY or non-SUSY SO(10) GUT, it predicts the following
constraint relation among mass eigen values mi(MNi) of left-handed (right-handed) neutrinos

m1 : m2 : m3 :: MN1 : MN2 : MN3 . (1.2)

All neutrino mass generation mechanisms are also expected to respect the cosmological
bound [12, 13]

∑
i m̂i ≤ 0.23 eV.

Alternative to RHN decay leptogenesis in SM extensions [104], interesting models
of triplet leptogenesis have been also proposed [105–112] where the heavy scalar triplet
∆L(3,−1, 1) decay generates the desired CP-asymmetry that leads to baryogenesis through
sphaleron interaction [113] near the electroweak scale. With such nontrivial constraints and
the triplet leptogenesis requirement [107, 108, 112] that one of the heavy neutrinos mediating
the loop for CP-asymmetry generation should be around the ∆L mass, in the present work we
find that the triplet leptogenesis theory [107, 108] is ideally suited for a general class of three
different non-SUSY SO(10) models. This class of models with SM paradigm, besides success-
fully generating BAU, also explains neutrino oscillation data via type-II seesaw dominance
and predicts matter parity stabilised weakly interacting massive particle (WIMP) [114, 115]
dark matter from within the non-SUSY SO(10) consistent with precision unification of gauge
couplings leading to verifiable proton decay. These models are further noted to resolve the
issue of vacuum stability of the SM Higgs potential. In the presence of type-II seesaw domi-
nance in matter parity conserving SO(10) breakings, we further find modifications of relevant
CP-asymmetry formulas of [107, 108, 112] based upon SM extensions. These objectives have
been realized through type-II seesaw dominance induction in a general class of three non-
SUSY SO(10) Models: (i) Model-I with κ(3, 0, 8)-unification framework, (ii) Model-II with
η(3,−1/3, 6)-unification framework, and (iii) Model-III with Frigerio-Hambye type unifica-
tion framework [88].

Our successful realization of heavy triplet leptogenesis consistent with θ23 in the second
octant, large Dirac phases and other neutrino mixings in concordance with most recent
neutrino oscillation data [7] uncovers a new set of important results in the area of thermal
leptogenesis. This is especially so in view of an interesting recent conclusion that strongly
thermal SO(10)-inspired leptogenesis (through type-I seesaw) can be hardly compatible with
atmospheric neutrino mixing angle in the second octant [116, 117].

Highlights of this work are

• Implementation of Type-II seesaw dominance and precision coupling unification in a
class of three different non-SUSY SO(10) breakings to SM via SU(5) route with only
the scalar singlet/fermionic triplet dark matter at the TeV scale verifiable by LUX and
XENON1T experiments.

• Precision coupling unification ensured by the presence of a single nonstandard scalar/
fermionic multiplet of intermediate mass ∼ 109.2 − 1010.4 GeV [88, 103] and type-II
dominance ensured by higher scale insertion of a complete 15H ⊂ SU(5) at M∆ with
much larger SO(10) unification scale, MSO(10) �MSU(5) > M∆.

• Lower values of SU(5) GUT scale, MSU(5) ∼ 1015 GeV, triggering verifiable proton
decay by Super-Kamiokande and Hyper-Kamiokande search experiments [118–121] in
all the three models.
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• Prediction of a class of new CP-asymmetry formulas for leptogenesis compared to ex-
isting models [107, 108, 112] in minimal matter parity conserving SO(10) breakings in
the presence of type-II seesaw dominance.

• First successful minimal non-SUSY SO(10) realization of baryogenesis via heavy scalar
triplet decay leptogenesis with the ∆L− dilepton coupling matrix determined from best
fit values of the neutrino oscillation data in concordance with both normally ordered
(NO) and invertedly ordered (IO) masses with θ23 in the second octant including large
Dirac CP-phases.

• These realizations of type-II seesaw and heavy triplet decay thermal leptogenesis with
θ23 in the second octant to be contrasted with SO(10)-inspired strongly thermal RHN
decay leptogenesis which are hardly compatible with atmospheric mixing angle in the
second octant [116, 117].

• Intrinsic matter parity stabilised TeV mass real scalar singlet ansatz for both WIMP
DM relic density and SM scalar potential vacuum stability verifiable by LUX and
XENON1T.

• Results indicating non-SUSY SO(10) as self sufficient theory for neutrino masses,
baryon asymmetry, dark matter, vacuum stability of SM scalar potential, origin of
three gauge forces, and observed proton stability.

• All other predictions remaining similar to Model-I and Model-II, two different paths
for TeV scale DM through Model-III utilizing Frigerio-Hambye type unification frame-
work [88]:

1. Triplet fermionic DM mass same as mΣ ∼ 2.7 TeV in the minimal scenario of [88],
a new heavy Higgs scalar singlet of intermediate mass (= 109 GeV) resolves the
vacuum stability issue by threshold effects on Higgs quartic coupling [122].

2. A combined DM scenario comprising of both the fermionic triplet and real scalar
singlet near TeV scale in concordance with LUX and XENON1T bounds. In this
case the non-perturbative Sommerfeld enhancement effect can be dispensed with.

This work is organized in the following manner. In section 2 we discuss gauge coupling
unification and GUT scale predictions in new models of type-II seesaw dominance emerging
from matter parity conserving minimal non-SUSY SO(10) breakings. Prediction of the light
real scalar singlet DM is also noted in this section with necessary derivation. Proton lifetime
predictions including GUT threshold effects have been discussed in section 3. In section 4 we
discuss neutrino mass fitting by type-II seesaw dominated formula and derivation of relevant
Yukawa couplings as inputs to leptogenesis. Our predictions on WIMP DM and resolution
of vacuum stability are discussed in section 5. Solutions to vacuum stability problem in the
triplet fermionic DM model and its modification are discussed in section 6. Baryogenesis via
heavy scalar triplet decay is discussed in section 7. We summarize and conclude in section 8.

2 Type-II seesaw dominance models from non-SUSY SO(10)

2.1 New TeV scale non-SUSY dark matter models

For type-II seesaw dominance in SUSY SO(10) two essential ingredients have been sug-
gested [123]: (i). SUSY SO(10) must break into minimal supersymmetric standard model
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(MSSM) in two steps: SUSY SO(10) → SUSY SU(5) → MSSM with the mass scale in
the first step being heavier enough than the SUSY SU(5) breaking scale: MSUSY SO(10) �
MSUSY SU(5), (ii). To maintain pre-existing SUSY unification, the fine-tuned mass of the full
Higgs multiplet 15H ⊂ SU(5) containing the LH triplet ∆L(3,−1, 1) must be lighter than
the SUSY unification scale. Clearly the implementation needs MSSM like TeV scale particle
spectrum [34] and the SUSY GUT scale of eq. (2.1) derived from RG extrapolation of the
CERN-LEP data [35–38].

MSUSY SU(5) ∼ 1016GeV, (2.1)

In purely non-SUSY SM paradigm, the well known failure of coupling unification is
restored [90, 124] through a TeV scale particle spectrum which is the MSSM spectrum minus
the superpartners

φS1 (2, 1/2, 1), φS2 (2,−1/2, 1), φF1 (2, 1/2, 1),ΦF
2 (2,−1/2, 1),

Fσ(3, 0, 1), F8(1, 0, 8) (2.2)

where φS1 (2, 1/2, 1), φS2 (2,−1/2, 1) represent two scalars of a two-Higgs doublet model. In
the SO(10) context [90] φS1 ⊂ 10H , φS2 ⊂ 16H , φF1,2 ⊂ 10F and (Fσ, F8) ⊂ 45F of SO(10).
In attributing non-SUSY SU(5) origin of scalar doublet DM and radiative seesaw [125], a
somewhat different TeV scale spectrum has been also suggested [126]. In the absence of
any evidence in favour of SUSY [127] or MSSM like TeV spectrum of eq. 2.2, in this work
we complete unification for type-II seesaw dominance through only one non-standard scalar
κ(3, 0, 8) as in Model-I, or η(3,−1/3, 6) as in Model-II. In Model-III we implement type-II
seesaw dominance using unification framework of [88] where a fermionic triplet DM ΣF (3, 0, 1)
of mass 2.7 TeV has been suggested. A real scalar singlet dark matter χRS (1, 0, 1) is predicted
to complete vacuum stability in all the three models. Thus, in contrast to the extended
particle spectrum of eq. (2.2), our TeV scale particles accessible to LUX and XENON1T are

χRS (1, 0, 1) OR ΣF (3, 0, 1). (2.3)

All the three models also predict one order lighter unification scale

MSU(5) ' 1015 GeV (2.4)

with corresponding reduction in proton lifetime accessible to Super-Kamiokande and Hyper-
Kamiokande [118–121].

2.1.1 General considerations with matter parity

In SM extended theories [20] the candidates of DM are externally added with an ad-hoc
assumption on their stabilising discrete symmetry. Such theories are naturally expected to
be incomplete in the absence of any fundamental origin of such DM candidates and their
stabilising symmetry.

But in non-SUSY SO(10) this stabilising symmetry [85–87] called matter parity (ZMP )
defined through eq. (1.1) of section 1), automatically emerges as intrinsic gauged dis-
crete symmetry whenever the neutral component of the right-handed (RH) Higgs triplet
∆R(1, 3,−2, 1) ⊂ 126H of SO(10) is assigned appropriate VEV to break SU(2)R × U(1)B−L
gauge symmetry leading to the SM Lagrangian either directly or through intermediate
left-right gauge symmetries [89–102], or through SU(5) route. Here the quantum num-
bers of RH Higgs triplet ∆R(1, 3,−2, 1) are defined under left-right gauge symmetry

– 4 –



J
C
A
P
0
1
(
2
0
2
0
)
0
4
9

SU(2)L × SU(2)R × U(1)B−L × SU(3)C (≡ G2213) [45–47]. Such breakings also enable to
identify the SO(10) representations with odd value of matter parity ZMP = −1 for 16,
144,560,. . . but with even value of ZMP = +1 for 10, 45, 54, 120, 126, 210, 210′,660 . . . Then
it turns out that the would-be DM scalars are predicted to be in the non-standard scalar
representations 16H , 144H . . . while the DM fermions are predicted to be in the non-standard
fermionic representations 10F , 45F , 54F , 120F , 126F , 210F . . . of even matter parity. All the
SM fermions contained in the spinorial representation 16F of SO(10) thus possess odd mat-
ter parity ZMP = −1 while the standard model Higgs contained in 10H carries even value of
ZMP = +1. All the models discussed below rely upon the spontaneous symmetry breaking
pattern

SO(10) −→ SU(5)×U(1)X −→ SU(5) −→ SM. (2.5)

where
X = 4T3R + 3(B − L). (2.6)

In eq. (2.6) T3R = third component of RH isospin and B−L = baryon minus lepton number.
We will assume the two large mass scales for the first two steps to be identical to MSO(10) so
that no generality is lost by considering the effective symmetry breaking chain

SO(10) −→ SU(5) −→ SM. (2.7)

For the sake of utilisation in Model-I, Model-II and Model-III discussed below we need the
following SO(10) branching rules [128].

SO(10) ⊃ SU(5)×U(1)X :

210H = [Ω = 1H(0)] + 75H(0) + 24H(0) + . . . ,

45H = 1H(0) + 24H(0) + +10H(4) + 10H(−4) + . . . ,

126H = [∆0
R = 1H(−10)] + 50H(2) + 15H(6) + . . . ,

16H = [χS = 1H(−5)] + 10H(−1) + 5H(3) . . . ,

10H = 5H(2) + 5H(−2) + . . . (2.8)

The SU(5) singlet 1H ⊂ 126H noted above is the neutral component of the right-handed (RH)
triplet ∆R(1, 3,−2, 1) under G2213 [45–47]. The left-handed (LH) scalar triplet ∆L(3, 1,−2, 1)
responsible for type-II seesaw and the RH triplet ∆R(1, 3,−2, 1) that generates RHN masses
through its U(1)X breaking VEV are noted to originate from the same representation 126H .
We further need the following branching rules for SU(5)⊃ SM.

SU(5) ⊃ SU(2)L ×U(1)Y × SU(3)C(= G213):

5H = φ(2, 1/2, 1) + (1, 2/3, 3),

5H = φ′(2,−1/2, 1) + (1,−2/3, 3̄),

24H = S24(1, 0, 1) + (3, 0, 1) + (1, 0, 8) + (2,−5/6, 3) + (2, 5/6, 3̄),

15H = ∆L(3,−1, 1) + (2, 1/6, 3) + (1, 2/3, 6),

50H = η(3,−1/3, 6) + . . . ,

75H = S75(1, 0, 1) + κ(3, 0, 8) + . . . (2.9)

where the quantum numbers noted in the parentheses are with respect to the SM gauge group
G213. We find that either 210H⊕126H or 45H⊕126H can be used to break SO(10)→ SU(5)→
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SM by preserving matter parity. In the last step 5H containing the standard Higgs doublet
can break SM → U(1)em × SU(3)C also without breaking matter parity. As the minimal
SU(5) itself can not unify gauge couplings or resolve issues like neutrino masses, baryon
asymmetry, WIMP DM and vacuum stability of SM, we discuss below how these problems
are addressed in each of the three different SO(10) models. In all the three models, the first
step of symmetry breaking in eq. (2.7) is implemented by the use of the Higgs representations
210H and 126H to break SO(10) → SU(5) by assigning VEVs 〈Ω〉(= VΩ) and 〈∆R〉(V∆R

)
with VΩ = V∆R

= VB−L 'MSO(10) ≥ 1017 GeV.

2.2 Model-I: κ(3, 0, 8) assisted unification and scalar singlet DM

In this case the breaking SU(5)→ SM is realized by the SU(5) Higgs representation 75H ⊂
210H of SO(10) when a VEV 〈S75〉(= VS75) = MSU(5) is assigned in the SM singlet direction.
Finally the breaking of SM to the low energy symmetry U(1)Q × SU(3)C is implemented by
the VEV of the standard Higgs doublet φ(2, 1/2, 1) ⊂ 5H of SU(5) which originates from
the scalar representation 10H of SO(10). Since all the Higgs representations associated with
symmetry breaking carry even matter parity, this intrinsic matter parity as gauged discrete
symmetry ZMP of eq. (1.1), remains unbroken down to low energies. Unlike the MSSM
inspired TeV scale spectrum of eq. (2.2), essentially needed in the non-SUSY or split-SUSY
type-II seesaw dominance model [124], the minimal models belonging to this new class have
the same spectrum as the minimal SM plus a TeV scale DM candidate which may be a
fermion or scalar.

2.2.1 Intermediate mass of κ(3, 0, 8)

We present relevant derivations briefly that allow the scalar component κ(3, 0, 8) and the DM
scalar ξ(1, 0, 1) ⊂ 16H to acquire desired masses at intermediate and TeV scales, respectively.

At first we note that a mild fine-tuning is needed up to one part in 102 to keep the
SU(5) representation 75H ⊂ 210H at the SU(5) breaking scale. For this purpose we consider
the SO(10) invariant potential due to 210H

V
(10)

210 = M2
2102102

H +m2102103
H + λ2102104

H , (2.10)

Using the decompositions of this SO(10) Higgs representation under SU(5) given in eq. (2.8)
and assigning the largest VEV 〈Ω〉 = VΩ gives the mass-squared term for 75H

M2
75 = M2

210 +m210VΩ + λ210V
2

Ω . (2.11)

Thus it is possible to get M75/M210 = 10−2 − 10−4 by finetuning any one of the four pa-
rameters in eq. (2.11). Now using the decomposition of 75 under the standard model from
eq. (2.9) and assigning SU(5) breaking VEV 〈S75〉 = VS75 , we get the (mass)2 for κ(3, 0, 8)

M2
κ = M2

75 +m75VS75 + λ75V
2
S75
. (2.12)

By fine tuning any one of the four parameters in the above relation it is possible to get
κ(3, 0, 8) at the desired mass scale [129].

2.2.2 Prediction of a low-mass real scalar singlet dark matter

We consider the SO(10) invariant Higgs potential

V(16,126) = M2
1616†H16H +m(16,126)

[
126†H16H16H + 126H16†H16†H

]
(2.13)

+λ(16,126)126†H126H16†H16H +m(16,210)210H16†H16H + λ(16,210)2102
H16†H16H . . .

– 6 –
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Using the component notation from eq. (2.8) and assigning SO(10) breaking VEVs 〈Ω〉 = VΩ,
〈∆R〉 = VB−L,

V(16,126) = M2
16χ
†
SχS + +m(16,210)Ωχ

†
SχS +m(16,126)

[
∆†RχSχS + ∆Rχ

†
Sχ
†
S

]
+λ(16,126)∆R

†∆RχS
†χS + λ(16,210)V

2
ΩχR

†χS , (2.14)

which leads to the singlet scalar potential for χS

Vχ =
[
M2

16 +m(16,210)VΩ + λ(16,210)V
2

Ω + λ(16,126)V
2
B−L

]
χ†SχS

+m(16,126)VB−L

[
χ†Sχ

†
S + χSχS

]
. (2.15)

where we have used 〈∆R〉 = VB−L ' M10
GUT. In the expression for Vχ we decompose the

complex scalar singlet χS into its real and imaginary parts

χS = χRS + iχIS , (2.16)

leading to

V ′χ =
[
M2

16 +m(16,210)VΩ + λ(16,210)V
2

Ω + λ(16,126)V
2
B−L + 2m(16,126)VB−L

]
(χRS )2

+
[
M2

16 +m(16,210)VΩ + λ(16,210)V
2

Ω + λ(16,126)V
2
B−L − 2m(16,126)VB−L

]
(χIS)2. (2.17)

This expression clearly predicts different masses MRe and MIm for the real and the imaginary
parts of the scalar singlet χS , respectively

M2
Re = M2

S + 2m(16,126)VB−L,

M2
Im = M2

S − 2m(16,126)VB−L, (2.18)

where

M2
S = M2

16 +m(16,210)VΩ + λ(16,210)V
2

Ω + λ(16,126)V
2
B−L. (2.19)

We find from eq. (2.18) that it predicts the real and imaginary parts of the same complex
scalar singlet to have widely different masses. Taking the natural values of the parameters

M16 ∼ m(16,210) ∼ m(16,210) ∼ VB−L ∼ VΩ ∼M (10)
GUT, (2.20)

we find from eq. (2.19) and eq. (2.20) that MS ∼M (10)
GUT. Then it is possible to fine tune the

parameters to make only one of the two values MRe or MIm to remain light while the other
mass is at the GUT scale.

