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ABSTRACT: A non-supersymmetric renormalizable SO(10) model is investigated for its
viability in explaining the observed fermion masses and mixing parameters along with the
baryon asymmetry produced via thermal leptogenesis. The Yukawa sector of the model
consists of complex 10y and 126y scalars with a Peccei-Quinn like symmetry and it leads
to strong correlations among the Yukawa couplings of all the standard model fermions
including the couplings and masses of the right-handed (RH) neutrinos. The latter implies
the necessity to include the second lightest RH neutrino and flavor effects for the precision
computation of leptogenesis. We use the most general density matrix equations to calculate
the temperature evolution of flavoured leptonic asymmetry. A simplified analytical solution
of these equations, applicable to the RH neutrino spectrum predicted in the model, is also
obtained which allows one to fit the observed baryon to photon ratio along with the other
fermion mass observables in a numerically efficient way. The analytical and numerical
solutions are found to be in agreement within a factor of O(1). We find that the successful
leptogenesis in this model does not prefer any particular value for leptonic Dirac and
Majorana CP phases and the entire range of values of these observables is found to be
consistent. The model specifically predicts (a) the lightest neutrino mass m,,, between 2-8
meV, (b) the effective mass of neutrinoless double beta decay mgg between 4-10 meV, and
(c) a particular correlation between the Dirac and one of the Majorana CP phases.
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1 Introduction

Augmentation of the Standard Model (SM) with gauge singlet fermions — the so-called
Right-Handed (RH) neutrinos — provides a natural explanation for the observed small
masses of weakly interacting neutrinos through the seesaw mechanism [1-4]. Generating
matter-antimatter asymmetry through leptogenesis [5] (see also [6-8] for the recent reviews)
is a direct cosmological application of the RH neutrinos. The existence of these new
fermions is naturally predicted by a class of Grand Unified Theories (GUT) based on
SO(10) gauge symmetry [9, 10]. Along with the unification of strong and electroweak
interactions, it also provides a complete unification of the SM quarks and leptons of a
given generation in a single irreducible spinorial representation of the underlying gauge
group which also includes an RH neutrino. Therefore, the masses and couplings of the RH
neutrinos are related with those of the SM fermions. The exact nature of relations depend
on the specific scalar sector one considers for a given version of SO(10) GUT.

The Yukawa sector of renormalizable non-supersymmetric SO(10) GUTs has been ex-
tensively investigated for its viability in reproducing the low-energy data of fermion masses
and mixing parameters [11-21]. All the fermions residing in three generations of 16-plet can
interact with Lorentz scalar 10z, 120y and 126y dimensional representations of SO(10).
The first two of these can be chosen as real or complex. Minimum two scalar fields are nec-
essary to reproduce a realistic spectrum of quarks and leptons [11]. Additional restrictions



like a Peccie-Quinn symmetry [12, 13] and/or condition of spontaneous CP violation [13]
are also often used to reduce the number of Yukawa couplings in order to construct more
predictive models. These restrictions allow one to write down the charged fermions and
neutrino mass matrices in terms of very few fundamental Yukawa couplings and Vacuum
Expectation Values (VEV) of scalars and give rise to correlations between the quark and
lepton spectrum. These correlations are then used to first check the viability of the under-
lying model, and if found to be consistent with the known data, to derive predictions for
observables that are not yet determined in the experiments. These predictions can be used
to establish further the validity of the underlying model or otherwise. For example, based
on this procedure a specific range for the reactor neutrino mixing angle was predicted in a
model with complex 105 and 126 scalars in [13] which was found in excellent agreement
with its value independently measured by Daya Bay [22] and RENO [23] experiments a
year later.

Since RH neutrinos are naturally accommodated with the other SM quarks and leptons
in SO(10) GUTs, possibility of leptogenesis in these frameworks has also been explored in
several works [24-36]. In these studies, SO(10)-inspired relationship between the Dirac
neutrino and up-type quark mass matrices is assumed. This allows complete or partial de-
termination of the RH neutrino mass spectrum from the light neutrino masses and mixing
leading to a predictive setup to study the thermal leptogenesis. As one of the important
results, it has been pointed out that in most of the cases the lepton asymmetry is domi-
nantly generated by the decays of the second lightest RH neutrino [37—42]. This is referred
as Ny dominated leptogenesis and the dependence of the lepton flavors on CP asymme-
tries and washout processes play crucial role in this scenario. Subsequently, the conditions
for successful leptogenesis in SO(10)-inspired models have been extensively studied both
analytically and numerically and low energy predictions for the light neutrino observables
have been derived in [35, 36, 43, 44].

While leptogenesis has been studied using certain SO(10)-inspired conditions, its com-
prehensive analysis in concrete and realistic SO(10) models has not been carried out in the
necessary details. As it will be described later in this paper, the constrained Yukawa sector
of realistic and predictive SO(10) models do not relate only the Dirac neutrino Yukawa
couplings with those of the up-type quarks but also relate the RH neutrino mass matrix
with the mass matrices of other SM fermions. Therefore, the robust evaluation of baryon
asymmetry needs to be carried out in the region of parameter space allowed by the vi-
able fermion mass spectrum. To the best of our knowledge, most of the fermion mass fits
performed earlier in realistic SO(10) models do not include leptogenesis except [14]. In
ref. [14], the final lepton asymmetry is evaluated using an approximate analytical solution
of Boltzmann equations governing the evolution of B — L asymmetry produced mainly
from the decay of the lightest RH neutrino. It is then fitted with the other fermion masses
and mixing angles. As we show in this paper, the RH neutrino mass spectrum and Dirac
neutrino Yukawa couplings allowed by realistic fermion mass spectrum are such that the
lepton asymmetry is dominantly generated by the decays of the second lightest RH neu-
trino. It also requires careful incorporation of lepton flavor effects beyond the simplified
approach adopted in [14]. Therefore, investigation of viable leptogenesis requires more



precise computation of evolution of flavor specific lepton asymmetries produced from the
decays of all the three RH neutrinos and subsequent washouts effects. This is the main
aim of the present work.

The recent advances in computing kinetic evolutions of flavor specific lepton asymme-
tries using Density Matrix Equations (DME) instead of the usual Boltzmann Equations
(BE) allow more accurate evaluation of the final lepton asymmetry for arbitrary RH neu-
trino mass spectrum [45]. We use these equations to first derive an approximate analytical
solution applicable for the RH neutrino mass spectrum and Yukawa couplings predicted
by an SO(10) model with 10y and 1265 Higgs. This solution has a simple form and it
is quite useful for fitting the baryon to photon ratio np to its observed value along with
all the fermion masses and mixing parameters in a numerically very efficient way. Once
the values of fundamental Yukawa couplings and VEVs are determined in this way, we
also compute np by numerically solving the full DME. We look for several solutions which
are statistically allowed and derive comprehensive predictions for many observables in the
lepton sector.

The paper is organized as follows. In the next section, we discuss the Yukawa sector
of an SO(10) model with two scalar representations and derive the correlations between
the quark and lepton sector including the mass spectrum of RH neutrinos. The detailed
treatment of leptogenesis is presented in section 3 where we discuss the general DME
formalism and its simplification for the obtained mass spectrum of the RH neutrinos.
Numerical analysis, results and predictions of the model are discussed in section 4. Finally,
the study is summarized in section 5 and some relevant supplementary material is given in
two sections in appendix.

2 Yukawa sector of minimal SO(10) and Right-Handed neutrino mass
spectrum

In the renormalizable versions of SO(10) models, the masses of all the fermions residing
in three generations of 16y can arise from their Yukawa interactions with three scalar
representations: 10g, 120y and 126y. For realistic fermion masses and mixing angles,
Yukawa interactions with at least two of these scalar multiplets are necessary [11]. For
the present study, we choose a 105 and 126 as minimal' Yukawa sector which is known
to provide realistic fermion masses [13, 15]. The 1265 can break U(1)p_1 subgroup of
SO(10) and generate Majorana masses for the SM singlet and the active neutrinos. The
most general Yukawa interactions with a complex 105 and 126y can be written as

— Ly =16} (Y10 105 + Y19 10} + Yio 12611 ) 167 + h.c. (2.1)

Here, Y19, Y10 and Y196 are symmetric matrices in generation space.

'Here, the minimality is defined in the sense of number of Higgs representations used in the Yukawa
sector. We have chosen a complex 10g. Alternatively, a case for real 10y and 120y along with 126
without any additional symmetry has also been put forward as minimal Yukawa sector in [18].



Different SM fields residing in the above representation can be identified as

16p = Qr(3,2,1/6) +u$ (3,1, —2/3) + d5.(3,1,1/3)
+ Lp(1,2,-1/2) +€7(1,1,1) + v§(1,1,0),
105 = h1o.u(1,2,=1/2) + h10.a(1,2,1/2) + ...,
1265 = hiogu(1,2, —1/2) + hyss.a(1,2,1/2) + S(1,1,0) +. .., (2.2)

where, the numbers in parentheses denote the SU(3)c, SU(2), and U(1l)y charges, re-
spectively. As it can be seen, each 10y and 126y contains a pair of Higgs doublet with
opposite hypercharge. Additional doublets may also arise from the fields like 210z which
do not contribute to the Yukawa interactions but may be needed to break the unified
gauge group [46, 47]. Once SO(10) is broken into the SM, the different doublets of the
same hypercharge get mixed with each other and it is typically assumed that only a pair of
them remains light and it breaks electroweak symmetry at the scales much below the GUT
scale. We denote this light pair by h, 4 and parametrize the different doublets of 10 and
126y as

hio,a = athq, hi2,q = a2hg,
hi1o,u = Bihu s h126u = Boh, - (2.3)

The parameters «; and ; can be computed in terms of the parameters of the Lagrangian
once the full scalar spectrum of the theory is specified. In general, |a1|? + |az|? < 1 and
181|% +|B2|? < 1. The equality holds when the Higgs doublets in the theory arise from only
10 H and WH

After the SO(10) is broken into the SM gauge symmetry, the effective Yukawa inter-
actions as obtained from eq. (2.1) can be written as

—Ly =Qy ((alH + o F) hg + 5ff~ﬂ~lu) dr+Qp ((51H + BoF) hu + afﬁﬁd) uR
+ Ty (a1 H = 309F) ha + BiHhy) en + Ly, ((B1H — 362F) hy + o1 Hha) ve

1
+ ngc_lFuR S +h.c., (2.4)

where hy g = i02h}, ; and

5 N 2
H=2V2Yy, H=2V2Yy, F= —i4\/gY126. (2.5)

It is seen from eq. (2.4) that in the sub-GUT scale theory — three charged fermion Yukawa
coupling matrices Y3 4, the Dirac neutrino Yukawa coupling matrix Y, and the singlet
neutrino mass matrix Mr — all originate from only three fundamental Yukawa coupling
matrices. In this way, the quark-lepton unification offered by SO(10) GUTs is known to
lead to a constrained and predictive framework for fermion masses and mixing parameters.

Additional assumptions can lead to even more predictive scenarios within the above
framework [12, 13]. An interesting and viable example is based on a Peccei-Quinn [48] like
U(1) symmetry under which 16p — €' 16p and (10g,126y) — e~ (10y,126). This



leads to Y1p = 0 in eq. (2.1). A similar result can also be obtained if the model is embedded
into a supersymmetric framework and the supersymmetry is broken at or above the GUT
scale, see [49] for example. The holomorphy of superpotential forbids Yukawa interactions
with 107 in this case. The effective Yukawa couplings in this class of frameworks can be
parametrized using eq. (2.4) as

Yd:HI+F/,
Y,=r(H +sF'),
Y., =H —3F,
Y, =r(H —3sF'),
Mp = ’U{g F, (2.6)
where we have defined
H =oH, F'=aF, r:&, 3:051752 vgzv—s. (2.7)
] o (&%)

Here, vg is VEV of the SM singlet field S. The SM fermion mass spectrum including that
of RH neutrinos can be obtained from just two Yukawa coupling matrices in this case.
Both h, and hg are required to be light through additional fine-tuning. The Yukawa sum
rules obtained in eq. (2.6) are identical to the one obtained in the minimal suspersymmetric
SO(10) model [11, 50-52] with an important difference that the effective theory below the
GUT scale is two-Higgs-doublet model (2HDM) of type II in the present case.