In order to check the applicability of derivation in the presence of SU(5), we note that

all the scalar interactions after SO(10) breaking involve SU(5) singlets: χS(1, 0, 1) ⊂ 1
(5)
H ⊂

16
(10)
H with B−L = −1,χ†S(1, 0, 1) ⊂ [1

(5)
H ]† ⊂ [16

(10)
H ]† with B−L = +1, ∆R ⊂ 1

(5)
H ⊂ 126

(10)
H

with B−L = −2,∆†R ⊂ [1
(5)
H ]† ⊂ [126

(10)
H ]† with B−L = +2. Then eqs. (2.13)–(2.20) hold for

these SU(5) singlets leading to any desired mass of the real part (or the imaginary part) of
the scalar singlet. In section 5 we have utilized this prediction to accommodate a real scalar
singlet WIMP DM ξ ≡ χIS by matching the observed relic density. We have further noted
that the presence of this real scalar singlet resolves the issue of vacuum stability of the SM
scalar potential.
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Figure 1. Evolution of gauge couplings with κ(3, 0, 8) at Mκ = 109.2 GeV and all the members of
15H at M∆L

= 1012 GeV shown by the first and the second vertical dashed lines, respectively. The
third (fourth) vertical dashed line indicates the SU(5) (SO(10)) unification scale MSU(5) = 1015.2 GeV
(MSO(10) = 1017.6 GeV).

2.2.3 Gauge coupling unification

The renormalisation group (RG) evolutions [130–132] for the three gauge couplings g2L, gY ,
and g3C of G213 have been defined through eq. (A.23) and eq. (A.27) in section A.3 of
appendix. Denoting the three fine structure constants at any mass scale µ ≥MZ by αi(µ) =
g2
i (µ)
4π (i = 1Y, 2L, 3C) evolution of gauge couplings is shown in figure 1. Although figure 1

has been displayed for one particular choice of M∆L
= M15H = 1012 GeV, such a type-II

seesaw dominance model is realizable for any value of M∆L
= M15H = 109.3 − 1015.2 GeV.

The predicted mass scales and the GUT fine structure constant in Model-I are

Mκ = 109.2 GeV,

M∆L
= M15H = 1012 GeV,

M0
U = 1015.22 GeV,

α−1
G = 41.79, (2.21)

2.3 Model-II: η(3,−1/3, 6) assisted unification with scalar singlet DM

In this case of Model-II, the popular and useful representation 126H that breaks SO(10)
and U(1)X with VEV 〈∆0

R〉 = VB−L = MSO(10) ≥ 1017 GeV also leads to matter parity
conservation down to low energies. Precision gauge coupling unification of the SM gauge
couplings are achieved provided the SM multiplet η(3,−1/3, 6) originating from the RH
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scalar triplet ∆R(3, 1, 1̄0) ⊂ 126H of SO(10) has an intermediate mass Mη = 1010.3 GeV. We
discuss below how this lighter mass of η is derived from SO(10) invariant scalar potential.

2.3.1 Intermediate mass of η(3,−1/3, 6)

We consider the relevant part of the Higgs potential

Vκ = M2
126126†H126H +m126,210210H126†H126H + λ(126,210)2102

H126†H126H

+λ(126)126†H126H126†H126H

⊃ Vη =
[
M2

126 +m(126,210)〈Φ(210)〉+ λ(126,210)〈Φ210〉2 + λ(126)V
2
R

]
η†η, (2.22)

where the relevant VEVs have been defined in section 2.2. Thus, by fine tuning only few of
the six quantities M126,m(126,210), 〈Φ(210)〉, VR, λ(126) and λ(126,210) occurring in eq. (2.22), it
is possible to achieve an intermediate mass for η(3,−1/3, 6).

We further note that for the first step breaking, SO(10) → SU(5), 45H can be also
used instead of 210H in this Model-II. Further the well known SU(5) scalar representation
24H driving the second step of breaking SU(5) → SM is also contained in 45H of SO(10).
Then we have the following SM symmetric potential after SU(5) breaking through the VEV
〈Φ24〉 ⊂ 24H of SU(5)

V (5)
η =

[
M2

50 +m(50,24)〈Φ(24)〉+ λ(50,24)〈Φ(24)〉2
]
η†η

= M2
η η
†η. (2.23)

Thus fine tuning the relevant parameters in eq. (2.23) can also lead to the desired inter-
mediate mass of η(3,−1/3, 6). The RGEs for gauge couplings [130–132] and their solutions
including the values of beta function coefficients in different ranges of mass scales are given
in appendix section A.3. When this lone submultiplet η(3,−1/3, 6) in the grand desert has
the intermediate mass, unification of gauge couplings is achieved which has been shown in
figure 2.

The mass scales and the GUT gauge coupling in this case are

Mη = 1010.3 GeV,

M∆L
= M15H = 1012 GeV,

M0
U = 1015.3 GeV,

α−1
G = 38.39, (2.24)

As in the case of section 2.2, all the derivations leading to eq. (2.13), eq. (2.15), eq. (2.16),
eq. (2.18), and eq. (2.19) are also applicable in this case. Thus a real scalar DM possessing
ZMP = −1 and originating from 16H of SO(10) is also predicted in this case.

The requirement of type-II seesaw dominance with precision coupling unification in this
model places the common mass of 15H heavier than Mη with M∆L

= M15H ≥ 2× 1010 GeV.

2.4 Model-III via Frigerio-Hambye type unification [88]

Recently, Frigerio and Hambye [88] have predicted precision coupling unification with
fermionic color octet at ≥ 1010.3 GeV and a 2.7 TeV mass fermionic triplet DM ΣF (3, 0, 1)
which may have direct and indirect experimental detection possibilities [88, 133–135]. The
requirement of type-II seesaw dominance as outlined above with precision unification in this
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Figure 2. Evolution of gauge couplings with η(3,−1/3, 6) at Mη = 1010.3 GeV and all the members
of 15H at M∆L

= 1012 GeV shown by the first and the second vertical dashed lines, respectively. The
third (fourth) vertical dashed line indicates the SU(5) (SO(10)) unification scale MSU(5) = 1015.2 GeV
(MSO(10) = 1017.6 GeV).
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Figure 3. Evolution of gauge couplings through the unification framework [88] with the fermionic
DM ΣF (3, 0, 1) at mΣ = 103 GeV and fermionic color octet at mOF

= 1010.4 GeV indicated by the
first and the second vertical dashed lines, respectively. The mass scales for 15H at 1012 GeV, SU(5)
unification at MSU(5) = 1015.26 GeV, and SO(10) unification at MSO(10) = 1017.6 GeV are indicated
by the third, fourth, and the fifth vertical dashed lines, respectively.
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model also places the lower bound on the triplet Higgs mass M∆L
= M15H ≥ 1010.3 GeV.

The resulting evolution of gauge couplings for M∆ = M15H = 1012 GeV is shown in figure 3.

The mass scales and the GUT coupling in this case are

mΣ = 103 GeV,

mOF = 1010.3 GeV,

M∆L
= M15H = 1012 GeV,

M0
U = M5

U = 1015.26 GeV,

α−1
G = 33.78. (2.25)

2.5 Coupling evolution above SU(5) unification scale

In each of the three different models discussed above we have estimated one-loop evolution
for the inverse fine-structure constant using integral form of RG equation,

1

α
(i)
G (µ)

=
1

αG(MU )
− a

(i)
5

2π
ln

(
µ

MU

)
(i = I, II, III) (2.26)

Including the contributions of three standard fermion generations, super heavy gauge bosons
(V), scalar(H) and non-standard fermion (F) representations, we have estimated the one-loop

value of the SU(5) beta function coefficient a
(i)
5 (i = I, II, III) in each of the three models,

Model-I, Model-II, and Model-III.

Model-I:

24V , 3× (10F + 5̄F ), 75H , 15H , 5H :

a
(I)
5 = −14/3. (2.27)

Model-II:

24V , 3× (10F + 5̄F ), 50H , 24H , 15H , 5H :

a
(II)
5 = −11/2. (2.28)

Model-III:

24V , 3× (10F + 5̄F ), 24F , 24H , 15H , 5H : (2.29)

a
(III)
5 = −8. (2.30)

These evolutions have been shown by single curves for respective unified gauge couplings for
µ ≥MU in figure 1, figure 2, and figure 3 leading to(

1

αG

)
SO(10)

= 40.2, 40.19 and 40.45, (2.31)

for Model-I, Model-II, and Model-III, respectively, at MSO(10) ' 1017 GeV.
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Model-I Model-II Model-III

M0
U (GeV) 1015.244 1015.280 1015.310

∆ ln
(
MU
MZ

)
= −0.0196078η5 = −0.02024η5 = −0.011η5

+0.044563η75 −0.0445η24 −0.0549η24

+0.9358ηV −0.31255η50 −0.1318η24F

+0.9382ηV +1.1538ηV

MU (GeV) 1015.244±0.11× 1015.28±0.133× 1015.31±0.03×
10±0.0642η′S±0.9358η′V 10±0.3773η′S±0.9352η′V 10±0.0659η′S±0.13186η′F±1.1538η′V

α−1
G 41.77 38.39 33.78

Table 1. Predictions of threshold effects on the SU(5) unification scales in Model-I, Model-II and
Model-III defined in the text.

3 Threshold effects and proton lifetime predictions

3.1 Threshold corrections on the GUT scale

Threshold effects due to small log corrections near the GUT scale [132, 136–149] have been
discussed in the appendix in section A.3. In order to estimate these corrections, at first we
evaluate the three matching functions λi(MU )(i = 1Y, 2L, 3C) representing threshold effects
of each model as shown in section 2.2.3, section 2.3.1, and section 2.4

α−1
i (MU ) = α−1

G −
λi(MU )

12π
, (i = 1Y, 2L, 3C). (3.1)

Analytic expression for threshold effect on the unification scale noted as ∆[ln(MU/MZ)] in
terms of matching functions have been also explicitly derived in section A.3. Estimation
of each matching function in terms of small logarithmic correction of different superheavy
components needs their beta function coefficients which have been also given in table 13 and
table 14. Then threshold effects on unification scale have been explicitly derived as shown in
detail in section A.3 for Model-I, Model-II and Model-III.

Using partial degeneracy approximation under which all superheavy component masses
belonging to the same GUT representation are assumed to be identical [146–149], threshold
effects due to each SU(5) representation and their modification to the GUT scale are presented
in table 1 for Model I, Model-II and Model III. Contributions of different superheavy scalars
(S),fermions (F) and gauge bosons (V), are denoted by subscripts S, F, and V respectively.
These are from SU(5) representations 5H , 24H , 75H , 24F , and 24V which have their origins
in SO(10) representations 10H , 45H , 210H , 45F and 45V , respectively. In our notation the
small log contribution is proportional to ηi = ln(Mi/M

0
U ), (i = 5, 24, 50, 75, 24F , 24V ) and

η′X = log10(MX/MU )(X = S, F, V ). All the superheavy scalar threshold effects proportional
to η′S = log10(MS/M

0
U ) have been derived by maximising their contributions.
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3.2 Proton lifetime predictions

Currently, experimentally measured lower limits on the proton life time for the decay modes
p→ e+π0 and p→ µ+π0) are [118]

τ expt.
p (p→ e+π0) ≥ 1.67× 1034 yrs,

τ expt.
p (p→ µ+π0) ≥ 7.7× 1033 yrs. (3.2)

Including strong and electroweak renormalization effects on the d = 6 operator and
taking into account quark mixing, chiral symmetry breaking effects, and lattice gauge theory
estimations, the decay rates are [150–157],

Γ(p→ e+π0) =

(
mp

64πf2
π

gG
4

MX0
4

)
|AL|2|ᾱH |2(1 +D′ + F )2 ×R, (3.3)

where R = [A2
SR + A2

SL(1 + |Vud|2)2] for SU(5), Vud = 0.974 = the (1, 1) element of VCKM
for quark mixings, and ASL(ASR) is the short-distance renormalization factor in the left
(right) sectors. In eq. (3.3) AL = 1.15 = long distance renormalization factor. But the
short distance renormalisation factor ASL ' ASR has been estimated for each model in the
appendix. These are estimated by evolving the dim.6 operator for proton decay by using
the anomalous dimensions [150–160] and the beta function coefficients for gauge couplings
of each model. In eq. (3.3) ᾱH = hadronic matrix elements, mp =proton mass = 938.3 MeV,
fπ = pion decay constant = 139 MeV, and the chiral Lagrangian parameters are D = 0.81
and F = 0.47. Here αH = ᾱH(1 + D′ + F ) which has been estimated from lattice gauge
theory computations [161–163]. We have used the hadronic matrix element [163]

ᾱH(1 +D′ + F )√
2fπ

= 〈π0|(ud)RuL|p〉 = −0.103(23)(34) GeV2, (3.4)

where the first (second) uncertainty is statistical (systematic). We have estimated values of
ASR for different models in section A.4 of appendix. The corresponding numerical values are
given in table 15. In both the eq. (3.3) and eq. (3.5) MX0 stands for the degenerate mass
of superheavy X±4/3 and Y ±1/3 gauge bosons mediating proton decay. Then the expression
for the inverse decay rate or proton lifetime is

Γ−1(p→ e+π0) =
4

π

f2
π

mp

M4
X0

α2
G

1

α2
HA

2
R

1

Fq
, (3.5)

where the GUT-fine structure constant αG = 0.0263 and the factor Fq = (1+(1+ |Vud|2)2) '
4.8. This formula has the same form as given in [156, 157] which has been modified here for
the SU(5) case.

Using the analytic formula of eq. (3.5) and the threshold corrected GUT scales presented
in table 1 we now present proton lifetime predictions analytically for the three models using
MX0 = MU for which threshold effects have been given in table 1.

Model I:

τP ' 1033.24±0.44±0.256η′S±3.743η′V yrs, (3.6)

Model II:

τp ' 1033.11±0.5335±1.51η′S±3.74η′V yrs, (3.7)
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MS
MU

MV
MU

τP (yrs) MS
MU

MV
MU

τP (yrs)

10 2 4.19× 1034±0.44 3 2 3.08× 1034±0.44

1 2 2.32× 1034±0.44 1 3 1.06× 1035±0.44

Table 2. Numerical upper limits on predicted proton lifetime in Model-I as a function of superheavy
scalar (S) and gauge boson (V) mass splittings as defined in the text and appendix. The factor 10±0.44

is due to uncertainty in input parameters of eq. (A.31).

MS
MU

MV
MU

τP (yrs) MS
MU

MV
MU

τP (yrs)

10 2 4.1× 1034±0.53 1 4 2.29× 1035±0.53

1 3 7.84× 1034±0.53 4 3 1.32× 1035±0.53

Table 3. Numerical upper limits on predicted proton lifetime in Model-II as a function of superheavy
scalar (S) and gauge boson (V) mass splittings defined in the text and appendix. The factor 10±0.53

is due to uncertainty in input parameters of eq. (A.31).

Model III:

τp ' 1033.42±0.120±0.2636η′S±0.5272η′F±4.610η′V yrs, (3.8)

where η′X = log10(MX/MU )(X = S, F, V ). Despite the superheavy gauge boson contributions
being from the same SM multiplets (2, 5/3, 3)V ⊕ (2,−5/3, 3̄)V ⊂ 24V ⊂ SU(5) in all the
three models, their threshold corrections to proton lifetime are significantly different because
of differing renormalization group effects in Model I, Model II and Model III.

Numerical estimations on proton lifetime for Model-I are shown in table 2 for different
splitting factors of superheavy masses. In all the three models, when threshold and coupling
constant uncertainties are absent, the predicted τP corresponds to the minimum value of the
hadronic matrix element in eq. (3.4) [163].

Numerical values of proton lifetime predictions for Model-II for different superheavy
masses are presented in table 3.

For the Model-III numerical values of proton lifetime predictions are presented in table 4
excluding superheavy fermion effects, and in table 5 including these fermion effects.

On proton lifetime predictions the following distinguishing features are noted: although
the uncertainty due to input parameters is lowest, the threshold uncertainty due to super-
heavy gauge bosons (X±4/3, Y ±1/3) is nearly one order larger in Model-III that uses Frigerio-
Hambye unification framework [88]. It is quite interesting to note that for natural values of
these superheavy gauge boson masses only few times heavier or lighter than the respective
GUT scales, the predicted proton lifetimes for p → e+π0 are accessible to ongoing searches
at Super-Kamiokande and Hyper-Kamiokande [118–121].