Alternatively, if only hg is assumed light instead of two Higgs doublets, the effective
theory below the GUT scale is described by eq. (2.4) with 812 = 0. The sub-GUT scale
theory is the SM with Y,, Y; and Y, as uncorrelated coupling matrices. The Dirac and
Majorana neutrino couplings are obtained as Y, =Y, and Mr « Yy — Y.. In comparison,
this scenario is less predictive than the one discussed earlier in terms of the number of
Yukawa couplings and we shall not consider here in subsequent discussion.

The complete unification of quarks and leptons of a given generation and choice of
minimal Higgs sector allows one to determine the masses of RH neutrinos in the given
framework. Assuming that the light neutrino masses are generated dominantly through
type I seesaw mechanism,? the SM neutrino mass matrix is given by

M, = —02Y, Mz' Y}, (2.8)

where v, g = (hya), v2 +v3 = v? = (174GeV)? and v, /vy = tan 8. If no finely tuned
cancellations are assumed between the Y79 and Yi96 contributions in eq. (2.6), one finds

(Yo)ij = cij (Yu)ij (2.9)

where ¢;; are numerical factors of O(1). The RH neutrino masses can be approximated
by inverting eq. (2.8) and substituting eq. (2.9). Simplification assuming only the third

2The 126 also contains a weak triplet sub-multiplet whose VEV can induce masses for the light neutrinos
through type Il seesaw mechanism. We assume that this contribution is sub-dominant compared to type I
as it is known to lead to inconsistent neutrino mass spectrum in the minimal model considered here [13].



generation gives an approximate magnitude of the heaviest RH neutrino mass as

sin 8\ 2 v\ 2 0.05eV
My, =~ 8 x 10" GeV x 23 x (0.83) X (0_44) X ( o, ) : (2.10)

Here, y; is the value of top quark Yukawa coupling at the GUT scale. Further, eq. (2.4)
also gives

/
v
Mp = ZS(Yd—Ye), (2.11)

which implies that the hierarchy among the masses of RH neutrinos is similar to that of
the down-type quarks or charged leptons.

M
NQ:(’)<mS m“) ~(2-6)x1072,

My, my M,

M

N Lo (md, me) ~ (0.5—5) x 1072, (2.12)
My, mg my

Typically, egs. (2.10), (2.12) imply the following approximate ranges for the masses of
RH neutrinos in the model.

My, ~10°" " GeV, My, ~10"°712GeV, My, ~ 10271 GeV. (2.13)

The spectrum of RH neutrinos is hierarchical although the inter generational hierarchy is
not as strong as that in the up-type quark sector.

3 Leptogenesis

We now discuss the generation of lepton asymmetry through decays of heavy RH neutrinos
within this model. Starting from the most general DME, we obtain a relatively simple
analytical expression applicable for the kind of mass spectrum of RH neutrinos given by
eq. (2.13) and for the hierarchical Dirac neutrino Yukawa coupling matrix Y, given by

eq. (2.9).
3.1 Density matrix equations

In thermal leptogenesis, the lepton asymmetry gets generated by CP violating out-of-
equilibrium decays of the RH neutrinos. CP asymmetry arises through the interference
between the tree and 1-loop diagrams involving heavy neutrinos decaying into leptons
and Higgs. For My, > 102 GeV, the combination of lepton and anti-lepton flavor states
which couple to N; can be treated as states which maintain the coherence between their
production and inverse decays. For example, one can define these states as

‘LZ> = ZCZO& |L06> ) |I_fl> = Zéla |I/a> 5 (31)

with Cio = (L;|Ly) and Cjo = (Ei]l_la> and they can be explicitly determined from the
vertex between Nj;, L, and Higgs. In general Cj, # C;o. However, if only tree level
contribution is considered then

Y;

Cia = C_’ia Y
(YTY)s

(3.2)



Here, Y is the Yukawa coupling matrix Y, but in the basis of diagonal Y, and Mgr. Ex-
plicitly,
Y =UlY,U,,, (3.3)

where U, and U,,, are obtained from the diagonalization of Y, and Mg, respectively. In this
unflavored regime, the lepton asymmetry can be computed using the classical BE and final
asymmetry is dominantly produced by the processes involving lightest RH neutrino [6].

The coherent evolution of the states |L;) and |L;) breaks down for My, < 102 GeV
because the charged leptons Yukawa interactions come into thermal equilibrium and the
inverse decay processes start differentiating between the different flavors of leptons [37-42].
To account for these effects, the simple BE need to be replaced by the more general DME.
These equations have been systematically derived in [45] and they can be used to evaluate
asymmetry for the general mass spectrum of RH neutrinos. We list them below for the
convenience of readers as well as for setting up the notations to be used in the subsequent
discussion and analysis.

dNny,
dNaB B () eq 1 (4)
Eap <0 (g = n55) = 5w {P0. N}
Im(A,
_ m( . ) (0a1N1g + 981 Nat — 25&1551]\711)
Im(A
_ mH( ;> (da2Nag + g2 Naz — 20a2052N22) (3.4)

where z = My, /T, Ny, (N) is a product of number density of N}h neutrino (B — L
asymmetry) and the comoving volume occupied by a heavy neutrino in ultra-relativistic
thermal equilibrium. N]e\g is the corresponding equilibrium value

1

N;g = 5 ZI; 22 ICQ(ZZ‘) s (35)
such that Ny!(z; ~0) = 1. Here,
M?2
m]:ﬁ%, zj = \/Tj 2, (3.6)
and IC;j(z) are modified Bessel functions of the second kind. Dj is rescaled decay rate
given by
Ki(z5)
D;=D;i(z) = Kjx;2——2% 3.7
J ]( ) 77 ’CQ(Z]‘) ( )
with ) :
M; |Ya,| M; (YY)
Kion=-—2"12_ K;=) Kj,="-2—-27 3.8
8 H(M;) T Za: T 8 H(M;) (38)
and )
Mi 1
H(z) =1.66/¢- — =, 3.9
()= 166 V3 37 (3:9)

is Hubble expansion rate.



The CP asymmetry in the decay of j®® RH neutrino in full three flavor regime is
described by the matrix Egﬂ) in eq. (3.4) and its explicit expression in terms of the Yukawa
couplings and RH neutrino masses is given by [45, 53]

@_ 3 3 F(%/xﬂ) (Yajygi(YTY)ij — Yﬁ*jYai(YTY)ji>

Cap = 327 (YY) . /:):,'/xj

3 i#j
2

* By~ (Y- Yﬁjymwfmuﬂ . (30)

where 5 L4 9 _ 2
o) = oo {(1—#95) m( ! )—1_$]. (3.11)
W; represents an appropriately rescaled rate of the washout of B — L symmetry and it is
given by
W; =W;(z) = %KJ\/(IZ»]Z? Ki(z;) . (3.12)
Further, .
PY) = CjuCly = (&Y},f)ﬁjj , (3.13)

denotes the projection matrix describing how a particular combination of flavored asym-
metry gets washed out. Finally, the last two terms in eq. (3.4) account for damping in the
off-diagonal terms of the B — L asymmetry matrix IN. They are determined as

Im(A,) 8x1073y;T

Mp
= =1.7x 10710 =L
Hz Hz % M,
Im(A;) 8x1073¢2T _s Mp
= =47 x1078 ==, 3.14
H 2 Hz % M, (3.14)

When the temperature goes below 1012 GeV, the y, dependent interactions come into ther-
mal equilibrium and leads to decoherence of 7-lepton states. Subsequently, when the tem-
perature drops below 109 GeV the similar effects arise from the Y, dependent interactions.
Similarly, the electron Yukawa dependent damping term needs to be added if one considers
My, < 10°GeV.

The DME can be solved numerically to obtain the value of matrix N at z > 1. The
trace of the elements of the obtained matrix gives the final B — L asymmetry

NgfL = ZNoza . (3.15)
Finally, the baryon to photon ratio can be determined using
ng =096 x 1072N5_, | (3.16)

where the numerical factor accounts for B — L asymmetry converted to baryon asymmetry
through sphaleron interactions and dilution due to an increase in the number of photons

in a comoving volume [54].



3.2 From DME to BE to an analytical solution

The DME in eq. (3.4) describe kinetic evolution of B — L asymmetry for general spectrum
of RH neutrino masses with My, > 106 GeV. For the hierarchical Dirac neutrino Yukawa
couplings and RH neutrino mass spectrum, such as eqs. (2.9), (2.13) predicted in the present
framework, it is possible to simplify the DME in terms of the Boltzmann equations to get
an approximate analytical solution for B — L asymmetry.

Since Y, is proportional to Y, in this model, the Dirac neutrino coupling matrix in the
diagonal basis of the charged leptons and RH neutrinos is generically as hierarchical as the
up-type quark mass matrix. The hierarchical structure of Y implies

el > 8(];%, aorff#T, (3.17)

«

from eq. (3.10). Therefore, the B— L asymmetry is largely determined by the (3, 3) element
of the matrix N. Moreover, for hierarchical Y,
|Y33)?

P(S) = ’033‘2 = ——~1

TT (YTY)33 - ? (3'18)

from eq. (3.13).

The first round of asymmetry gets generated from the production of N3 and its subse-
quent decays in a narrow interval of T' around T3 ~ My,. Since My, > 1012 GeV in the
present framework, the flavor effects can be ignored. With this, only N3 dependent terms
in eq. (3.4) contribute. This along with egs. (3.17), (3.18) leads to the following BE for

asymmetry evolution:

dN,,
dz

— 3, Dy (NN3 - N ) — W3 N, (3.19)

where
Eja = el . (3.20)

The solution of the above equation can be expressed analytically as [55]
NTT(T ~ TBg) = E3r K(KgT) (3.21)

where k(K3;) is efficiency factor. In the case of initial thermal abundance of RH neutrinos,
it is given by

K(z) = 2(:1;) (1 — exp <—;xz3(a:))> , (3.22)

TzZp
with 55
zp(z) =2+ 42%1 exp <) . (3.23)
x
Note that more explicit expression of T is given by Tps = Mn,/2p(K3) [45]. The
asymmetry produced at this stage is to be used as the initial condition while solving
for kinetic equations involving N, production and decay and evolution of corresponding
B — L asymmetry.



Next, Ny production at T' ~ Tpy = Ms/zp(K3) can be captured by Ny dependent
terms in eq. (3.4). Since My, < 102 GeV the flavor dependent effects become important
as asymmetry in 7-lepton flavor evolves differently than the other ones. The matrix N can
be decomposed in two components: one for asymmetry in the flavor state |L;) = |7) and
the other in its orthogonal combination which we denote by |71). The relevant BE can be
deduced from eq. (3.4) as

dN.r
77 =2 Dy (N, = N3, ) = Par Wo Nor
dN.
% =91 Do (NN2 — N]e\g) — P . WoN_i 1, (3.24)
where 5,1 = €9y + €2¢, Por1 = Poy + Poe and Pjy = 7). The above two equations are

decoupled and their solutions are given by

3
NTT(T = TB?) = €27 K/(KQT) + €37 H(K;},-) e~ s Kor ,
NTLTL (T = TBZ) = €7l K/(KQTJ‘) ) (325)

where Ky 1 = Ko, +Kjs.. The first terms in the above equations are analogous to analytical
solution used earlier as eq. (3.21). The second term in N, is an initial asymmetry produced
at T ~ Tps along with the exponential factors which quantify the washout by processes
involving No when temperature comes down to 1" ~ Tgs.

Finally, at T around Ty = M;/zp(K1), the production of Nj is considered. Since
My, > 10°GeV in the present model, u-lepton Yukawa interactions are still out-of-
equilibrium at this temperature and one can proceed with two flavor case as before. The
kinetic evolution is governed by equations similar to eq. (3.24) with Ny replaced by Nj.