4 Type-II seesaw fit to neutrino oscillation data

A hall mark of type-II seesaw dominance is its capability to fit neutrino oscillation data with
high precision for all values of mixings and phases.
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MS
MU

MV
MU

τP (yrs) MS
MU

MV
MU

τP (yrs)

10 2 1.17× 1035±0.12 1 3 4.16× 1035±0.12

3 2 8.57× 1034±0.12 3 3 5.55× 1035±0.12

1 2 6.42× 1034±0.12 2 2 7.7× 1034±0.12

Table 4. Numerical upper limits on predicted proton lifetime in Model-III as a function of superheavy
scalar (S) and gauge boson(V) mass splittings as defined in the text and assuming superheavy fermions
at unification scale. The factor 10±0.12 is due to uncertainty in input parameters of eq. (A.31).

MF
MU

MV
MU

τP (yrs) MF
MU

MV
MU

τP (yrs)

10 2 2.16× 1035±0.12 2 2 9.25× 1035±0.12

6 2 1.65× 1035±0.12 1 2 6.42× 1034±0.12

3 2 1.14× 1035±0.12 25 1 1.43× 1034±0.12

Table 5. Numerical upper limits on predicted proton lifetime in Model-III as a function of superheavy
fermion (F) and gauge boson(V) mass splittings as defined in the text assuming superheavy scalars
at unification scale. The factor 10±0.12 is due to uncertainty in input parameters of eq. (A.31).

4.1 Type-II seesaw dominance in SO(10) from general seesaw

Suppressing generation indices, the SO(10) invariant Yukawa Lagrangian

Lyuk = Y 16F 16F 126†H + λ16F 16F 10H (4.1)

predicts the same Majorana Yukawa coupling Y of LH scalar triplet ∆L to LH dileptons and
the RH triplet scalar ∆R to RHNs. This is due to the fact that both the LH and the RH
scalar triplets are contained in 126H . After SO(10) breaking accompanied by U(1)X breaking
by 〈∆R〉 = VB−L ≥ 1017 GeV, the heavy RHN mass matrix is predicted

MN = Y VB−L. (4.2)

Below the SU(5) breaking scale, we have SM gauge theory with three additional heavy right-
handed neutrinos (RHNs) Ni, (i = 1, 2, 3) and a heavy Higgs scalar triplet ∆L(3,−1, 1) ⊂
15H . The Yukawa Lagrangian encoding type-I+type-II seesaw can be presented as

L = L(I) + L(II) (4.3)

where L(I) and L(II) are the additional terms arising due to right handed neutrinos and
scalar triplet, respectively. Specifically they are given by

−L(I) = Niλijφ̃
†lLj +

1

2
NiYijCNj

T
VB−L + h.c. , (4.4)

−L(II) = lTLiCiτ2Yij

(
~τ . ~∆L√

2

)
lLj +M2

∆Tr[∆
†
L∆L] + µ∆φ̃

†

(
~τ . ~∆L√

2

)†
φ+ h.c. , (4.5)

where lTLi = (νLi , eLi) (i is the lepton generation index) and the standard Higgs doublet

components φT = (φ+, φ0) ⊂ 10H of SO(10). Here φ̃ = iτ2φ
∗, ~τ = (τ1, τ2, τ3) (τi are the
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νL

νL

vL = 〈∆0
L〉 = µ∆v
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m2
∆

Y

∆L

νL

νL

〈φ0〉 = v

〈φ0〉 = v

Y µ∆

Figure 4. Schematic representation of generation of Type-II seesaw term comprised of first and third
terms of eq. (4.5)(left panel). The same quantity after ∆L gets induced VEV in the SM extension
(right panel).

2 × 2 Pauli spin matrices). Similarly the scalar triplet ∆L in the adjoint representation of
SU(2)L is expressed as ~∆L = (∆1

L,∆
2
L,∆

3
L). The Yukawa couplings Y and λ are both 3× 3

matrices in flavour space and C is the charge conjugation matrix. Thus the term (~τ.
~∆L√
2

) can

be written explicitly as

(
~τ . ~∆L√

2
) =

(
∆+
√

2
∆++

∆0 −∆+
√

2

)
L

(4.6)

where ∆0
L = 1√

2
(∆1

L+ i∆2
L), ∆+

L = ∆3
L, ∆++

L = 1√
2
(∆1

L− i∆2
L). Compared to SM extended

theory with added ∆L+RHNs [107, 112], these Lagrangians have the following distinctions.
The RHN mass of SO(10) breaking origin MN = Y VB−L appearing in the second term of
eq. (4.4) has the same Majorana coupling matrix Y that also defines the type-II seesaw term
mII
ν of eq. (4.15) originating from first term of eq. (4.5). As a result, the freedom of choosing

a RHN diagonal basis [107, 112] is lost in these SO(10) models. On the other hand the same
unitary PMNS matrix U that diagonalises neutrino mass matrix under type-II dominance
approximation also diagonalises MN . This has been shown below to lead to an inevitable
transformation on the Dirac neutrino Yukawa coupling λ→ λU∗ and, therefore, to new class
of CP-asymmetry formulas for leptogenesis. Another important difference from SM extension
is that the Dirac neutrino Yukawa coupling matrix λ is predicted to be known from SO(10)
symmetry. Further in the SM extension the trilinear coupling µ∆ in the third term of eq. (4.5)
is a lepton number violating bare mass term. On the other hand in these SO(10) breaking
models, the U(1)X breaking VEV predicts µ∆ as the product of a quartic coupling and VB−L

V(126,10) = λ(126,10)126†H126H10H10H ⊃ µ∆∆Lφφ+ h.c.,

µ∆ = λ(126,10)VB−L. (4.7)

As shown below in figure 4, this interaction is responsible for the second vertex generating
type-II seesaw contribution.

For the type-II seesaw mass term the Feynman diagram is shown in figure 4.

The SO(10) predicted interaction potential of eq. (4.7) in conjunction with Y∆Ll
clc

Yukawa term leads to the induced vacuum expectation value of ∆L whenever the SM doublet
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φ ⊂ 10H acquires electroweak VEV v = 246 GeV,

vL =
µ∆v

2

2M2
∆

, (4.8)

leading to the type-II seesaw formula

mII
ν = Y vL. (4.9)

In the SO(10) case µ∆ = λ(126,10)VB−L which originates from the scalar interaction term

λ(126,10)126†H126H10H10H and the generalised expression for the induced VEV is

vL =
λ(126,10)VB−Lv

2

2M2
∆

. (4.10)

However when the self energy correction to the triplet mass is taken as λ(126,10)VB−L 'M∆

leading to a simpler form of the induced VEV

vL =
v2

2M2
∆

. (4.11)

Thus the general form of seesaw formula predicted by SO(10) is

mν = mII
ν +mI

ν = Y vL −MT
DM

−1
N MD

= Y µ∆v
2/(2M2

∆)− v2

2VB−L
λ

1

Y
λT . (4.12)

It is crucial to note that the same Majorana coupling matrix Y occurs in the type-II as well
as type-I seesaw terms which is a general prediction of any SO(10) with Higgs representations
126H and 10H .

In comparison the general seesaw formula resulting from SM extension with ∆L+RHNs
is [112]

mν = Mν
∆ +Mν

N = Y vL −MT
DM

−1
N MD

= Y µ∆v
2/(2M2

∆)− v2

2
λ

1

MN
λT (4.13)

where the Majorana coupling Y occurs only in the type-II seesaw term. Thus, in general,
the active neutrino mass matrix consists of both type-I and type-II seesaw terms. Depending
upon the magnitude of the two terms, both the contributions are included as in the case of
hybrid seesaw [66–69, 102]. In the specifically designed SO(10) breakings, the models allow
type-II seesaw dominance [123, 124]. It is clear from eq. (4.12) that type-II seesaw dominance
occurs when

M∆ �MN , or M∆ � VB−L (4.14)

In the three models discussed in section 2, theoretically allowed values of M∆ consistent with
precision gauge coupling unification are M∆ = 109.3−1015 GeV in Model-I and M∆ = 1010.3−
1015 GeV in both Model-II and Model-III whereas in all the three models VB−L ≥ 1017 GeV.
Thus the condition of type-II seesaw dominance is satisfied to an excellent approximation.
We, therefore, use the type-II dominance approximation

mν = mII
ν = Y vL, (4.15)

where vL is given in eq. (4.8), to parametrise neutrino data as discussed in the next section 4.2.
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Quantity best fit values 3σ ranges

∆m2
21 [10−5eV 2] 7.39 6.79− 8.01

|∆m2
31| [10−3eV 2](NO) 2.52 2.427− 2.625

|∆m2
32| [10−3eV 2](IO) 2.51 2.412− 2.611

θ12/
◦ 33.82 31.61− 36.27

θ23/
◦(NO) 49.6 40.3− 52.4

θ23/
◦(IO) 49.8 40.6− 52.5

θ13/
◦(NO) 8.61 8.22− 8.99

θ13/
◦(IO) 8.65 8.27− 9.03

δ/◦(NO) 215 125− 392

δ/◦(IO) 284 196− 360

Table 6. Input data from neutrino oscillation experiments [5–7].

4.2 Neutrino mass matrix from oscillation data

Using standard parametrisation of PMNS matrix UPMNS(≡ U) [164], the 3×3 neutrino mass
matrix is represented as

mν = UPMNS diag(m1,m2,m3)UTPMNS (4.16)

where mi(i = 1, 2, 3) = mass eigen values and using the PDG convention [164]

UPMNS =

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

diag(e
iαM

2 , e
iβM

2 , 1)

(4.17)
where sij = sin θij , cij = cos θij with (i, j = 1, 2, 3), δ is the Dirac CP phase and (αM , βM )
are Majorana phases. During our actual calculation the mass eigenvalues and mixing angles
are taken to be the best fit values of the present oscillation data [5–7]presented in table 6.
We now determine the mν matrix for the normally ordered (NO) masses. For the sake of
convenience we take the mass of the lightest neutrino as m1 = 0.001 eV. Then using the
solar and atmospheric mass squared differences for NO from table 6, the other two neutrino
mass eigenvalues are computed with m2 = 0.00865 eV and m3 = 0.0502 eV. Using these mass
eigenvalues and the best fit values of the mixing angles and Dirac CP phases, eq. (4.16) gives

mNO
ν (eV) =

 0.00367− 0.00105i −0.00205 + 0.00346i −0.00634 + 0.00294i
−0.00205 + 0.00346i 0.03154 + 0.00034i 0.02106− 0.0001i
−0.00634 + 0.00294i 0.02106− 0.0001i 0.02383− 0.00027i

 . (4.18)

Keeping all the other parameters at their best fit values, we derive the numerical structure
of mν for another value of the Dirac CP phase δ = 170◦ (which is within the given 3σ range)

mNO
ν (eV) =

 0.00435− 0.00038i −0.00293− 0.00104i −0.00708− 0.00089i
−0.00293− 0.00104i 0.03165− 0.00010i 0.02107 + 1.95× 10−6i
−0.00708− 0.00089i 0.02107 + 1.95× 10−6i 0.02377 + 0.00007i

 .

(4.19)
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For inverted ordering (IO), setting the lightest mass eigenvalue m3 = 0.001 eV and using
the mass squared differences from table 6, we get m1 = 0.04938 eV, m2 = 0.0501 eV. Then
the matrix mν corresponding to best fit values of parameters turns out to be

mIO
ν (eV) =

 0.0484− 0.00001i −0.001122 + 0.0055i −0.00137 + 0.00471i
−0.001122 + 0.0055i 0.02075− 0.00025i −0.02459− 0.00026i
−0.00137 + 0.00471i −0.02459− 0.00026i 0.02910− 0.00026i

 . (4.20)

Similarly the structure of the mass matrix for another value of δ = 200◦, which is in a different
quadrant, is estimated

mIO
ν (δ = 200◦)(eV) =

 0.04849− 0.00001i 0.005399 + 0.00196i 0.00413 + 0.00166i
0.005399 + 0.00196i 0.02189 + 0.00043i −0.02369 + 0.000352i
0.00413 + 0.00166i −0.02369 + 0.000352i 0.029816 + 0.000285i

.
(4.21)

Using the up-quark diagonal basis the Dirac neutrino mass matrix is taken to be nearly equal
to the up quark mass matrix [102]

MD(GeV) ' diag(.00054, .26302, 81.99). (4.22)

from which the coupling matrix is λ ' MD

v/
√

2
.

The masses of the heavy neutrinos are generated at very high SO(10) breaking scale
which also induces the trilinear coupling µ∆ as noted above

MN = Y VB−L,

µ∆ = λ(126,10)VB−L, (4.23)

where VB−L = 〈∆0
R〉 ≥ 1017 GeV and λ126,10126H126†H10H10H is the SO(10) invariant scalar

interaction term. Using eq. (4.2) and eq. (4.15) we have

MN = mν
VB−L
vL

M̂N = diag(m1,m2,m3)
VB−L
vL

, (4.24)

which predicts the relation in eq. (1.2). Among all the variables in the r.h.s. of eq. (4.24),
only the numerical value of vL is unknown. Again vL itself contains two unknowns µ∆ and
M∆ which are varied in suitable ranges to generate a parameter space where we implement
leptogenesis in section 7.

5 Scalar dark matter prediction with vacuum stability

In this section we show how WIMP (weakly interacting massive particles) DM and vacuum
stability [122] issues are reconciled in Model-I and Model-II using our derivation discussed
in section 2.2.2. In section 6 we also discuss two different ways for confronting the vacuum
stability issue in Model-III.
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5.1 Intrinsic dark matter from SO(10)

The scalar dark matter candidate that we utilise here can be identified with the imaginary
part of the SM singlet component of 16H ⊂ SO(10) which carries odd matter parity [86–88]

ξ ≡ χIS = Im(χS) ⊂ 16H ⊂ SO(10). (5.1)

In section 2.2.2 we have shown how this imaginary part of the real scalar singlet carrying
odd matter parity can be as light as desired while keeping the real part at the GUT scale,
or vice versa.

It is well known that the standard model Higgs potential

VSM = −µ2φ†φ+ λφ(φ†φ)2, (5.2)

develops instability as the Higgs quartic coupling λφ runs negative at an energy scale
109 − 1010 GeV. In the last step of our symmetry breaking chain of eq. (2.7), the SM gauge
symmetry is broken spontaneously to U(1)em× SU(3)C by the electroweak VEV of the stan-
dard Higgs doublet φ ⊂ 5H ⊂ SU(5). As a result, only the SM Higgs φ remains light at the
electroweak scale while the color triplet in 5H acquires mass at the SU(5) scale [165, 166].
But, as shown in section 2.2.2, the matter parity odd real scalar singlet ξ could be as light
as ∼ (100− 1000) GeV in each of the three models leading to the modified scalar potential

V = −µ2φ†φ+ µ2
ξξ
†ξ + λφ(φ†φ)2 + λξ(ξ

†ξ)2 + 2λφξ(φ
†φ)(ξ†ξ). (5.3)

In eq. (5.3) λξ ' λ16 ≡ dark matter self-coupling associated with the interaction

λ16[16†H16H ]2 and λφξ ' λ10,16 which is associated with λ10,1616†H16H102
H . This latter type

SO(10) invariant interaction has induced the φ−ξ Higgs portal interaction of the SM effective
gauge theory. Also µ2

ξ ≡M2
Im as defined through eq. (2.18) of section 2.2.2. The VEV of the

standard Higgs doublet redefines the DM mass parameter

M2
DM = 2(µ2

ξ + λ2
φξv

2),

m2
φ = 2µ2 = 2λφv

2. (5.4)

In SM extensions [167–170] the origins of the scalar DM, its mass, and the DM stabilising
discrete symmetry are unknown apriori. On the other hand, in this work, all these quantities
including the SM Higgs are intrinsic to self sufficient SO(10) theory. In order to constrain
the Higgs portal coupling λφξ we use recent results of DM direct detection experiments like
LUX-2016 [171], XENON1T [172, 173], PANDA-X-II [174]. Bounds on DM relic density
(ΩDMh

2 = 0.1172 − 0.1224) as reported by WMAP [175, 176] and Planck [12, 13] are also
taken into account. We first proceed to calculate the relic density for different combinations
of dark matter mass (mξ) and the Higgs portal coupling (λφξ). It is then easy to restrict the
values of mξ and λφξ using the bound on relic density as quoted above. In direct detection
experiments it is assumed that WIMPs passing through earth scatter elastically off the target
material of the detector. The energy transfer to the detector nuclei can be measured through
various types of signals. All those direct detection experiments provide DM mass vs DM-
nucleon scattering cross section plot which clearly separates two regions: allowed (regions
below the curve) and forbidden (regions above the curve). Our aim is to constrain the model
parameters (λφξ,mξ) using bounds on relic density as well as exclusion plots from several
DM direct detection experiments.
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5.1.1 Estimation of relic density

Defining Γ (H) as the particle decay rate (Hubble parameter), at a certain stage of evolution
of the Universe a particle species is said to be coupled if Γ > H or decoupled if Γ < H. The
WIMP DM particle has been decoupled from the thermal bath at some early epoch and has
remained as a thermal relic.