Explicitly,
AN,
- =1 D1 (Ny, = N) = Pie Wi Nor
dN
% = e, Dy (NN1 - N2 ) — P WiN,. ., (3.26)

where €,1 = e1,+€1e and P.1 = Py, +Pi.. The above equations can be solved taking into
account the asymmetry produced from Ny decays given by eqs. (3.25) as initial conditions.
For this purpose, the N_i (T ~ Tpgs) needs to be decomposed into a parallel and an
orthogonal to vector |7i-). Here, the subscript “1” is used to denote that |7i") is normalized
component, orthogonal to |L.), of the state |L1) which couples to N;. It is different from
|71) which is a component of the state |Ls) which couples to No. Using eq. (3.1), their
explicit expressions are given by

1
|7'1l> = CoP + [CL? (Cre|Le) + Ciu |Lu>) )
le 1p
1
Ty = TENENTE (Cae |Le) + Cap L) - (3.27)
2e 21

~10 -



The projection of |71) on the |7i") is then obtained as

|C§k,u,clli + C;ecle|2

3.28
[Conl? + [CaeP) (IC1n 2 + [Crel?) (3.28)

_ Ly L
pr2 = [{(r{ ] H))? = (

A component, parallel to |7{-), of the asymmetry N,. . (T =~ Tpgy) produced at the
Ny stage is washed out by subsequent processes involving Nj as it can be seen from the
second in eq. (3.26). Therefore, the approximate analytical solution of eq. (3.26) together
with initial conditions provided by eq. (3.25) are given by

NTT(T =~ TB1) = 817—/43(K17) + <C:27"%(-[(27') ei%KlT + ESTH/(K?)T) 67%(K2T+KIT) >

3r
‘7\77'i7'L (T = TBl) = ElTiﬁ(KlTi) + P12 EQTJ‘K(KQTL) e st + (1 - p12) €QTiH(K2’rL) :

(3.29)

The first term in both the equations above is the usual solution of eq. (3.26) while the
subsequent terms are asymmetries produced from earlier stages with appropriate wash-out
factors. The last term in the second equation is the Ny produced asymmetry which escapes
wash-out effects from N7 interactions due to non-trivial flavor effects. At T' < Tg1, Ny
production gets suppressed, washout interactions go out of equilibrium and the asymmetry
given by eq. (3.29) gets frozen. The final B — L asymmetry is then given by

Np_p = Neo(T = Tp,) + N o (T = Tp,). (3.30)

Egs. (3.30), (3.29) represent an approximate analytical solution of the DME for RH
neutrino masses and neutrino Yukawa couplings as predicted in the model. Further simpli-
fication is possible to achieve by inspecting the magnitudes of various terms in eq. (3.29).
From the seesaw relation between the light neutrino masses, ¥ and My, and from eq. (3.8),
we find that typically

Mp |Y32|2 ~ Mp Myg

Koy = ~ > 67.8,
T 8w x 1.66. /g My, 87 x 1.66./gs 02
M Ya1|? M v
Klq— — P ’ 31‘ P m 2 > 117’
87 x 1.66 \/gx My, ~ 87 x 1.66 /gy v2
M Yao!? M
Koy = P Yl” P T,
87 x 1.66 /g, My, 87 x 1.66 /gy 02
M Yo |? M
p___|[Ya LTS Y (3.31)

Ki, = >
YT 8 x 1.66 /g, My, ~ 8m x 1.66,/g. v2

The second equality in the above equations follows from m,, ~ O (v%\YUP /M Nj) which
is obtained from the seesaw formula neglecting the neutrino mixing. We also make use
of the hierarchical structure of Y, i.e. |Y31| > |Ya1] and |Ya1| > |Y11]. Subsequently,
My, > \/Am2, my, > /Am2 | and m,, > 2meV are used to derive the respective lower
bounds. These values of neutrino masses are in accordance with the spectrum predicted
by the model as will be shown in the next section. Consequently, all the terms in eq. (3.29)
containing exponentials are generically negligible since all the relevant K, > 1. Further,
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we find 14 < €94 for hierarchical Y. The final asymmetry is then dominantly given by a
rather simple formula
leS’—L = (1 - p12) 527'2J' "{(K27'2J-) . (332)

It is seen the final B — L asymmetry is a fraction of the one generated during Ny
production which does not get erased by flavor dependent Nj interactions due to pia # 1.
This clearly implies the Ny dominated leptogenesis as already advocated by [29-36] in
SO(10)-inspired models. The expression of final asymmetry, eq. (3.32), is very similar to
the one derived earlier in [56] for minimal type I seesaw model with two RH neutrinos. In
the case of the latter, the total asymmetry turns out to be almost independent of My, .
The presence of N3 in this SO(10) framework does not have significant direct implication
on the B — L asymmetry due to the strong wash-out effects at the subsequent stages as
discussed before. However, N3 allows the Ny CP asymmetry to remain proportional to
My, unlike in [56]. With already negligibly small N; induced contribution, this makes the
final asymmetry more or less independent of My, .

Note that various analytical solutions used to derive eq. (3.32) are known to match with
the exact numerical solutions of the respective BE within a difference of a factor of O(1).
The Ng_ ; in eq. (3.32), therefore, does not give a very accurate number for the baryon
asymmetry. Nevertheless, its extremely simple form allows us to fit the baryon to photon
ratio together with the other observables of fermion masses and mixing parameters through
x? minimization method in a computationally very efficient way. We also note that while
deriving the above result, we did not take into account the effects of the so-called phantom
terms [45, 57] which could be of importance particularly in the flavored leptogenesis case.
Nevertheless, these effects are included in full DME which we solve numerically for viable
solutions as described in detail in the next section.

4 Numerical analysis and results

We carry out a numerical investigation for the viability of the model in explaining fermion
masses and mixing parameters along with the observed baryon to photon ratio. This is
done using the x? optimization method also followed earlier in [13, 49] for a similar analysis.

o — 0P\
XZ_Z( ) 7 ) 7 (41)

o

The function is defined as

where O is the theoretically computed value of i*® observable in the model, O is
the corresponding experimental value extrapolated at the GUT scale Mgyt and o; is the
uncertainty in O;"P. The list of observables includes a total of 19 quantities: 9 charged
fermion masses (or diagonal Yukawa couplings), 2 neutrino squared mass differences, 4
parameters of quark mixing matrix, 3 mixing angles in the neutrino sector and a baryon
to photon ratio, np. The last observable is computed using eq. (3.16) and an analytical
expression of NS eq. (3.32).

The values O;® for the charged fermion Yukawa couplings and CKM parameters

are obtained by evolving their low energy values to Mgyt using renormalization group
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equations. The detail of this procedure is given in appendix A. As the effective theory
below MqguT contains a pair of Higgs doublet, the extrapolation is carried out assuming
2HDM between M; and Mguyr. We also choose tan 8 = 1.5 which is a favorable value
if the underlying non-supersymmetric sub-GUT scale theory arises from supersymmetric
theory [58-60]. Small tan (3 is preferred by the stability of electroweak vacuum and Higgs
mass constraint in this class of models. For the light neutrino masses, we assume normal
ordering. It is known that for normal hierarchy in neutrino masses and for low tan 8 the
renormalization group induced correction to neutrino masses and leptonic mixing param-
eters are small. We, therefore, use the low energy values for these observables from [61] as
O;™. For baryon to photon ratio 7z, we use the value from [62]. Values of various O]
obtained in the aforementioned ways are listed in the third column of table 1. For o;, we
follow the same convention used in [49] and consider a 30% standard deviation in the values
of light quark Yukawa couplings (v, yq and ys) and np and 10% standard deviation in all
the remaining observables. These conservative standard deviations are taken in order to
account for next-to-leading order RGE effects and threshold corrections.

O™ for Yukawa couplings and mixing parameters are computed from eqgs. (2.6), (2.8)
following the usual diagonalization procedure and the standard parametrization of mixing
matrices as given in [63]. For np, we use eq. (3.16) along with the analytical result obtained
in eq. (3.32). All these quantities are non-linear functions of a small set of parameters.
One can perform an overall rotation on three flavors of 16 to make H' in eq. (2.6) real
and diagonal. F’ remains symmetric in the new basis and both these matrices can be
parametrized in terms of 15 real parameters. Further, » and vy can be chosen real without
loss of generality while s is complex in general. Altogether, these 19 parameters are used
to reproduce the 19 observables as discussed earlier using the x? function minimization.
Note that even if the number of parameters and observables are the same here, it is not
guaranteed that all the observables can be reproduced as the latter are complex non-
linear functions of the original parameters and there exist several correlations between
the observables.

At the minimum of y2, we evaluate predicted values of various observables which
are not yet measured. This includes the Dirac and Majorana CP phases in the lepton
sector, the mass of the lightest neutrino m,,, the effective mass of ordinary [-decay,
mg = /> |Uei|>m?,, and neutrinoless double S-decay, mgs = | 32; U2 my,|, and the mass
spectrum of the RH neutrinos. For the definition of CP phases, we use the PDG conven-
tion [63]. There already exists indirect constraint on the values of leptonic Dirac phase
from global fits of neutrino oscillation data [61]. However, we do not include it in the x?
function as the allowed range at 3o is still considerably wide. We rather compute this phase
at the minimum of x? for a large number of points to derive its comprehensive prediction
in the considered SO(10) model.

4.1 Best fit solution

We obtain the best fit solution corresponding to x? = 1.7 at the minimum. The corre-
sponding results and predictions are listed in table 1. All the 19 observables are fitted
within 1o of the desired ranges as it can be seen from the table. The largest deviation is
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Observable ot o P, = (O — O®) /o,
Yu 2.91 x 1076 2.91 x 1076 0.0
Ye 1.49 x 1073 1.47 x 1073 0.1
Y 0.437 0.443 0.1
Yd 3.46 x 1076 5.04 x 1076 —~1.0
Vs 0.87 x 1074 1.01 x 1074 —0.4
Y 5.30 x 1073 5.40 x 1073 0.2
Ye 2.18 x 1076 2.16 x 1076 0.1
Yy 4.68 x 1071 451 x 1074 0.4
Yr 7.75 x 1073 7.63 x 1073 0.2
Am? [eV?] 7.48 x 107° 7.42 x 107° 0.1
Am2,, [eV?] 2517 x 1073 2.517 x 1073 0.0
\ A 0.2352 0.2321 0.1
Vool 0.0393 0.0399 —0.2
\ 0.0036 0.0036 0.0
sin dckm 0.924 0.931 0.1
sin? 012 (612)  0.311 (33.90°)  0.304 (33.44°) 0.2
sin? g3 (f23)  0.554 (48.1°)  0.573 (49.2°) —0.3
sin? 613 (A13) 0.02229 (8.59°) 0.02219 (8.57°) 0.0
nB 6.10 x 1010 6.12 x 1010 —0.1
Predictions
Spuns[°] 354.6 My, [GeV] 4.36 x 10°
s [°] 181.8 My, [GeV] 1.97 x 101
as1 [°] 123.7 My, [GeV] 8.86 x 10!
my, [eV] 0.0060
mg [eV] 0.0108
mgg [€V] 0.0082

Table 1. Results and predictions obtained for the best fit solution corresponding to x? = 1.7 at
the minimum.

found in y; which deviates from the GUT scale extrapolated experimental value by 30%.
This is in agreement with the results of older fit [13] in which deviation in yg4 is also found
to be largest. The best fit solution predicts RH neutrino masses more or less in the ranges
already anticipated from the simplified analytical arguments in section 2.

As mentioned earlier the value of np in table 1 is computed using the analytical expres-
sion of B — L asymmetry, eq. (3.32). Since we now have all the relevant Yukawa couplings
and masses of the RH neutrinos determined for the best fit, we can solve the DME nu-
merically to obtain the exact value of B — L asymmetry. The solutions for the number
densities of RH neutrinos and diagonal and off-diagonal components of B — L asymmetry
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Figure 1. Solutions obtained by solving density matrix equations, eq. (3.4), for number densities
of the RH neutrinos (left panel) and flavored B — L asymmetry (right panel) for the best fit point
given in table 1.

are given as a function of z in figure 1. We have assumed thermal initial abundance for RH
neutrino number densities.> For the off-diagonal components, the temperature evolution
of the |N,g| is identical to that of [Ng,| as the CP asymmetry matrices ¢V in eq. (3.4)
are hermitian. All the off-diagonal components of B — L asymmetry get damped rapidly
as it can be seen from the right panel in figure 1. This happens due to the hierarchical
structure of Y as discussed earlier in the section 3.2.