In order to calculate the relic density of the scalar singlet DM, we solve the Boltzmann
equation [177, 178] for the corresponding particle species which is given by

dn

dt
+ 3Hn = −〈σv〉(n2 − n2

eq) (5.5)

where n = actual number density at a certain instant of time and neq = equilibrium num-
ber density of scalar DM. Here v = velocity and 〈σv〉 = thermally averaged annihilation
crosssection. Approximate solution of Boltzmann equation gives the expression of relic den-
sity [178–180]

ΩDMh
2 =

1.07× 109xF√
g∗Mpl〈σv〉

(5.6)

where xF = mξ/TF , TF = freezeout temperature, g∗ = effective number of massless degrees of
freedom and Mpl = 1.22× 1019 GeV. xF can be computed by iteratively solving the equation

xF = ln

mξ

2π3

√
45M2

pl

8g∗xF
〈σv〉

 . (5.7)

In eq. (5.6) and eq. (5.7), the only particle physics input is the thermally averaged annihi-
lation cross section. The total annihilation cross section is obtained by summing over all
the annihilation channels of the singlet DM which are ξξ → ff̄ ,W+W−, ZZ, hh where f
is symbolically used for all the fermions. Using the expression of total annihilation cross
section [181–184] in eq. (5.7) at first we compute xF which is then plugged into eq. (5.6) to
yield the relic density. Two free parameters involved in this computation are mass of the
DM particle mξ and the Higgs portal coupling λφξ. The relic density has been estimated for
a wide range of values of the DM matter mass ranging from few GeVs to few TeVs while the
coupling λφξ is also varied simultaneously in the range (10−4− 1). The parameters (mξ, λφξ)
are constrained by using the bound on the relic density reported by WMAP and Planck. In
figure 5 we show only those combinations of λφξ and mξ which are capable of producing relic
density in the experimentally observed range.

5.1.2 Bounds from direct detection experiments

We get exclusion plots of DM-nucleon scattering cross section and DM mass from different
direct detection experiments. The spin independent scattering cross section of singlet DM
on nucleon is given by [185]

σSI =
4f2λ2

φξµ
2m2

N

πm2
ξm

4
h

(cm2) (5.8)

where mh = mass of the SM Higgs (∼ 125 GeV), mN = nucleon mass ∼ 939 MeV, µ =
(mξmN )/(mξ+mN ) = reduced DM-nucleon mass and the factor f ∼ 0.3. Using eq. (5.8) the
exclusion plots of σ−mξ plane can be easily brought to λφξ−mξ plane. We superimpose the
λφξ −mξ plots for different experiments on the plot of allowed parameter space constrained
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Figure 5. The yellow curve denotes the values of the parameters (λφξ,mξ) allowed by the relic
density bound (ΩDMh

2 = 0.1172− 0.1224) as observed by Planck and WMAP. The cyan, brown and
red curves are exclusion plots obtained from dark matter direct detection experiments LUX-2016,
XENON1T(2017) and Panda-XII(2017), respectively. Any point below those plots are allowed by
direct detection experiments. It is to be noted that the Panda-XII experiment has provided the most
stringent bound till date.

by relic density bound. So the parameter space (λφξ vs mξ) constrained by both the relic
density bound and the direct detection experiments can be obtained from figure 5.

In figure 5 the points on the yellow curve which are also below the exclusion lines of
the direct detection experiments are allowed by both the relic density as well as the upper
bounds on the DM-nucleon annihilation cross section as reported by the direct detection
experiments. From the figure 5 it is clear that scalar singlet dark matter with mass below
∼ 750 GeV is ruled out by direct detection experiments. Although few allowed points can
be obtained around mξ ∼ 62 GeV, for those points the Higgs portal coupling is very low and
the mass of the DM particle is also highly fine tuned.

5.1.3 Resolution of vacuum stability

To resolve the vacuum instability problem we choose few points on the yellow curve (allowed
by relic density bound) of figure 5 at high mass region. We examine whether the vacuum has
now become stable upto the Planck scale after the addition of the scalar singlet WIMP DM to
SM. To trace the evaluation of the SM Higgs quartic coupling upto higher energy scales, we
solve the corresponding set of renormalisation group equations eq. (A.1) which are given in
appendix A.1. The corresponding values of the Higgs portal coupling (λφξ) and self coupling
of the scalar singlet DM (λξ) at the electroweak scale which are taken to be the initial value
of our analysis are stated in table 7. Thorough analysis of vacuum stability using those
chosen points (λφξ,mξ) reveals that it is not possible to cure the vacuum instability problem
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Figure 6. Running of SM Higgs quartic coupling in presence of scalar singlet WIMP dark matter.
The yellow and red curves are for dark matter masses 2 TeV and 1.5 TeV respectively whereas the
brown curve is for standard model alone.

mξ ( TeV ) λφξ(mt) λξ(mt) λφ(mt) g1Y (mt) g2L(mt) g3C(mt) yt(mt)

1.5 0.118 0.22
0.129 0.35 0.64 1.16 0.94

2 0.158 0.1

Table 7. Initial values of coupling constants at top quark mass for two different values of the dark
matter mass. The values of λφξ and mξ are obtained from the plot of constrained parameter space of
figure 5.

of SM by adding a scalar singlet WIMP DM of mass below 1.4 TeV. The evolution of SM
Higgs quartic coupling (λφ) with the energy scale (µ) for two different values of DM masses,
1.5 and 2 TeV, is depicted in figure 6 which clearly indicates that this vacuum instability is
indeed resolved for DM mass 1.5 TeV.

6 Vacuum stability with triplet fermionic dark matter

We point out below two different ways to resolve the vacuum stability problem of the SM
scalar potential existing in the original model [88] or its type-II seesaw dominance induction
carried out through the Model-III.

6.1 Intermediate mass scalar singlet threshold effect

Even after the implementation of type-II seesaw dominance through Frigerio-Hambye frame-
work, an interesting solution to the vacuum stability problem applies as noted in [122]. In
this mechanism a Higgs scalar singlet originating from any one of SO(10) scalar representa-
tions like 45H , 54H , 210H , . . . is made light to have mass around 108−109 GeV. Then vacuum
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expectation value of this scalar singlet generates threshold effects that prevents the SM Higgs
quartic coupling from being negative at higher scales. In this case the triplet fermion DM
mass remains at ∼ 2.7 TeV [88] and needs non-perturbative Sommerfeld enhancement to
account for relic density.

6.2 Through the added presence of light scalar singlet dark matter

6.2.1 Combined effect on relic density

It has been shown [88] that the neutral component of the triplet fermion Σ(3, 0, 1) can play
the role of WIMP dark matter and the correct amount of relic abundance is generated when
the mass of the triplet is ∼ 2.4 TeV. This mass value arrived through perturbative calculation
is further shifted to 2.7 TeV when the non perturbative Sommerfeld effect is also taken into
account. The triplet fermionic DM model seems to be somewhat constrained from various
direct detection experiments. It is found that the DM-nucleon scattering cross section [186]
at mΣ ∼ 1 TeV nearly touches the upper bound given in the most recent XENON1T result.
Thus, there may be possibility of facing more severe constraint in near future unless the
presence of the ∼ 2.7 TeV triplet fermionic DM is confirmed through precision measurements.
In the indirect detection experiment, signals are produced in the annihilation process: DM
DM → SM particles. Here we have tree level annihilation only to W+W− channel. The
annihilation cross section to W+W− shows a peak near mΣ ∼ 2.7 TeV when nonperturbative
effects are taken into account. But this high value of annihilation cross section exceeds
the upper limit given by the combined analysis [187] of Fermi LAT and MAGIC. So it can
be inferred that when the dark matter is composed of only the fermion triplet, it fails to
satisfy all the experimental constraints (relic density, direct and indirect detection bounds)
simultaneously. In other words the triplet fermionic dark matter appears to be strongly
constrained by indirect detection experiments. Even after resolution of the instability through
such threshold effect [122], the 2.7 TeV mass triplet fermionic DM model may have to face
the constraints due to relic density and direct and indirect detection experiments.

Now we modify the Model-III in such a way that all the above mentioned difficulties
are evaded without disturbing the gauge coupling unification or type-II seesaw driven lepto-
genesis. We utilise the real gauge singlet scalar (ξ ⊂ 16†H ,mξ = 500− 2000GeV) which acts
a WIMP dark matter in the modified scenario. Thus the total relic abundance is now shared
by the fermion triplet [88] and the real scalar singlet. Since the dark matter has now two
components, the constraint relations from direct and indirect detection experiments will also
have a small change.

We keep the mass of the triplet fermionic dark matter at mΣ = 1 TeV. The interesting
point about the choice of this triplet mass is that at this lower mass ∼ 1 TeV, we need not
include the non-perturbative Sommerfeld enhancement to match the relic density and the
annihilation crosssection to W+W− as a perturbative calculation gives us a fair estimation of
the cross section. But the relic abundance produced only due to the triplet DM (mΣ = 1 TeV)
is much less than the experimental value quoted by Planck [12, 13] and WMAP [175, 176].
This disagreement is compensated through the intervention of the real singlet DM candidate
ξ. Since the scalar singlet can not have any renormalisable interaction with the fermionic
triplet DM ΣF , we can estimate the relic density for fermionic triplet ((Ωh2)1) and scalar
singlet ((Ωh2)2) separately and add them up to get the total relic density

(Ωh2)t = (Ωh2)1 + (Ωh2)2 . (6.1)
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To estimate the relic abundance of the neutral component Σ0 that acts as dark matter,
we have to take into account the annihilations and co-annihilations of Σ0 itself and Σ+Σ−.
Calculating all such contributions (σ(Σ0,Σ0), σ(Σ0,Σ±) , σ(Σ+,Σ−), σ(Σ±,Σ±)) and adding
them up after multiplying by suitable weightage factor [126] we get the effective cross section
〈σeff |v|〉 which is thereafter plugged into the equation

(Ωh2)1 =
1.07× 109xF√
g∗Mpl〈σeff |v|〉

(6.2)

to obtain the relic density due to the triplet fermion DM. It is to be noted that xF = mΣ/TF
in the above equation is related to the freezeout temperature TF and is determined by the
iterative solution of the equation [126]

xF = ln

[
1

2π3

√
45

2

MplmΣ〈σeff |v|〉√
g∗xF

]
. (6.3)

The computational procedure for relic density (Ωh2)2 due to scalar singlet has already been
discussed in section 5.1.1. In the estimation of the total relic density there are three free
parameters: mass of the fermion triplet (mΣ), mass of the scalar singlet (mξ) and the Higgs
portal coupling (λφξ). The quantity (Ωh2)1 for mΣ = 1 TeV is found to be much less than
the experimental value. The other part of the relic density required to meet the experimental
constraint (0.1172 < (Ωh2)t < 0.1224) is generated by the real scalar singlet. It is worthwhile
to mention that we have varied λφξ and mξ over a wide range of values and (λφξ,mξ) get their
first round of constraint from the relic density bound given above. With the set of values of
(λφξ,mξ) already restricted by relic density bound, we proceed further to constrain them by
direct detection bound. For this two component dark matter, the constraint relation appears
as [126, 188]

εΣ
mΣ

σΣN +
εξ
mξ

σξN <
σ0

m0
(6.4)

where the symbols have the following meanings. σ0,m0 are DM-nucleon scattering cross
section and mass of the dark matter, respectively, for single component dark matter sce-
nario. Now for the two component dark matter scenario under consideration σΣN (σξN ) is
the scattering cross section of Σ(N) with detector nucleon and mΣ(mξ) is its mass. The
factor εi designates the fraction of density of the ith dark matter particle in a certain model:
εi = ρi/ρ0 which can also be expressed in terms of thermally averaged annihilation cross
sections as

εΣ =
〈σv〉ξ

〈σv〉ξ + 〈σv〉Σ

εξ =
〈σv〉Σ

〈σv〉ξ + 〈σv〉Σ
. (6.5)

To find the ratio σ0/m0 we have used the latest result of XENON1T experiment [172, 173].
The lowest value of the scalar singlet mass for which both the constraints are satisfied simul-
taneously is mξ = 1.13 TeV with λφξ = 0.09.
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Figure 7. Running SM Higgs quartic coupling in the presence of scalar singlet and fermionic triplet
WIMP dark matter as denoted by curves above the horizontal line. The yellow and red curves are for
scalar singlet dark matter masses 1.5 TeV and 1.3 TeV, respectively. The brown curve is for the SM
alone.

6.2.2 Effects on vacuum stability

We now study whether the addition of this scalar singlet can make the vacuum stable. We
solve the corresponding RG equations, given in appendix A.1, using table 7 and with the
allowed sets of values of λφξ and mξ. This exercise is repeated for many sets of values of
(λφξ,mξ). It is found that the lowest mass of ξ needed to overcome the vacuum instability is
mξ = 1.3 TeV with the corresponding value λφξ = 0.13. This has been shown graphically in
figure 7. Another example for mξ = 1.5 TeV, λφξ = 0.16 has been also presented in the same
plot. For both the cases self coupling of dark matter ξ is kept fixed at λξ = 0.1.

7 Baryogenesis through leptogenesis

Currently the standard approach towards understanding baryon asymmetry of the Universe
(BAU) requires fulfillment of Sakharov [189] conditions: (i) baryon number violation, (ii) C
and CP violations, and (iii) departure from thermal equilibrium. BAU is defined as

YB =
nB − nB

s
. (7.1)

where nB, nB are number densities of baryons and anti-baryons, respectively, and s is the
entropy density. Another equivalent definition of BAU is

ηB =
nB − nB

nγ
. (7.2)
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Figure 8. Tree level decay of RHN to lepton and scalar Higgs.
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Figure 9. One loop decay diagrams of RHN: (left) vertex correction, (middle) self energy correction,
(right) vertex correction due to scalar triplet.

where nγ = photon density. Planck satellite experimental values are [12, 13]

YB = 8.66± 0.11× 10−11, (7.3)

ηB = 6.10± 0.08× 10−10. (7.4)

Out of various possible mechanisms of baryogenesis such as GUT baryogenesis, electroweak
baryogenesis, Affleck-Dyne mechanism, and baryogenesis via leptogenesis [104, 190–197] we
follow leptogenesis path where analogues of Sakharov’s conditions are satisfied.

7.1 CP asymmetry and leptogenesis

From the interaction Lagrangian in eq. (4.4) and eq. (4.5), it is clear that lepton number
violation is possible due to the coexistence of the Dirac neutrino Yukawa matrix λ and the
Higgs-triplet-bilepton Yukawa matrix Y along with µ∆. In general in this model there are
two sources of CP asymmetry: (i) decay of RHN to lepton and Higgs pair and (ii) decay of
scalar triplet (∆L) to lepton pair. We point out that the type-II seesaw dominance in SO(10)
predicts a class of modified formulas in both these cases where PMNS matrix (U) occurs
quadratically in the expressions for corresponding CP-asymmetries.

7.1.1 RHN decay and SO(10) modified formula

In the case of RHN decay, the CP asymmetry arises due the interference of the tree level
diagram with that of the one loop vertex and self energy diagrams shown in figure 8 and
figure 9. The CP asymmetry [107] produced due to RHN decay is given by

εlmNk =
1

8π(λλ†)kk

∑
j 6=k

{
Im[(λλ†)kjλkmλ

∗
jm]g(xij) + Im[(λλ†)jkλkmλ

∗
jm]

1

1− xij

}
(7.5)
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where xij =
M2
Nj

M2
Ni

and g(x) =
√
x
[

1
1−x + 1 − (1 + x) ln

(
1+x
x

)]
. The right most diagram of

figure 9 is a new contribution to the CP asymmetry due to loop mediation by ∆L. The
corresponding CP asymmetry is given by

ε∆
lm

Nk
= − 1

2π(λλ†)kkMNk

∑
i

Im[λkmλkiY
∗
miµ∆]

{
1− M2

∆

M2
Nk

ln

(
1 +

M2
Nk

M2
∆

)}
. (7.6)

The total CP asymmetry produced due to RHN decay is given by εlm tot
Nk

= εlmNk + ε∆
lm

Nk
. For

hierarchical RHNs it is sufficient to consider the decay of the lightest RHN neutrino only for
εlm tot
N1

.

The formulas for CP asymmetries presented in eq. (7.5) and eq. (7.6) are usually de-
rived [107, 112] under the assumption that the RHNs are in their diagonal basis. But in our
type-II seesaw dominance SO(10) models, the light neutrino mass matrix mν ' mII

ν = Y vL
and the RHN mass matrix MN = Y VB−L. Then these models dictate that the diagonalising
matrices for the RHN neutrino mass and the light neutrino mass matrices are one and the
same. Thus it forbids a RHN mass diagonal basis of the type [107, 112]. But while calculating
the CP asymmetry parameters as we need the RHN masses in their mass basis, this can be
realised by the rotation of RHN fields through the mixing matrix U ' UPMNS. In other words
in type-II seesaw dominance SO(10) models the Dirac neutrino Yukawa coupling matrix λ
will be modified as λ → λU∗. After inserting this transformation relation, the conventional
CP asymmetry formulas of eq. (7.5) and eq. (7.6) are modified to assume their new forms

εlmNk =
1

8π(λλ†)kk

∑
j 6=k

{
Im[(λλ†)kj(λU

∗)km(λ∗U)jm]g(xij)

+Im[(λλ†)jk(λU
∗)km(λ∗U)jm]

1

1− xij

}
,

ε∆
lm

Nk
= − 1

2π(λλ†)kkMNk

∑
i

Im[(λU∗)km(λU∗)kiY
∗
miµ∆]

×
{

1− M2
∆

M2
Nk

ln

(
1 +

M2
Nk

M2
∆

)}
. (7.7)

In the standard model extensions [107, 112], the trilinear scalar coupling µ∆ occurring in
CP-asymmetry formulas of eq. (7.6) and eq. (7.7) is an apriori unknown parameter. But,
in our SO(10) models, the origin of this trilinear coupling is traced back to the Higgs scalar
quadrilinear interaction between 10H and 126H as shown in eq. (4.7).

7.1.2 Scalar triplet decay and SO(10) modified formula

The presence of the Y coupling term in eq. (4.5) allows ∆L to decay to a lepton pair at the
tree level shown in figure 10. This decay process is also possible at one loop level through
vertex correction in the presence of a RHN as shown in the right panel of figure 10. As we
confine to minimal SO(10) models with only one ∆L we do not discuss one loop self energy
correction mediated by two different Higgs scalar triplets [105, 106].

In this work our aim is to carry out leptogenesis at different temperature regimes where
lepton flavours may be fully or partly distinguishable making the CP asymmetry parameter
to explicitly contain lepton flavour indices. We also consider the possibility that the lepton
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∆L

li

lj

∆L

φ

φ

Ni

lj

lk

Figure 10. (Left panel) Tree level and one loop vertex. (Right panel) Diagram of ∆L decay to lepton
pair.

flavours may lose their distinguishability at some higher temperatures. The flavour dependent
CP asymmetry which arises due to the interference of the tree level and the vertex correction
terms is given by [107, 112]

εli∆ = − 1

4π

∑
k,j

MNk

Im[µ∆Y
ijλ∗kiλ

∗
kj ]

M2
∆Tr[Y Y

†] + µ2
∆

ln

(
1 +

M2
∆

M2
Nk

)
. (7.8)

In the type-II seesaw limit M∆ � MNk this formula has been shown to assume a simpler
form

εli∆ =
M∆

2πv2

√
BlBφ

M̃∆

Im
[
(Mν

∆Mν
N
†)ii

]
, (7.9)

where Bl, Bφ, defined through eq. (7.17), are branching ratios of triplet decay to bileptons
and two SM Higgs dublets, respectively, andMν

∆ andMν
N are Type-II, Type-I seesaw mass

matrices [112]. Since both the LHνs and the RHNs are diagonalised by the same unitary
matrix U in type-II seesaw dominance SO(10) models, the formula in eq. (7.8) is also modified

εli∆ = − 1

4π

∑
k,j

∑
m,n

MNk

Im[µ∆Y
ijλ∗kmλ

∗
knUmiUnj ]

M2
∆Tr[Y Y

†] + µ2
∆

ln

(
1 +

M2
∆

M2
Nk

)
, (7.10)

where µ∆ is defined through eq. (4.7). A further necessary consequence is the proportionality
ratio between the LHν and RHN mass eigen values given in eq. (1.2) of section 1: m̂ν1 : m̂ν2 :
m̂ν3 :: M̂N1 : M̂N2 : M̂N2 . We emphasize that these modifications are consequences of type-II
seesaw dominance in SO(10).

In the limit when the mass of the scalar triplet is much lower than the RH neutrino
mass eigenvalues (M∆ �MNi), the CP asymmetry formula can be simplified a step further
to give

εli∆ =
M∆

2πv2

√
BlBφ

M̃∆

Im
[
(mII

ν U
TmI

ν
†
U)ii

]
, (7.11)

where mI
ν and mII

ν are Type-I, Type-II seesaw mass matrices given in eq. (4.12) and eq. (4.15).
Explicit form of the parameter M̃∆ is given in eq. (7.29).

We further emphasize that eq. (7.7), eq. (7.10) and eq. (7.11) are the correct new
formulas of CP asymmetry which are valid in the presence of type-II seesaw dominance in
SO(10). In the three models being discussed here with RHN masses heavier that M∆, we
have used eq. (7.10) throughout this work for the prediction of BAU from heavy scalar triplet
leptogenesis.
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7.2 Boltzmann equations

In order to get BAU by solving Boltzmann equation we need to take into account only the
reactions in the hot plasma whose decay rates at that temperature are comparable to the
Hubble rate Γ(T ) ∼ H(T ).

The interaction Lagrangian shown in eq. (4.4) and eq. (4.5) clearly contains lepton
number violating terms. Whenever N decays to (l, φ) pair or ∆L decays to (li, lj), lepton
number is violated by one or two units, respectively. Even though they conserve baryon
number, (B − L) is violated in these processes. Our aim is to find out the evolution of
(B−L) abundance which at later time gets converted into baryon number through sphaleron
interaction. It is worthwhile to mention that for unflavoured leptogenesis (B−L) is conserved
by sphalerons whereas for flavoured leptogenesis the conserved quantity in the sphaleron
process is (B3 −Li). Therefore, for flavoured leptogenesis, we focuss on the evolution of (B3 −Li)
rather than (B−L). The evolution of (B−L) (or (B3 −Li)) can not be computed independently
but includes evolution of other parameters. As the relevant Boltzmann equations are a set of
coupled differential equations, they have to be solved simultaneously in order to get solution
for any of the variables. In general the asymmetry can be produced by the decay of both N
and ∆ and the set of Boltzmann equations contain first order differentials of RHN density,
scalar triplet density and scalar triplet asymmetry. This scalar triplet asymmetry is arising
due to the fact that, unlike RHNs, triplets are not self conjugate. The right hand side of
relevant Boltzmann equations consists of interaction terms that tend to change the density of
the corresponding variables. Taking into account all such interactions, the network of lepton
flavour dependent coupled Boltzmann equations are [109–112]

ẎN1 =−
(
YN1

Y eq
N1

− 1

)
γDN1

, (7.12)

ẎΣ =−
(
YΣ

Y eq
Σ

− 1

)
γD − 2

[(
YΣ

Y eq
Σ

)2

− 1

]
γA, (7.13)

Ẏ∆∆
=−

[
Y∆∆

Y eq
Σ

−
∑
k

(∑
i

BliC
l
ik −BφCφk

)
Y∆k

Y eq
l

]
γD, (7.14)

Ẏ∆B/3−Li
=−

[(
YN1

Y eq
N1

− 1

)
εli tot
N1

+

(∑
k

C lik
Y∆k

Y eq
l

+
∑
k

Cφk
Y∆k

Y eq
l

)
K0
i

]
γDN1

(7.15)

−
[(

YΣ

Y eq
Σ

− 1

)
εli∆ − 2

∑
j

(
Y∆∆

Y eq
Σ

− 1

2

∑
k

C lijk
Y∆k

Y eq
l

)
Blij

]
γD

−2
∑
j,k

(
Cφk +

1

2
C lijk

)
Y∆k

Y eq
l

(
γ′φφlilj + γ

φlj
φli

)
−
∑

j,m,n,k

C lijmnk
Y∆k

Y eq
l

(
γ′lnlmlilj

+ γ
lmlj
liln

)
.

To specify our notational conventions, Y∆X
stands for the ratio of number density (or dif-

ference of number density) to the entropy density, i.e Y∆X
=

nX−nX̄
s , where nX (nX̄) is

the X (X̄) number density. Expressions for number densities of different particle species
X (X̄) are given in the appendix A.2.1. All the variables of the differential equations
(YN1 , Y∆∆

, YΣ, Y∆B/3−Li
) are functions of z = M∆/T . Therefore, generically, ẎX denotes

ẎX ≡ ẎX(z) = s(z)H(z)dYX(z)
dz . The scalar triplet density and asymmetry are denoted as

Σ = ∆ + ∆† and ∆∆ = ∆ − ∆†, respectively. Superscript ‘eq’ denotes the equilibrium
value of the corresponding quantity. Functional forms of all such equilibrium densities are
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presented in the appendix A.2.1. Here Bl and Bφ stand for branching ratio of ∆ decaying to
leptons and φφ, respectively and Γtot

∆ is the total decay width of ∆L [112]

Bl =
∑

i=e,µ,τ

Bli =
∑

i,j=e,µ,τ

Blij =
∑

i,j=e,µ,τ

M∆

8πΓtot
∆

|Y ij |2, (7.16)

Bφ =
|µ∆|2

8πM∆Γtot
∆

,

Γtot
∆ =

M∆

8π

(∑
i,j

|Yij |2 +
|µ∆|2
M2

∆

)
. (7.17)

It is obvious that the two branching ratios satisfy Bl +Bφ = 1. Similarly a quantity related

to the decay of RHN has been defined, K0
i = Γ(N1−→li,φ)∑

i Γ(N1↔li,φ) . Here γD is the total reaction

density of the triplet including its decay and inverse decay to lepton pair or scalars, and γDN1

is the reaction density related to the lightest RHN (N1). In this notation γA signifies the
gauge induced 2 ↔ 2 scattering of triplets to fermions, scalars and gauge bosons. Lepton
flavour and number (∆L = 2) violating Yukawa scalar induced s− channel (φφ ↔ l̄i l̄j) and

t− channel (φlj ↔ φ̄l̄i) scattering related reaction densities are denoted as γφφlilj and γ
φlj
φli

,
respectively. Similarly reaction densities related to Yukawa induced triplet mediated lepton

flavour violating 2 ↔ 2 s− channel and t− channel processes are given by γlnlmlilj
and γ

lj lm
liln

,

respectively. The primed s− channel reaction densities are given by γ′ = γ−γon shell. Explicit
expressions of these reaction densities are presented in the appendix A.2.2. Now the matrices
C lijk and C lijmnk are defined as [112]

C lijk = C lik + C ljk,

C lijmnk = C lik + C ljk − C lmk − C lnk, (7.18)

where C l matrix relates the asymmetry of lepton doublets with that of B/3− Li. Similarly
Cφ establishes the relation between the asymmetry of scalar triplet and B/3− Li,

Y∆li
= −

∑
k

C likY∆k

Y∆φ
= −

∑
k

Cφk Y∆k
(7.19)

where Y∆k
is the k− th component of the asymmetry vector ~Y∆ which can be represented as

~Y∆ ≡ (Y∆∆
, Y∆B/3−Lk)T . (7.20)

In the above equations k = 1, 2, 3 is the generation index for fully (three) flavoured leptoge-
nesis whereas k = 1, 2 for two flavoured leptogenesis and, therefore, the corresponding ~Y∆

will be a column matrix with four or three entries. The structure of C l and Cφ matrices
are determined from different chemical equilibrium conditions. Their detailed structure and
dimensionality in different energy regimes are discussed in appendix A.2.3.

As the RHN masses in our models are sufficiently heavier than M∆, their deacy asym-
metries are washed out. Thus, neglecting the RHN related quantities, the set of Boltzmann
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equations are reduced to a simplified form [112]

ẎΣ = −
(
YΣ

Y eq
Σ

− 1

)
γD − 2

[(
YΣ

Y eq
Σ

)2

− 1

]
γA, (7.21)

Ẏ∆∆
= −

[
Y∆∆

Y eq
Σ

−
∑
k

(∑
i

BliC
l
ik −BφCφk

)
Y∆k

Y eq
l

]
γD, (7.22)

Ẏ∆B/3−Li
= −

[(
YΣ

Y eq
Σ

− 1

)
εli∆ − 2

∑
j

(
Y∆∆

Y eq
Σ

− 1

2

∑
k

C lijk
Y∆k

Y eq
l

)
Blij

]
γD (7.23)

−2
∑
j,k

(
Cφk +

1

2
C lijk

)
Y∆k

Y eq
l

(
γ′φφlilj + γ

φlj
φli

)
−
∑

j,m,n,k

C lijmnk
Y∆k

Y eq
l

(
γ′lnlmlilj

+ γ
lmlj
liln

)
.

Simultaneous solution of above three equations enable us to know the value of the asymmetry
parameters (Y∆B/3−Li

) at high value of z where the value of the asymmetry gets frozen. Then
the final value of the baryon asymmetry is

Y∆B
= 3× 12

37

∑
i

Y∆B/3−Li
, (7.24)

where the factor 3 signifies the degrees of freedom of ∆L.
When the temperature is above 1012 GeV, different lepton flavours lose their distin-

guishability. Therefore the corresponding Boltzmann equations are free of lepton flavour
indices. This variant of leptogenesis is referred to as the unflavoured leptogenesis and the set
of Boltzmann equations in eqs. (7.22)–(7.24) are modified [112]

ẎΣ = −
(
YΣ

Y eq
Σ

− 1

)
γD − 2

[(
YΣ

Y eq
Σ

)2

− 1

]
γA (7.25)

Ẏ∆∆
=

[
Y∆∆

Y eq
Σ

−
∑
k

(
BlC

l
k −BφCφk

)Y∆k

Y eq
l

]
γD, (7.26)

Ẏ∆B−L = −
[(

YΣ

Y eq
Σ

− 1

)
εl∆ − 2

(
Y∆∆

Y eq
Σ

−
∑
k

C lk
Y∆k

Y eq
l

)
Bl

]
γD

−2
∑
k

(
Cφk + C lk

)Y∆k

Y eq
l

(
γ′φφll + γφlφl

)
, (7.27)

where εl∆ (=
∑

i ε
li
∆) is the flavour summed or unflavoured CP asymmetry parameter and

the asymmetry vector ~Y∆ is now reduced to a column vector with only two entries, ~Y T
∆ =

(Y∆∆
, Y∆B−L). Thus, in this case also, the final baryon asymmetry is computed using the

simple formula of eq. (7.24).

7.3 Parameter space for leptogenesis

Whether the lepton flavours should be treated separately depends entirely on the phenomenon
of flavour decoherence which is generally assumed [112] to occur when lepton Yukawa rate
becomes faster than the Hubble rate at that very temperature. Some deeper considerations
are needed to avoid possibility of over simplication.

In the model with SM + three RHNs + one triplet ∆L [112], the flavour decoherence
issue is mainly dictated by the competition of two reactions: SM lepton Yukawa interaction
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and inverse decay of lepton to triplet ∆L. To make this point clear let us suppose that at
certain temperature (Th) during the evolution of universe, the lepton Yukawa interaction
becomes faster than the Hubble rate, whereas the triplet inverse decay (ll→ ∆̄) rate is faster
than the lepton Yukawa interaction rate. As a result the charged leptons will inverse decay
before they can undergo any charged lepton Yukawa interaction. Thus separate identity
for different lepton flavours still can not be understood. At some lower temperature the
inverse decay rate is reduced since it is Boltzmann suppressed. At a temperature T =
Tdecoh, when the inverse decay rate becomes smaller than the lepton Yukawa interaction rate,
the decoherence between the lepton flavours is fully achieved. So between the temperature
range (Th− Tdecoh) the flavour decoherence is not fully achieved, i.e within this intermediate
temperature regime we should not use flavoured leptogenesis formalism.

The decoherence temperature (Tdecoh) is determined by the mass of the scalar triplet
(M∆) and effective decay parameter [112]

M̃ eff
∆ = M̃∆

√
1−Bφ
Bφ

, (7.28)

where

M̃2
∆ = |µ∆|2

v4

M4
∆

Tr[Y Y †], (7.29)

and Bφ is branching ratio of triplet decay to scalar doublets φφ.
Decoherence can be fully achieved when our chosen parameter space satisfies the con-

dition that, at a given temperature, lepton triplet inverse decay rate is slower than the SM
lepton Yukawa interaction rate. By imposing this condition we can get an upper limit on
M∆ as a function of M̃ eff

∆

Γfi ≥ BlΓtot
∆

Y eq
Σ

Y eq
l

( fi = τ, µ). (7.30)

This constraint relation can be translated into constraints over M∆ and M̃ eff
∆ [112]

M∆ ≤ 4×
(

10−3eV

M̃ eff
∆

)
× 1011 GeV (fully two flavoured), (7.31)

M∆ ≤ 1×
(

10−3eV

M̃ eff
∆

)
× 109 GeV (fully three flavoured) . (7.32)

In figure (11) we have shown the allowed parameter space for different regimes depending
upon viability of various kinds of (flavoured/unflavoured) leptogenesis.

It is essential to state the conditions which have been used here to generate the pa-
rameter space. By changing the value of two free parameters (µ∆,M∆) in every model we
are able to vary all such parameters which implicitly or explicitly depend upon them. The
number of points in the allowed parameter space (M∆ vs M̃ eff

∆ ) is reduced due to imposition
of two constraint relations as given below.

The type-II seesaw dominance condition which is valid in all SO(10) models is
|Y vL|

|MDM
−1
N MT

D |
� 1. Considering both real and imaginary parts, this condition gives

|Re(mI
ν)ij | � |Re(Y vL)ij |

|Im(mI
ν)ij | � |Im(Y vL)ij |. (7.33)
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Figure 11. Allowed parameter space depicting the region of viability of different kinds of leptogenesis
without any constraint on M̃ eff

∆ and M∆.

We estimate reaction densities γD and γDN1
with only those points which satisfy the

condition of eq. (7.33). Then we choose only those points which satisfy

γDN1
� γD (7.34)

for each and every value in the whole range of z = 0 − 100. Fulfillment of this second
constraint relation allows us to neglect all RHN related quantities in eqs. (7.12)–(7.16). Then
the estimated leptogenesis is due to the decay of scalar triplet in a type-II seesaw dominated
SO(10) model.

At first we present the parameter space of M∆ vs M̃ eff
∆ depicting different leptogenesis

regimes depending upon distinguishability of lepton flavours without imposing any constraint
on M̃ eff

∆ and M∆. We vary M∆ (in the range (105 − 109) GeV) and M̃ eff
∆ in the range

(10−6 − 109) eV independent of each other. Then, depending upon the constraint relations
in eq. (7.31) and eq. (7.32), we place the set of points in different leptogenesis regimes and
designate them with different colours. The significance of different regimes shown in the
plot of figure 11 can be explained as follows. The horizontal lines at (M∆ ∼ 109) GeV and
(M∆ ∼ 1012) GeV basically indicate that above the corresponding values of M∆, the µ and
τ Yukawa interactions can never reach thermal equilibrium which simply means that above
M∆ ∼ 1012 GeV we can not separate any of the flavours. Similarly, above (M∆ ∼ 109) GeV,
µ and e flavours can never be distinguished. Thus it is not possible to have fully flavoured
or three flavoured leptogenesis above (M∆ ∼ 109) GeV and 2-flavoured leptogenesis above
(M∆ ∼ 1012) GeV. The points in the sky-blue region are obtained as fully three flavoured
using eq. (7.32) and the points in the green region are obtained as fully two flavoured using
eq. (7.31). Both the regions are further constrained by the condition that τ(or µ) Yukawa
interaction is always faster than the ll→ ∆ inverse decay rate.