It can be seen from figure 1 that the Noy component of asymmetry dominates over
all the others at z > 1. This component is dominantly generated from decays of Ny and
remains more or less constant as the temperature decreases. Only a small part of this
asymmetry gets washed out by the subsequent processes involving N; if no specific flavor
alignment is assumed. The asymmetry generated by N3 decay goes through the strong
wash-out while that induced by N; decays remains small. Therefore, the final asymmetry
is dominantly given by number density |Naz| which favors the Ny dominated scenario. The
value of baryon to photon ratio evaluated from this exact numerical solution is obtained as

NE™ =0.96 x 1072 Y "Ny =42x 10717, (4.2)

The above value differs from the analytical value given in table 1 by 30%. This is ex-
pected as various analytical approximations taken to derive simplified expression of Ng_ I
in eq. (3.32) are known to give rise to a difference of O(1) factor. Nevertheless, given 10%
to 30% deviations in various observables used to determine the Yukawa couplings and RH
neutrino masses we also allow 30% standard deviation in np from its experimentally mea-
sured value ng” = (6.12 £ 0.04) x 10710 [62] and the obtained numerical value in eq. (4.2)
is still well within this conservative range.

4.2 Predictions for leptonic observables

To derive the detailed predictions of the model for the various observables in the lepton
sector, we go beyond the best fit solution and carry out a comprehensive search for other

3Since K2 > 1 (see, egs. (3.8), (3.31)), the final asymmetry will be the same even if vanishing initial
abundance for the RH neutrinos is assumed.
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Figure 2. Probability distributions for 3™ (left panel) and the masses of RH neutrinos (right
panel) obtained for the solutions with x?/n < 1 and dng < 1.

minima of y2. Since the x? function includes n = 19 observables, we consider all the
solutions with x?/n < 1 at their local minimum as acceptable solutions. Once these
solutions are obtained, we compute the corresponding 5" by numerically solving the full
DME and define

UB _ n%um
num

_ (4.3)

5773 =

Recall that np is evaluated using the simple analytical expression, eq. (3.32), of Ngf I
and it is already included in the y? function. We then consider solutions with x?/n < 1
and dnp < 1 as valid solutions and compute various relevant observables. The results are
displayed in figures 2 and 3.

The numerically computed value of the baryon to photon ratio is found between 10710
and 1078 for more than 98% of the total valid points. The masses of the RH neutrinos
are predicted in a narrow range as seen from the right panel in figure 2 and they are in
agreement with the typical values given in eq. (2.13) which are predicted from the SO(10)
Yukawa relations. The inter-generational hierarchy between their masses is of the similar
order of the charged lepton or down type quark masses. The predictions for the leptonic
sector observables which can be verified in the ongoing and future experiments are given
in figure 3. The model does not prefer any particular value of the leptonic Dirac CP phase
and almost all the values of dpynng between 0 and 27 are equally favoured. Interestingly,
viable leptogenesis can be achieved even with vanishing dpyng in which case the Majorana
CP phases and CP violation in the RH neutrino sector can reproduce the observed baryon
asymmetry. The mass of the lightest neutrino lies between 2-8 meV, mg is predicted
between 9-11 meV while the effective mass of neutrinoless double beta decay is found
between 4-9 meV. Moreover, we also find very specific correlations between the Dirac CP
phase and one of the Majorana phases as well as between m,,, and mgg. These are displayed
in figure 4. The noteworthy feature of the underlying model is that it predicts values of
my, and mgg which are not vanishingly small. All these predictions and correlations make
the model falsifiable.
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Figure 3. Probability distributions for the leptonic observables: sin dpyns (top-left), mass of the
lightest neutrino (top-right), the effective mass of beta decay (bottom-left), and of neutrinoless
double beta decay (bottom-right) obtained from solutions with x?/n < 1 and énp < 1.
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Figure 4. The black points show correlations between dpyns and ag; (left panel) and between
m,, and mgg (right panel) as predicted in the model. In the right panel, the green and red
bands indicate the generic regions allowed by normal and inverted ordering of the light neutrino
masses, respectively.
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5 Summary and discussion

The SO(10) GUTs offer an ideal platform to study leptogenesis as the RH neutrinos, whose
out-of-equilibrium decays generate the lepton asymmetry, are unified along with the other
standard model matter fields in this class of theories. In the concrete SO(10) models with
minimal scalars in the Yukawa sector, it is possible to use this quark-lepton unification
to determine completely or partially the RH neutrino mass spectrum as well as the Dirac
neutrino Yukawa couplings from the observed fermion mass spectrum. We have carried
out this investigation in an SO(10) model with complex 10y and 126y in the Yukawa
sector. Additional symmetry is used to determine all the quark and lepton masses in
terms of only two Yukawa coupling matrices. Using these correlations, we first estimate
the expected range of RH neutrino masses. Starting from the most general DME that
describe the kinetic evolution of number densities of RH neutrinos and flavor specific lepton
asymmetries, a simplified analytical solution is approximated for the obtained ranges of
RH neutrino masses. This expression of asymmetry is then used to fit the observed value
of the baryon to photon ratio together with all the fermion masses and mixing parameters
in the underlying model.

Several solutions with statistically acceptable fits are obtained and their predictions for
leptonic observables, such as the Dirac and Majorana CP phases, absolute neutrino mass
scale, the effective mass for ordinary beta and neutrinoless double beta decay amplitudes
and RH neutrino masses, are derived. For all these solutions, we also numerically solve the
full DME to ensure that the analytical solution for lepton asymmetry used in the fit is not
significantly different from the exact solution. It is seen that the analytical solution is in
agreement with the latter within O(1) factor. It is seen that the successful leptogenesis in
this model does not prefer any particular value of Dirac or Majorana CP phases. However,
a specific correlation has been predicted between one of the Majorana and Dirac CP phases.
The mass of the lightest neutrino is predicted to be in the range 2-8 meV and mgg in 4-10
meV. Some of these predictions evaluated in this concrete SO(10) model differ significantly
from the same obtained considering the generic SO(10)-inspired leptogenesis scenario [36].
The differences in the results indicate the need for analysis of specific SO(10) frameworks
for the precise determination of corresponding predictions.