Tiny patches labeled as three flavoured and two flavoured are obtained by the fulfillment
of the condition that τ or µ Yukawa interaction is faster than the ll→ ∆ inverse decay rate
when z > zA where zA = M∆

TA
, TA being the temperature where the gauge scattering rate is

slower than the decay rate.
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Figure 12. Viable regions of parameter space for different kinds of leptogenesis in the case of (a)
normal hierarchy with δ = 170◦ (left panel),(b) inverted hierarchy with δ = 200◦ (right-panel).

The intermediate regime is little bit tricky. Here depending upon the choice of the
parameters M∆ and M̃ eff

∆ at first we have to calculate T τdecoh. If T > T τdecoh we would have a
unflavoured scenario whereas T < T τdecoh leads us to two-flavoured scenario.

We now proceed to calculate the quantity M̃ eff
∆ thoroughly following the model under

consideration by imposing the type-II seesaw dominance. Then we represent the parameters
M̃ eff

∆ and M∆ graphically again and show the effect of imposition of type-II seesaw dominance
constraint. Here we vary M∆ in the range (109 − 1015) GeV following the gauge coupling
unification constraints M∆ > 109.2 GeV (Model-I), M∆ > 1010.2 GeV (Model-II), and M∆ >
1010.4 GeV (Model-III).

In order to ensure that self-energy correction term does not exceed the tree level term,
we use vlues of µ∆ ≤ M∆. Thereafter, imposing type-II seesaw dominance, we find values
of M̃ eff

∆ corresponding to each set of points (M∆, µ∆) using eq. (7.29) that also needs the Y
matrix which is proportional to mν . Choosing the mass eigenvalue of a light neutrino, we
estimate the other two mass eigenvalues. Then using 3σ values of mixing angles and any
two values of the Dirac phase δ we generate a number of sets for mν using eq. (4.16). Here
we present graphically the parameter space for only those points which at the end produce
acceptable values of baryon asymmetry in the 3σ range. Armed with all these quantities
finally we are able to calculate M̃ eff

∆ for each set of values of (M∆, µ∆). For a fixed set of
oscillation parameters, in this method M̃ eff

∆ varies with the location of the point (M∆, µ∆).
Then using the constraint relations in eq. (7.31) and eq. (7.32), we subdivide the allowed
values of (M∆, µ∆) into different regimes of leptogenesis.

We carry out the above mentioned exercise for both normal and inverted orderings and
the corresponding plots are shown in the figure 12.

In the present context, a pertinent question to ask is whether it is acceptable to use
a single leptogenesis formalism such as unflavoured, or 2-flavoured, or 3-flavoured cases and
the corresponding single set of Boltzmann equations for the whole z range. Asymmetry is
mainly produced at an epoch when z > zA. In this situation if we have zA > zτdecoh(or
zA > zµdecoh), then it is justified to use 2-flavoured (or 3-flavoured) leptogenesis formalism for
the whole range of z. We have checked that in the entire violet region of the parameter space
of figure 12 we can use the unflavoured leptogenesis formalism.

The plots given in figure 12 are generated by only those points which satisfy the two
constraint relations, eq. (7.33) and eq. (7.34). Our leptogenesis estimations are then carried
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out for the points belonging to this parameter space only. Thus in our type-II dominated
SO(10) where ∆L related quantities are important, the corresponding set of Boltzmann
equation is rightly chosen to be eqs. (7.25)–(7.27).1

It is clear from figure 12 that the allowed parameter space has been reduced consider-
ably, compared to figure 11, due to imposition of the Type-II dominance constraint. Since
unification of coupling constants forbids us to take M∆ below 109 GeV, the 3-flavoured regime
is automatically discarded. The reason behind such huge reduction of parameter space can
be explained through some simple mathematical arguments. In our numerical analysis the
light neutrino mass matrix is due to type-II seesaw mν ' Y vL. The light neutrino mass
matrix is already known to us since we know the mass eigenvalues and mixing angles from
oscillation data. So Y matrix is known from Y = (1/vL)mν . Again the RH neutrino mass

matrix can be expressed as MN ' mν
VB−L
vL

. Now we are able to find order of magnitude
values of type-I remnant along with dominant Type-II contribution. Varying (M∆, µ∆) we
can get different values of Y matrix and MN matrices. We allow only those set of values of
(M∆, µ∆) which are compatible with the Type-II dominance constraint. We have introduced
the Type-II dominance condition in our analysis by imposing

|(Y vL)ij |
|(MT

DM
−1
N MD)ij |

> 10 . (7.35)

Expressing MN in terms of mν the above equation can be rewritten to express the Type-II
dominance condition

Yij >
10

VB−L
(MT

D(mν)−1MD)ij . (7.36)

We have used the SO(10) prediction for Dirac neutrinino mass MD = Mu = up-quark mass.
For NO case we have taken VB−L ≥ 4× 1017GeV. Since numerical values of each quantities
in the r.h.s. of above equation are known, we can have a fair idea about the magnitude of Y
matrix needed for Type-II seesaw dominance. Exact numerical values are presented in the
appendix A.2.4.

We now try to analyse the effect of constraint eq. (7.31) on M∆ and M̃ eff
∆ which has to

be satisfied in order to be in the fully 2-flavoured regime. Our aim is to express the constraint
equation in terms of Y matrix such that we can infer whether the same Y is simultaneously
compatible with type-II dominance eq. (7.36) and the condition to be in the fully 2-flavoured
regime. The expression of M̃ eff

∆ eq. (7.28) through eq. (7.29) can be simplified by expressing
the branching ratio Bφ in terms of the Y matrix leading to

M̃ eff
∆ =

v2

M∆
Tr[Y Y †]× 109 eV. (7.37)

Using this form of M̃ eff
∆ in the constraint relation of eq. (7.31) for fully 2-flavoured regime,

we get the limiting values of Yukawa couplings

Tr[Y Y †] ≤ 6.6× 10−6. (7.38)

Thus a point will be in the fully 2-flavoured regime if the conditions in eq. (7.36) and
eq. (7.38) are simultaneously satisfied. In actual numerical estimations, as we have shown

1Following the same argument presented in the paragraph following figure 3 of ref. [112] we also neglect
the third term of eq. (7.27) from numerical computations.
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in appendix A.2.4) for both the NO and IO cases, it is not at all possible to satisfy these
two constraint relations given in eq. (7.36) and eq. ( 7.38) simultaneously. Consequently, the
two- flavoured regime is disallowed both in NO and IO cases. In this way we can justify the
restricted region presented in figure 12.

7.4 Remarks on baryon asymmetry estimation

We now estimate baryon asymmetry using the points belonging to the parameter space
shown in figure 12. Out of large number of available choices we pick some representative
points from each regime for BAU estimation. Although allowed parameter space has been
shown in the M∆ vs. M̃ eff

∆ plot, this can be translated into (M∆ vs. µ∆) plot as there is
a one-to-one correspondence between the sets: (M∆, µ∆) → (M∆, M̃

eff
∆ ). It is obvious that

while demanding that we are taking a point (M∆, µ∆) from the unflavoured regime implies
that the corresponding (M∆, M̃

eff
∆ ) will definitely fall in the unflavoured regime of M∆ vs

M̃ eff
∆ plot.

Few important remarks are in order before actual computation. The parameter space
shown in figure 12 are obtained by varying (M∆, µ∆) while keeping mν fixed at its best fit
value as given in eq. (4.18) for NO and in eq. (4.20) for IO. These best fit values include
mass squared differences, mixing angles, and the Dirac CP phases. The value of the Dirac
CP phase (δ) has not been measured with desired accuracy till date. Therefore, apart from
the central value as given in table 6, we have carried out our analysis also for another choice
δ = 170◦ in the case of NO. In figure 12 we have shown plots for only that value of δ which
at the end produces positive value of baryon asymmetry (YB).

On the requirement of CP-asymmetry parameters we note that, in the fully flavoured,
2-flavoured and unflavoured regimes, we need three, two and one CP asymmetry parameters,
respectively. Final value of the generated baryon asymmetry depends crucially upon the
sign and magnitude of these CP asymmetry parameters. The magnitude of CP asymmetry
parameters mainly depends on the mass of the decaying particle which increases with the
particle mass. The sign of the CP asymmetry parameters depends on the relative phases
between the coupling matrices λ and Y . As the phase of λ in the chosen up quark diagonal
bvasis are fixed. We can tune the phases of Y matrix by taking different values of the Dirac
CP phase δ. As a result the sign of CP asymmetry parameter can be changed by changing
the value of δ leading to a positive value of the asymmetry parameter YB.

7.5 Baryon asymmetry for normal ordering

Here at first we calculate baryon asymmetry taking the points within the whole violet region
corresponding to unflavoured +intermediate regime of the left panel in figure 12 which is
consistent with neutrino data for δ = 170◦. When we find unacceptable solutions within best
fit values of δ, we extend our search region covering its 3σ range as quoted in table 6.

7.5.1 Unflavoured regime

This regime is composed of all the points of the region denoted as unflavoured as well as most
of the points from the region labeled as intermediate. With these points we calculate the
flavour independent CP asymmetry parameters (εl∆ =

∑
i ε
li
∆) and plug them into the set of

unflavoured Boltzmann equations, eqs. (7.25)–(7.27), which are then solved to get the final
value of (B−L) asymmetry. This (B−L) asymmetry is then converted into baryon asymmetry
through sphaleron process through the formula of eq. (7.24). Other ingredients required for
solving the Boltzmann equations are C l and Cφ matrices discussed in appendix A.2.3. We
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MN1/1016 (GeV) 1.084 1.087 1.09 1.09

M∆/1014 (GeV) 9.5 9.6 9.7 9.8

µ∆/1014 (GeV) 5.5 5.6 5.7 5.8

M̃ eff
∆ × 102 (eV) 0.121 0.120 0.120 0.119

YB × 1011 8.53 8.60 8.67 8.71

Table 8. Numerical values of parameters for NO in the unflavoured regime which can produce
YB ∼ 8.6× 10−11 with best fit values of the neutrino mass eigenvalues, mixings and δ = 170◦, αM =
0, βM = 0.
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Figure 13. Plot of set of pints (M∆vs.µ∆) required to produce YB in the experimental range (left
panel) and variation of YB with z for a definite value of (M∆, µ∆) (right panel). For these NO
solutions best fit values of the neutrino mass eigenvalues and mixings have been used with phases
δ = 170◦, αM = 0, βM = 0.

carry out our analysis with some of the chosen points from the unflavoured regime as depicted
in the left panel of figure 12. For these chosen points the CP asymmetry parameter is found
to be negative and the (B − L) asymmetry parameter YB also freezes to a positive value for
high z in agreement with Planck satellite data [12, 13] given in eq. (7.3) and eq. (7.4). We
note that there are a plenty of points in this regime having such acceptable solutions.

In table 8 we have shown some of these points. In the left panel of figure 13 we plot
allowed values of M∆ vs. µ∆ representing solutions YB ∼ 8.6× 10−11). In the right panel of
figure 13 we present the variation of YB ( = YB−L) with z. Form the plot it is clear that YB
indeed freezes to its experimentally observed value for large z.

The whole numerical analysis and successful YB solutions have been obtained for best fit
values of neutrino data with Dirac phase δ = 170◦ but with vanishing Majorana phases. But
in the presence of type-II seesaw dominance in SO(10), as there is a one-to-one correspondence
between Y and mν , the effect of any non-vanishing Majorana phases or a different Dirac
phase can be easily analysed. In table 9 we have estimated the type-I seesaw remnant mass
eigen values mI

ν1
,mI

ν2
,mI

ν3
corresponding to our chosen parameter space. Their negligible

values compared to neutrino data confirms our type-II seesaw dominance approximation also
numerically.
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M∆/1014 (GeV) 9.5 9.6 9.7 9.8

µ∆/1014 (GeV) 5.5 5.6 5.7 5.8

MN1/1016 (GeV) 1.084 1.087 1.091 1.094

MN2/1016 (GeV) 9.381 9.409 9.437 9.467

MN3/1017 (GeV) 5.444 5.460 5.477 5.494

mI
ν1

(eV) 6.15× 10−15 6.13× 10−15 6.11× 10−15 6.09× 10−15

mI
ν2

(eV) 2.13× 10−10 2.13× 10−10 2.12× 10−10 2.11× 10−10

mI
ν3

(eV) 1.86× 10−4 1.85× 10−4 1.85× 10−4 1.84× 10−4

Table 9. Type-I seesaw remnant contribution to neutrino mass eigenvalues for some specific set of
parameters in concordance with type-II seesaw dominance and BAU with best fit for neutrino data
with NO eigen values and δ = 170◦, and αM = 0, βM = 0.

MN1/1016 (GeV) 0.60 1.19 2.01 2.51 2.84 3.06 3.2

M∆/1014 (GeV) 0.71 1.7 3.4 4.7 5.6 6.2 6.6

µ∆/1013 (GeV) 0.55 1.6 3.8 0.58 0.73 0.83 0.90

M̃ eff
∆ × 102 (eV) 0.50 0.82 1.16 1.32 1.41 1.48 1.52

YB × 1011 8.6 8.65 8.52 8.65 8.71 8.62 8.61

Table 10. Numerical values of parameters in the unflavoured regime consistent with YB ∼ 8.6×10−11

and best fit values of NO neutrino mass eigenvalues, mixings and phases δ = 270◦, αM = 45◦, βM =
45◦.
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Figure 14. Plot of allowed values of (M∆, µ∆) required to produce YB in the experimental range
(left panel) and variation of YB with z for a definite set of allowed values of (M∆, µ∆) (right panel).
In this NO case best fit to neutrino data has been used with phases δ = 270◦, αM = 45◦, βM = 45◦.

As an example we have repeated the whole procedure using the best fit values of neutrino
data but with a different set of phases αM = 45◦, βM = 45◦ and δ = 270◦. Numerical solutions
are presented in table 10 consistent with baryon asymmetry value YB ∼ 8.6× 10−11. In the
left panel of figure 14 we present allowed values of M∆ and µ∆ consistent with eq. (7.3) and
in the right panel we show variation of YB with z for a specific set of values of (M∆, µ∆).
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MN1/1016 (GeV) 8.92 12.03 14.26 17.62 20.55 22.29 24.53 36.20

M∆/1013 (GeV) 1.9 3.0 3.9 5.5 7.1 8.10 9.50 18.00

µ∆/1011 (GeV) 3.3 6.1 8.7 14.0 20.0 24.00 30.00 73.00

M̃ eff
∆ (eV) 5.14 5.92 6.39 6.92 7.30 7.53 7.77 8.93

YB × 1011 8.6 8.65 8.57 8.60 8.66 8.64 8.67 8.66

Table 11. Numerical values of parameters in the unflavoured regime which can produce YB ∼
8.6 × 10−11 consistent with best fit values of IO neutrino mass eigenvalues, mixings and phases
δ = 200◦, αM = 0, βM = 0.

Few remarks on the choice of the SO(10) (or U(1)B−L) breaking VEV VB−L = 4 ×
1017 GeV are in order. Here we have ensured type-II seesaw dominance by comparing each of
the type-II matrix element with the corresponding element in type-I seesaw. To get successful
leptogenesis with YB ∼ 8 × 10−11, we have also taken VB−L ≥ 4 × 1017 GeV, but a choice
below this VEV may lead to YB values less tan the Planck [12, 13] data.

Since two-flavoured and three flavoured regimes are not allowed in our type-II seesaw
dominance models as discussed in section 7.3, we do not discuss methodology for estimation
of BAU in these two cases.

7.6 Baryon asymmetry for inverted ordering

In figure 12 (right panel) we have clarified why the IO case allows only unflavoured regime
which we utilise here to predict BAU.

We choose some representative points from the unflavoured and intermediate regime
depicted as the violet area of right panel in figure 12. Then following the same steps as
NO case, we estimate the asymptotic value of YB for large enough value of z. In this case,
apart from using best fit values of IO mass eigen values and mixings, we have also explored
possibility of solutions within 3σ allowed range of Dirac CP phase. We have estimated the
CP asymmetry parameter for δ = 284◦ which is in the fourth quadrant and is the best fit
value [5–7], and for δ = 200◦ which is in the third quadrant. For δ = 284◦ the estimated
CP asymmetry comes out to be positive which yields negative value of baryon asymmetry
YB at a large enough value of z. On the other hand using δ = 200◦ we get negative value
of CP asymmetry parameter and, consequently, we get positive value of YB. in agreement
with Planck satellite data. In table 11 we present only those points which produce YB in
agreement with experimental data. In figure 15 (left panel) we depict the values of µ∆ and
M∆ for which YB ∼ 8 × 10−11. We choose one such combination of (µ∆,M∆) from the µ∆

vs M∆ plot and show the variation of YB with z. This is presented by the right panel of
figure 15.

From the systematic analysis of leptogenesis presented in the above sections it is inferred
that positive baryon asymmetry in the experimentally observed range can be produced using
best fit values of neutrino oscillation observables with a large Dirac CP phase in type-II
seesaw dominated SO(10) scenario where the lepton asymmetry is generated mainly due to
the decay of the left handed scalar triplet and this observation holds both for normal and
inverted orderings of neutrino masses. We also find that predicted values of BAU are in
concordance with θ23 in the second octant.
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Figure 15. Plot of some allowed set of points (M∆, µ∆) required to produce YB in the experimental
range (left panel) and variation of YB with z for a definite value of (M∆, µ∆) (right panel). In this
IO case best fit values of neutrino data have been used with phases δ = 200◦, αM = 0, βM = 0.

8 Summary and conclusion

In this work we have addressed six limitations of the standard model: (i) Neutrino mass, (ii)
Baryon asymmetry of the Universe, (iii) Origin of dark matter and its stability, (iv) Vacuum
stability of SM scalar potential, (iv) Origin of three gauge forces of SM, and (vi) Experi-
mentally observed proton stability. For this purpose we have successfully constructed three
different type-II seesaw dominance models using the symmetry breaking pattern SO(10) →
SU(5) → SM which unify gauge couplings and predict the mass of LH triplet scalar ∆L

mediating type-II seesaw to be lighter than RHN masses and the SU(5) unification scale.
Manifestly, each of these models allows type-II seesaw dominance and triplet leptogenesis.
SO(10) breaking through 126H predicts matter parity (ZMP ) as stabilising gauged discrete
symmetry for its non-standard fermionic (scalar) DM components with even (odd) value of
ZMP . Neither these intrinsic DM properties, nor the coupling unification can be predicted in
SM extensions [20, 112]. In our SO(10) models the same Majorana Yukawa coupling matrix
Y defines the matricial structures of both the type-II seesaw and the RHN mass matrices. As
a result the same PMNS matrix (U) that diagonalises the neutrino mass matrix in the type-
II seesaw dominance approximation also diagonalises the RHN mass matrix. This prevents
the freedom of choosing a RHN diagonal basis used in [112]. Further the underlying quark
lepton symmetry of SO(10) predicts the Dirac neutrino Yukawa coupling from the up-quark
mass matrix λ '

√
2Mu/v which is unknown in SM extension [112]. In addition, as the

SO(10) breaking VEV VB−L ≥ 1017 GeV and the known Majorana coupling matrix Y also
determine the RHN mass matrix in our models, the type-I seesaw remnant occurring in the
CP-asymmetry formula is also known. These predictions and constraints specific to type-II
seesaw dominance in SO(10) are naturally absent in the SM extensions [112]. Thus, for re-
alisation of leptogenesis in the presence of type-II seesaw dominance in SO(10), we predict
a new class of CP-asymmetry formulas which have been explicitly stated through eq. (7.7),
eq. (7.10) and eq. (7.11) in the corresponding cases. As the three RHNs are fundamental to
SO(10) unification, unlike the SM extension [112], our models do not predict purely triplet
leptogenesis with only LH triplets excluding RHNs. Rather they predict RHN loop mediated
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triplet leptogenesis. Despite these constraints, all our models predict right value of baryon
asymmetry in agreement with Planck data [12, 13] for both NO and IO neutrino masses
through unflavoured leptogenesis. Another important outcome of these new SO(10) models
is that their type-II seesaw dominance is capable of fitting any neutrino data including θ23

in the second octant and Dirac and/or Majorana phases. In Model-I and Model-II, we have
further predicted a real scalar DM candidate of mass ∼ O(1) TeV having odd matter parity
originating from 16H of SO(10) that satisfies observed relic density and mass bounds from
indirect and direct detection experiments. This real scalar DM also completes the SM vac-
uum stability. In Model-III an alternative solution to DM and vacuum stability problems has
been noted to be due to this real singlet scalar plus the fermion triplet ΣF (3, 0, 1) [88] having
masses near ∼ 1 TeV scale. But compared to non-perturbative treatment of Sommerfeld en-
hancement needed for 2.7 TeV fermionic DM, this combined DM of lower masses brings the
relic density estimation to the ambit of perturbation theory and SO(10) grand unification
where the SM vacuum instability is also resolved by the real scalar singlet component. All
the three SO(10) models predict unification scales MSU(5) = 1015.2 − 1015.3 GeV and pro-
ton lifetimes accessible to Super-Kamiokande or Hyper-Kamiokande experiments even after
reasonable threshold effects are included.

We conclude that non-SUSY SO(10) with matter parity conserving spontaneous break-
ing through SU(5) route provides a self sufficient theory for neutrino mass via type-II seesaw
dominance, baryon asymmetry via triplet leptogenesis, intrinsic dark matter and its stability,
vacuum stability of SM scalar potential through TeV scale dark matter, precision gauge cou-
pling unification with experimentally verifiable proton lifetime, and explanation of observed
parity violation as monopoly of weak interaction via asymptotic parity restoration. The new
class of modified CP-asymmetry formulas derived in this work are expected to hold in other
type-II seesaw dominated SO(10) models even in the absence of SU(5) intermediate breaking.

A Supplementary derivations and input parameters

A.1 Renormalization group equations for scalar quartic couplings

The RG equations for the scalar quartic couplings up to one loop level are given by

dλφ
d lnµ

=
1

16π2

[
(12h2

t− 3g1Y
2− 9g2

2L)λφ− 6h4
t +

3

8
{2g4

2L + (g1Y
2 + g2

2L)2}+ 24λ2
φ + 4λ2

φξ

]
,

dλφξ
d lnµ

=
1

16π2

[
1

2
(12h2

t − 3g1Y
2 − 9g2

2L)λφξ + 4λφξ(3λφ + 2λξ) + 8λ2
φξ

]
,

dλξ
d lnµ

=
1

16π2

[
8λ2

φξ + 20λ2
ξ

]
. (A.1)

The RGEs for SM gauge couplings and top quark Yukawa coupling at two loop level are
given by

dht
d lnµ

=
1

16π2

(
9

2
h2
t −

17

12
g2

1Y −
9

4
g2

2L − 8g2
3C

)
ht (A.2)

+
1

(16π2)2

{
− 23

4
g4

2L −
3

4
g2

2Lg
2
1Y +

1187

216
g4

1Y + 9g2
2Lg

2
3C +

19

9
g2

3Cg
2
1Y − 108g4

3C

+

(
225

16
g2

2L +
131

16
g2

1Y + 36g2
3C

)
h2
t + 6(−2h4

t − 2h2
tλφ + λ2

φ)

}
,
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dg1Y

d lnµ
=

1

16π2

(
41

6
g3

1Y

)
+

1

(16π2)2

(
199

18
g2

1Y +
9

2
g2

2L +
44

3
g2

3C −
17

6
h2
t

)
g3

1Y ,

dg2L

d lnµ
=

1

16π2

(
−19

6
g3

2L

)
+

1

(16π2)2

(
3

2
g2

1Y +
35

6
g2

2L + 12g2
3C −

3

2
h2
t

)
g3

2L,

dg3C

d lnµ
=

1

16π2

(
−7g3

3C

)
+

1

(16π2)2

(
11

6
g2

1Y +
9

2
g2

2L − 26g2
3C − 2h2

t

)
g3

3C ,

where g2L, g1Y , g3C are the gauge couplings corresponding to SU(2)L,U(1)Y ,SU(3)C respec-
tively and ht is the top quark Yukawa coupling.

A.2 Formulas for type-II seesaw dominance and leptogenesis

A.2.1 Number density of particle species

Using Maxwell Boltzmann distribution for massless (relativistic) as well as massive particles,
the number densities are given by [109–112]

neqΣ (z) = neq∆ (z) + neqN (z)† , (A.3)

neq∆ (z) =
3M3

∆K2(z)

2π2z
, (A.4)

neqN1
(z) =

M3
∆r

2K2(rz)

π2z
, (A.5)

neql,φ(z) =
2M3

∆

π2z
, (A.6)

where r =
MN1
M∆

and K2(z) is the modified Bessel function of second kind. The expressions
of entropy density and Hubble parameter are listed below.

s(z) =
4g∗M3

∆

π2z3
, (A.7)

H(z) =

√
8g∗

π2

M∆

MPlanckz2
, (A.8)

with effective relativistic degrees of freedom g∗ = 118 and Planck mass MPlanck = 1.22 ×
1019 GeV.

A.2.2 Reaction densities

Decay (1 → 2) related reaction densities for lightest RH neutrino (N1) and scalar triplet
(∆L) are [109–112]

γDN1
=

1

8π3

M3
∆r

4K1(rz)(λλ†)11

zMN1

, (A.9)

γD =
K1(z)

K2(z)
neqΣ (z)Γtot

∆ (A.10)

respectively, where λ is the Dirac neutrino Yukawa coupling and Γtot
∆ is the total triplet decay

width. The generic expression of (2↔ 2) scattering reaction densities is

γs =
M4

∆

64π4

∫ ∞
xmin

√
x

(z
√
x)σ̂s
z

dx (A.11)
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where x = s′/M2
∆ (s′ centre of mass energy) and σ̂s is the reduced cross section. For gauge

induced process xmin = 4 and Yukawa induced process it is xmin = 0. The reduced cross
sections for the gauge induced processes is [109–112]

σ̂A =
2

72π

{
(15C1 − 3C2)ω + (5C2 − 11C1)ω3 + 3(ω2 − 1)[2C1 + C2(ω2 − 1)] ln

(
1 + ω

1− ω

)}
+

(
50g4

2L + 41g1Y
4

48π

)
ω

3
2 , (A.12)

where ω ≡ ω(x) =
√

1− 4/x and C1 = 12g4
2L+3g4

1Y +12g2
2Lg

2
1Y , C2 = 6g4

2L+3g4
1Y +12g2

2Lg
2
1Y .

Reduced cross sections for ∆L = 2 s− channel and t− channel scatterings are

σ̂φφlilj = 64πBφBlijδ
2

[
x

(x− 1)2 + δ2

]
, (A.13)

σ̂
φlj
φlj

= 64πBφBlijδ
2 1

x

[
ln(1 + x)− x

1 + x

]
, (A.14)

where δ = Γtot
∆ /M∆. Similarly the reduced crosssections for lepton flavor violating processes

can be written as

σ̂lnlmlilj
= 64πBlnmBlijδ

2

[
x

(x− 1)2 + δ2

]
, (A.15)

σ̂
lj lm
liln

= 64πBlnmBlijδ
2

[
x+ 2

x+ 1
− ln(1 + x)

]
. (A.16)

Reaction densities of different scattering processes (γA, γ
φφ
lilj
, γlnlmlilj

etc) can be estimated using

eq. (A.11), and eqs. (A.12)–(A.16). The resonant intermediate state subtracted reaction
densities are expressed as

γ′φφlilj = γφφlilj −BlijBφγD (A.17)

γ′lnlmlilj
= γlnlmlilj

−BlijBlnmγD . (A.18)

A.2.3 C l and Cφ matrices

C l and Cφ are coupling matrices through which lepton asymmetry and scalar doublet asym-
metry are related to (B/3 − Li) and triplet decay asymmetry. These are determined by
solving a constrained set of equations involving chemical potentials where the number of
active chemical potentials and chemical equilibrium conditions strictly depend upon the
temperature regime. After fixing the right set of equations, constraint relations and nonzero
chemical potentials, the corresponding equations are solved in terms of some common set of
variables which are chosen to be µB/3−Li , µ∆. Then this solution enables one to set up a
relation between asymmetry of the particles in the heat bath and independent parameters
(Y∆∆

, YB/3−Li) of the asymmetry vector. Generally it is assumed that lepton flavour deco-
herence takes place at a temperature when the lepton Yukawa interaction rate becomes faster
than the Hubble rate, but actually the decoherence is achieved when the SM lepton Yukawa
interaction rate becomes faster than the inverse decay process (ll → ∆̄). Denoting the lep-

ton flavour decoherence temperature by T fidecoh where fi stands for a specific lepton flavour
(e, µ, τ), it turns out that, above the temperature T τdecoh, all three lepton flavours are indistin-
guishable and the Boltzmann equation has to be solved for the quantity (B −L). Again the
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T (GeV) Flavours C l Cφ

& 1015 single
(
0 1

2

) (
3 1

2

)
[1012, 1015]

(
0 1

2

) (
2 1

3

)
[T τdecoh, 1012]

(
0 3

10

) (
3
4

1
8

)
[109, T τdecoh], two

(
− 6

359
307
718 − 18

359
39
359 − 21

718
117
359

) (
258
359

41
359

56
359

)
[Tµdecoh, T

τ
decoh]

[105, Tµdecoh] three


− 6

179
151
358 − 10

179 − 10
179

33
358 − 25

716
172
537 − 7

537
33
358 − 25

716 − 7
537

172
537

 (
123
179

37
358

26
179

26
179

)

. 105


− 9

158
221
711 − 16

711 − 16
711

9
158 − 16

711
221
711 − 16

711
9

158 − 16
711 − 16

711
221
711

 (
39
79

8
79

8
79

8
79

)

Table 12. Cl and Cφ matrices in different temperature regimes.

temperature regime above T τdecoh is subdivided into three windows. The structure of C l and
Cφ matrices are different in those windows since the number of active chemical potentials
and the governing constraint equations are different in each of these windows. These is-
sues has been discussed elaborately in section 3.1 and appendix B of [112]. Similarly between
T τdecoh − Tµdecoh two lepton flavours (a(≡ e+µ), τ) are effectively active whereas below Tµdecoh,
full flavour decoherence is achieved and all three lepton flavours are separately active. Thus
the flavoured Boltzmann equation has to be solved in terms of (B/3−Le, B/3−Lµ, B/3−Lτ ).
The asymmetry coupling matrices as stated in [112] are shown in table 12.

A.2.4 Y matrix in type-II seesaw dominated scenario

Using the up-quark diagonal basis, the Dirac neutrino mass matrix is chosen to be equal to
the up quark mass matrix [102] MD ' diag(.00054, .26302, 81.99) GeV.

Normal Ordering (NO). Diagonal elements of light neutrino mass matrix for NO case
is given by (mν)diag = diag(.001, .00865, .0502)× 10−9 GeV.

Then using VB−L = 4× 1017 GeV in eq. (7.36) we get the lowest value of Y needed for
type-II seesaw dominance

Y =

(
10−16

4

)
GeV−1MT

D(mν)−1MD (A.19)

=

(
10−7

4

) 0.000207 − 4.45× 10−8i −0.02608 + 0.00207i 16.5879 + 0.5502i
−0.02608 + 0.00207i 8.5984 − 0.5027i −3568.99 + 95.89i

16.5879 + 0.5502i −3568.99 + 95.89i 2.017× 106 + 86276.3i

 ,

which gives

Tr[Y Y †] = 2.54× 10−3. (A.20)
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As this condition is in direct contradiction with the fully 2-flavoured regime case for which
Tr[Y Y †] ≤ 6.6 × 10−6, it is not possible to get points in the fully 2-flavoured regime in our
Type-II seesaw dominated scenario.

Inverted Ordering (IO). Light neutrino mass eigen values for inverted ordering are
(mν)diag = diag(0.04938, 0.0501, 0.001) × 10−9 GeV. Then using VB−L = 1017 GeV in
eq. (7.36), the lowest value of Y needed for Type-II seesaw dominance is

Y = 10−16 GeV−1MT
D(mν)−1MD (A.21)

= 10−7

−7.78× 10−8 − 3.09× 10−6i 0.0038− 0.0159i 1.0118− 4.206i
0.0038− 0.0159i 40.007 + 0.0099i 10174.3 + 2.205i
1.0118− 4.206i 10174.3 + 2.205i 2.81× 106 + 469.504i

 ,

which gives

Tr[Y Y †] = 7.93× 10−2 . (A.22)

Thus for inverted ordering, as this value is far bigger than the two-flavored case, we conclude
that desired values of BAU in 2-flavoured regime is not allowed in this case also.

A.3 Renormalization group solutions for mass scales and threshold effects

For the SM gauge group (≡ G213) we denote the three respective gauge couplings by g2L, g1Y

and g3C and the top quark Yukawa coupling by ytop. The renormalisation group equations
(RGEs) for gauge couplings are

µ
∂gi
∂µ

=
ai

16π2
+

1

(16π2)2

∑
j

g3
i (bijg

2
j − kiδijy2

top), (A.23)

where ai(bij) are one (two)-loop beta function coefficients and ki = (17/6, 3/2, 2). Details of
RGEs for individual couplings are

dytop

d lnµ
=

1

16π2

(
9

2
y2

top −
17

12
g2

1Y −
9

4
g2

2L − 8g2
3C

)
ytop (A.24)

+
1

(16π2)2

[
− 23

4
g4

2L −
3

4
g2

2Lg
2
1Y +

1187

216
g4

1Y + 9g2
2Lg

2
3C +

19

9
g2

3Cg
2
1Y − 108g4

3C

+

(
225

16
g2

2L +
131

16
g2

1Y + 36g2
3C

)
y2

top + 6(−2y4
top − 2y2

topλφ + λ2
φ)

]
,

dg1Y

d lnµ
=

1

16π2

(
41

6
g3

1Y

)
+

1

(16π2)2

(
199

18
g2

1Y +
9

2
g2

2L +
44

3
g2

3C −
17

6
y2

top

)
g3

1Y , (A.25)

dg2L

d lnµ
=

1

16π2

(
−19

6
g3

2L

)
+

1

(16π2)2

(
3

2
g2

1Y +
35

6
g2

2L + 12g2
3C −

3

2
y2

top

)
g3

2L, (A.26)

dg3C

d lnµ
=

1

16π2

(
−7g3

3C

)
+

1

(16π2)2

(
11

6
g2

1Y +
9

2
g2

2L − 26g2
3C − 2y2

top

)
g3

3C . (A.27)

Defining the mass scale dependent fine-structure constants αi(µ) =
g2
i (µ)
4π (i = 2L, Y, 3C), we

use the integral form of eq. (A.23) in different ranges of mass scales

1

αi(µ)
=

1

αi(MZ)
− ai

2π
ln

(
µ

MZ

)
+ . . . , (A.28)
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5H ⊃ H1(1,−1/3, 3)

24H ⊃ S1(3, 0, 1) + S2(1, 0, 8)

50H ⊃ H ′1(1,−1/3, 3) +H ′2(1,−2/3, 6) +H ′3(2,−1/6, 3̄) +H ′4(2,−1/2, 8)

75H ⊃ S′1(1, 5/3, 3) + S′2(1,−5/3, 3̄) + S′3(1, 0, 8) + S′4(2, 5/6, 6) + S′5(2,−5/6, 6̄)

15H ⊃ H ′′1 (3,−1, 1) +H ′′2 (2, 1/6, 3) +H ′′3 (1, 2/3, 6)

24F ⊃ F1(2,−5/6, 3) + F2(2, 5/6, 3̄)

24V ⊃ V1(2,−5/6, 3) + V2(2, 5/6, 3̄)

Table 13. Superheavy components of SU(5) representations under the SM gauge group G213 used to
estimate GUT threshold effects.

where ellipses stand for possible two-loop and threshold effects. Near the GUT scale µ ∼
MU , the matching formulas for different gauge couplings(α−1

i , i = 2L, Y, 3C) are defined
as [132, 136–149]

α−1
i (MU ) = α−1

G −
λi(MU )

12π
, (A.29)

where λi, (i = 2L, Y, 3C) are the three matching functions due to superheavy scalars (S),
Majorana fermions (F) and gauge bosons (V),

λSi (MU ) =
∑
j

Tr

(
t2iSj p̂Sj ln

MS
j

MU

)
,

λFi (MU ) =
∑
k

4Tr

(
t2iFk ln

MF
k

MU

)
,

λVi (MU ) =
∑
l

Tr
(
t2iV l
)
− 21

∑
l

Tr

(
t2iV l ln

MV
l

MU

)
, (A.30)

Here tiS , tiF and tiV represent the matrix representations of broken generators for scalars,
Majorana fermions, and gauge bosons, respectively. The term p̂Sj denotes the projection
operator that removes the Goldstone components from the scalar that contributes to spon-
taneous symmetry breaking.

We note that only the SU(5) remnants 75H , 50H , 24H , 15H , 5H , and 24F of their re-
spective parent SO(10) representations 210H , 126H , 45H , 126H , 10H , and 45F are either near
MSU(5) or their SM sub-multiplets are below MSU(5). Other components of respective SO(10)
representations being at much higher mass scale µ = MSO(10) ' 100MSU(5) decouple from all
the predictions of this work. Decomposition of these SU(5) representations under SM gauge
group G213 are given in table 13.

We have used table 13 and utilized appropriate decompositions of SU(5) representations
75H , 24H , 50H , 5H , 24F , 24V in the respective models to estimate threshold effects. Different
scalar(H), fermionic(F), and gauge boson(V) components and their respective beta function
coefficients contributing to these matching functions are estimated as shown in table 14.
The constant factor in the gauge-boson threshold effect has been already taken into account
in section 2.2.3.

As we find below the effect of the full representation 15H of SU(5) surfaces in the GUT
coupling value but cancels out from mass scale predictions in all the three models.
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SU(5) representations G213 submultiplets (λ2L,λY ,λ3C)

5H H1(1,−1/3, 3) (0, 2/5, 1)

24H S1(3, 0, 1) (2, 0, 0)

S2(1, 0, 8) (0, 0, 3)

50H H ′1(1,−1/3, 3) (0, 2/5, 1)

H ′2(1,−2/3, 6) (0, 16/5, 5)

H ′3(1,−1/6, 3) (3, 1/5, 2)

H ′4(2,−1/2, 8) (8, 24/5, 12)

75H S′1(1, 5/3, 3) (0, 5, 1/2)

S′2(1,−5/3, 3) (0, 5, 1/2)

S′3(1, 0, 8) (0, 0, 3)

S′4(2, 5/6, 6) (3, 5, 5)

S′5(2,−5/6, 6) (3, 5, 5)

15H H ′′1 (3,−1, 1) (4, 18/5, 0)

H ′′2 (2, 1/6, 3) (3, 1/5, 2)

H ′′3 (1, 2/3, 6) (0, 16/5, 5)

24F F1(2,−5/6, 3) (6, 10, 4)

F2(2, 5/6, 3) (6, 10, 4)

24V V1(2,−5/6, 3) (−63/2,−105/2,−21)

V2(2, 5/6, 3) (−63/2,−105/2,−21)

Table 14. Beta function coefficients for matching functions defined through eq. (A.30) due to super-
heavy components of scalars(H). fermions (F), and gauge bosons (V) contributing to GUT threshold
effects at the SU(5) unification scale.

A.3.1 Minimal model-I

We have used the most recent electroweak precision data [198]

αS(MZ) = 0.1182± 0.0005,

sin2 θW (MZ) = 0.23129± 0.00005,

α−1(MZ) = 127.94± 0.02. (A.31)

Using RGEs and the combinations 1
α(MZ)− 8

3
1

α2L(MZ) and 1
α(MZ)− 8

3
1

α3C(MZ) , we have derived

analytic formulas for the SU(5) unification scale (MU ) and the intermediate κ(3, 0, 8) mass
scale (Mκ) treating the heavy triplet scalar mass scale(M∆) as constant. We also analytically
estimate the SU(5) GUT fine-structure constant αG = g2

G/(4π). The beta function coeffi-
cients in three different mass ranges µ = MZ →Mκ, µ = Mκ −M∆ and µ = M∆ −MU are

µ = MZ →Mκ :

aY =
41

10
, a2L = −19

6
, a3C = −7, (A.32)

µ = Mκ →M∆ :

a′Y =
41

10
, a′2L = −1

2
, a′3C = −11

2
, (A.33)
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µ = M∆ →MU :

a′′Y =
79

15
, a′′2L =

2

3
, a′′3C = −13

3
. (A.34)

Using the standard procedure [146] we get

ln
MU

MZ
=

16π

187α

(
7

8
− 10α

3α3C
+ s2

W

)
+ ∆U

I ,

ln
Mκ

MZ
=

4π

187α

(
15 +

23α

3α3C
− 63s2

W

)
+ ∆κ

I ,

1

αG
=

3

8α
+

1

187α

(
347

8
+

466α

3α3C
− 271s2

W

)
+

7

12π
ln
M∆

MZ
+ ∆αG

I . (A.35)

We note that the effect of M∆ naturally cancels from one loop analytic expressions for ln MU
MZ

and ln Mκ
MZ

. Analytic formulas for GUT threshold effects on the unification scale, intermediate
scale and GUT fine structure constant are

∆ ln
MU

MZ
=

5

3366
(7λY + 9λ2L − 16λ3C)

∆ ln
Mκ

MZ
=

1

561
(−48λ2L + 25λY + 23λ3C)

∆

(
1

αG

)
=

1

20196π
(1130λY − 675λ2L + 1264λ3C), (A.36)

Estimated threshold effects on different mass scales due to superheavy masses near the SU(5)
unification scale are

∆ ln
Mκ

MZ
= 0.0588235η5 + 0.951872η75

∆ ln
MU

MZ
= −0.0196078η5 − 0.0445633η75

∆

(
1

αG

)
= 0.0270459η5 + 0.571275η75 + 0.189653η15 (A.37)

Denoting ηS = ln(MS
MU

) and maximising uncertainty in MU gives

∆ ln

(
MU

MZ

)
= ±0.06417ηS ,

∆ ln

(
Mκ

MZ

)
= ±1.0107ηS ,

∆

(
1

αG

)
= ±0.408667ηS . (A.38)

We also note that the degenerate superheavy gauge bosons contribute quite significantly to
threshold correction on the unification scale [137–146](

MU

M0
U

)
V

= 10±0.9358η′V . (A.39)

Adding all corrections together we obtain

MU = 1015.24±0.11±0.0642η′S±0.9358η′V GeV, (A.40)

where η′i(i = S, V ) = log10(Mi/MU ). The first uncertainty appearing in the exponent as
±0.11 is due to input parameters of eq. (A.31).
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A.3.2 Minimal model-II

The beta function coefficients in two different mass ranges µ = MZ → Mη, µ = Mη −M∆

and µ = M∆ −MU are

µ = MZ →Mη :

aY =
41

10
, a2L = −19

6
, a3C = −7, (A.41)

µ = Mη →M∆ :

a′Y =
45

10
, a′2L = −5

6
, a′3C = −9

2
, (A.42)

µ = M∆ →MU :

a′′Y =
17

3
, a′′2L = 2, a′′3C = −10

3
. (A.43)

Using the standard procedure we get analytic formulas for the two mass scales MU and Mη

ln
MU

MZ
=

18π

247α

(
1 +

4

3
s2
W − 4

α

α3C

)
+ ∆U

II ,

ln
Mη

MZ
=

4π

247α

(
16 +

55

3

α

α3C
− 61s2

W

)
+ ∆η

II ,

1

αG
=

1

494α

(
241− 502s2

W +
1060

3

α

α3C

)
+

7

12π
ln
M∆

MZ
+ ∆α

II . (A.44)

The effect of mass scale M∆ is noted to cancel out from the expressions of ln(MU/MZ) and
ln(Mη/MZ).

Excellent unification of gauge couplings is found for

M0
U = 1015.248+0.0445 GeV,

M0
σ = 103.0 GeV,

α−1
G0

= 33.78. (A.45)

Analytic formulas for GUT threshold effects on the unification scale, intermediate scale and
GUT fine structure constant are

∆ ln
Mη

MZ
=

5

2223
(27λ2L − 16λY − 11λ3C),

∆ ln
MU

MZ
=

1

494
(5λY + 7λ2L − 12λ3C),

∆

(
1

αG

)
=

1

17784π
(1205λY − 783λ2L + 1060λ3C). (A.46)

Estimated threshold corrections for different mass scales due to superheavy masses are

∆ ln
Mη

MZ
= −0.0391363η5 + 0.0472335η24 − 0.136302η50,

∆ ln
MU

MZ
= −0.02024η5 − 0.0445344η24 − 0.312551η50,

∆

(
1

αG

)
= 0.00862716η5 + 0.0288884478η24 + 0.185680767η15 + 0.4107744η50. (A.47)
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Denoting ηS = ln(MS
MU

) and maximising uncertainty in MU leads to

∆ ln

(
MU

MZ

)
= ±0.3773ηS ,

∆ ln

(
Mη

MZ

)
= ±0.1279ηS ,

∆

(
1

αG

)
= ±0.2626ηS . (A.48)

We also note that the degenerate superheavy gauge bosons contribute quite significantly to
threshold corrections on the unification scale [137–146](

MU

M0
U

)
V

= 10±0.9352η′V . (A.49)

Adding all corrections together we obtain

MU = 1015.28±0.1334±0.3773η′S±0.9352η′V GeV (A.50)

The first uncertainty appearing in the exponent as ±0.1334 is due to input parameters of
eq. (A.31).

A.3.3 Triplet fermion dark matter model-III

In this model, instead of type-I seesaw ansatz for neutrino masses in [88], we have imple-
mented type-II seesaw dominance. The one-loop beta function coefficients in three different
mass ranges µ = MZ →MΣ, µ = MΣ −MO, µ = MO −M∆ and µ = M∆ −MU are

µ = MZ →MΣ :

aY =
41

10
, a2L = −19

6
, a3C = −7, (A.51)

µ = MΣ →MO :

a′Y =
41

10
, a′2L = −11

6
, a′3C = −7, (A.52)

µ = MO →M∆ :

a′Y =
41

10
, a′2L = −11

6
, a′3C = −5, (A.53)

µ = M∆ →MU :

a′′Y =
79

15
, a′′2L = −2

3
, a′′3C = −23

6
. (A.54)

Following the standard procedure we get

ln
MU

MZ
=

12π

91α

(
1− 5α

3α3C
− s2

W

)
− 20

91
ln
MO

MZ
+ ∆U ,

ln
MΣ

MZ
=

3π

182α

(
19 +

178α

3α3C
− 110s2

W

)
+

89

91
ln
MO

MZ
+ ∆Σ,

1

αG
=

23

91α

(
1 +

158α

69α3C
− s2

W

)
+

158

273π
ln
MO

MZ
+

7

12π
ln
M∆

MZ
+ ∆αG , (A.55)
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Analytic formulas for GUT threshold effects are

∆Σ = ∆ ln
MΣ

MZ
=

1

2184
(−273λ2L + 95λY + 178λ3C),

∆U = ∆ ln
MU

MZ
=

5

273
(λY − λ3C),

∆αG = ∆

(
1

αG

)
=

1

3276π
(115λY + 158λ3C). (A.56)

Estimated threshold corrections on different mass scales due to superheavy masses are

∆ ln
MΣ

MZ
= 0.0989η5 − 0.005495η24 − 0.81318η24F ,

∆ ln
MU

MZ
= −0.010989η5 − 0.054945η24 − 0.131868η24F ,

∆

(
1

αG

)
= 0.01982η5 + 0.04605η24 + 0.18568η15 + 0.131754η24F . (A.57)

Maximising the uncertainty in MU leads to

∆ ln

(
MU

MZ

)
= ±0.065934ηS +±0.131868ηF ,

∆ ln

(
MΣ

MZ

)
= ±0.0934ηS +±0.81318ηF ,

∆

(
1

αG

)
= ±0.11981ηS +±0.13175ηF , (A.58)

where ηS = ln
(
MS
MU

)
, ηF = ln

(
MF
MU

)
.

Degenerate superheavy gauge bosons are also noted to contribute quite significantly to
threshold effects on MU [137–146](

MU

M0
U

)
V

= 10±1.1538η′V , (A.59)

where η′V = log10

(
MV
MU

)
.

Adding all corrections together we obtain

MU = 1015.31±0.03±0.0659η′S±1.1538η′V ±0.13186η′FGeV. (A.60)

The first uncertainty ±0.03 is due to input parameters in eq. (A.31). Expression for ∆U has
been also reported in section 3 under Model III. We note that the effects of mass scale M∆

for the complete multiplet 15H cancels out from one loop effects. Possibility of D- Parity
broken TeV scale left-right-gauge theory [49–52] and SU(2)L− fermionic triplet DM with a
stabilising Z2 symmetry external to non-SUSY SO(10) have been discussed in [199].

A.4 Renormalization corrections for Dim. 6 operator

We now provide analytic formulas for short distance (ASR) and long distance (ALR) renor-
malisation factors occurring in the proton lifetime formula discussed in section 3.2 and their
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Models Formulas for ASR ASR A

Model-I
(
α3(MZ)
α3(Mκ)

)−2
a3

(
α3(Mκ)
α3(M∆)

)−2
a′3
(
α3(M∆)
α3(MU )

)−2
a′′3 2.238 2.576

×
(
α2(MZ)
α2(Mκ)

) −9
4a2

(
α2(Mκ)
α2(M∆)

) −9
4a′2
(
α2(M∆)
α2(MU )

) −9
4a′′2

×
(
α1(MZ)
α1(Mκ)

) −11
20a1

(
α1(Mκ)
α1(M∆)

) −11
20a′1

(
α1(M∆)
α1(MU )

) −11
20a′′1

Model-II
(
α3(MZ)
α3(Mη)

)−2
a3

(
α3(Mη)
α3(M∆)

)−2
a′3
(
α3(M∆)
α3(MU )

)−2
a′′3 2.17 2.495

×
(
α2(MZ)
α2(Mη)

) −9
4a2

(
α2(Mη)
α2(M∆)

) −9
4a′2
(
α2(M∆)
α2(MU )

) −9
4a′′2

×
(
α1(MZ)
α1(Mη)

) −11
20a1

(
α1(Mη)
α1(M∆)

) −11
20a′1

(
α1(M∆)
α1(MU )

) −11
20a′′1

Model-III
(
α3(MZ)
α3(Mσ)

)−2
a3

(
α3(Mσ)
α3(MO)

)−2
a′3
(
α3(MO)
α3(M∆)

)−2
a′′3
(
α3(M∆)
α3(MU )

) −2
a′′′3 1.78 2.05

×
(
α2(MZ)
α2(Mσ)

) −4
9a2

(
α2(Mσ)
α2(MO)

) −4
9a′2
(
α2(MO)
α2(M∆)

) −4
9a′′2
(
α2(M∆)
α2(MU )

) −4
9a′′′2

×
(
α1(MZ)
α1(Mσ)

) −11
20a1

(
α1(Mσ)
α1(MO)

) −11
20a′1

(
α1(MO)
α1(M∆)

) −11
20a′′1

(
α1(M∆)
α1(MU )

) −11
20a′′′1

Table 15. Estimation of short distance renormalisation factor (ASR) and the product A = ASRALR
where ALR = 1.15.

numerical values as shown in table 15. The long distance renormalisation factor AL = ALR
represents evolution of the dim.6 operator for mass scales µ = Q = 2.3 GeV to µ = MZ .

AL = ALR =

(
α3(Mb)

α3(MZ)

) 6
23
(
α3(Q)

α3(Mb)

) 6
25

. (A.61)

Numerically we find AL = ALR = 1.15.
Analytic expressions for (ASR) and numerical values of the product A = ALRASR are

presented for each model in table 15.
It would be interesting to address the question of charged fermion masses in these models

consistent with [200] and its variants [79, 201–206].
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