For the analysis of fermion mass spectrum and leptogenesis, our focus has been on
the Yukawa sector of non-supersymmetric SO(10) frameworks as it is the most relevant.
The complete model also requires analysis of the GUT symmetry breaking and gauge
coupling unification. These aspects have been explored in [46, 47, 64]. The precision
unification of gauge couplings consistent with the proton decay limit in non-supersymmetric
frameworks requires presence of intermediate scale symmetry [47, 65-67] or large GUT
scale threshold corrections [68] or light matter fields which are incomplete representations
of SO(10) [69, 70]. These effects can modify the running of Yukawa couplings directly or
indirectly through modification in the running of the gauge couplings. If the correction to
the GUT scale Yukawa couplings due to these effects are smaller than 10-30% standard
deviations considered in the fits then the quantitative results and predictions derived in
this work are expected to remain unchanged.
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Parameter Value | Parameter Value Parameter Value Parameter  Value
g1 0.4632 My 1.21 MeV my 2.58 MeV Me 0.499 MeV
go 0.6540 me 0.61 GeV My 52.74 MeV my 0.104 GeV
g3 1.1630 my 163.35 GeV myp 2.72 GeV mr 1.759 GeV

Table 2. Obtained values of the gauge couplings and fermion masses at renormalization scale
M; = 173.1GeV in MS scheme. See appendix C of [58] for details.
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A Renormalization group evolution of Yukawa couplings

In this appendix, we discuss our method of extrapolation of Yukawa couplings from the
weak to the GUT scale. We first obtain values of the gauge couplings and fermion masses
at the top quark pole mass M; = 173.1 GeV by a procedure described in [58]. For the
convenience of the readers, these values are provided here in table 2. From the masses of
the charged fermions, respective Yukawa couplings are extracted as given by

1 my, 0 0
Y. (M) = o 0 me O ,
u
0 0 my
1 mq 0 O
Yy(My) = ;dVCKM 0 ms 0 |,
0 0 my
me 0 O
Yo (M) = U—d 0 m, O , (A.1)
0 0 m,

where vy = vcos 5, v, = vsinf with v = 174 GeV and tan 8 = 1.5. This value of tan
is preferred in the models in which the sub-GUT scale non-supersymmetric two-Higgs
doublet model arise from supersymmetric theory [58, 59]. Vg is the Cabibbo-Kobayashi-
Maskawa (CKM) matrix given in terms of three mixing angles and a CP phase in the
standard parametrization. We use the following values for these parameters

sin @12 = 0.2265, sin a3 = 0.0405, sinf3 = 0.0036, dcxm = 1.196, (A.2)

at low scale and they are obtained from [63].
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The above gauge and Yukawa couplings are evolved from M, to the GUT scale,
Mgyt = 2 x 10 GeV, using one-loop renormalization group equations (RGE) of type-
IT THDM which are given in appendix A of [58] and reproduced below for the convenience
of readers. The S-functions for gauge and Yukawa couplings are defined as

dC 1 (1)

= , A3
where C' stands for couplings and p is the renormalization scale. Explicit expressions of
S-functions are

21
B =5 ot Bl =-3g3, Bl =-7d, (A.4)

and
(1)_Y 2 17 2 9 2 T 1 1 1
By, = u(—893—%91 —192+3TT(YUYU)) +§<3YuYuYu+YdeYu),

50 =Ya(— 83— Jot — g + 31 (vav]) + (v.x)))

1
+§@mﬁn+nmm)

By = Ye (3mx(Yavy) + (vev) - %(gf +93)) + ; YY[Y.. (A.5)

At Mgur, the diagonal Yukawa couplings corresponding to charged fermions are ob-
tained by diagonalizing the complex Yukawa matrices such that deiag' = U}Yfo for
f = u,d,e. The CKM matrix is obtained as Voxy = UJU. The extrapolated values
of diagonal Yukawa couplings and CKM parameters are given in the third column in ta-
ble 1 and used as O;*" in x? function, eq. (4.1).

B Parameters corresponding to the best fit solution

In this appendix, we give the values of 19 real parameters appearing in eq. (2.6) obtained
for the best fit solution. They are:

0.00023 0 0
H — 0 —0.04811 0 x 1073,
0 0  —5.79504

—0.0088 4- 0.01787 0.0475 — 0.08897 0.4635 + 0.6797¢
F'=| 0.0475 —0.0889; 1.1279 + 0.5108; —1.2218 —2.5921i | x 107%,
0.4635 + 0.6797¢ —1.2218 — 2.59217 5.4683 — 5.98561

r=T77.4189, s=0.3140 —0.0282i vg = 9.84 x 10 GeV . (B.1)

Typically, one finds from eq. (2.6):

ELPo tan (3. (B.2)
Yo

Therefore, relatively large value of r is required to fit vy;/yp ratio for small tan 5. The
above values of r and s indicate that the light Higgs doublet h,, (hg) dominantly comes
from 10[-1 (T%H)
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The Yukawa coupling matrices Yy (f = d,u,e,v) evaluated using eq. (2.6) and the

above values of parameters are obtained as

Yy

Y,

The

—0.00065 4 0.00178¢ 0.00475 — 0.00889¢ 0.04635 4 0.06797¢
= [ 0.00475 —0.00889i 0.06468 + 0.05108; —0.12218 — 0.259217 | x 1073,
0.04635 4+ 0.06797¢ —0.12218 — 0.259217 —5.2482 — 0.598564

0.00045¢ 0.00096 — 0.00227; 0.01275 4 0.01551%
= [ 0.00096 — 0.00227i —0.00872 + 0.00996i —0.03535 — 0.06034i | x 107,
0.01275 4 0.01551¢ —0.03535 — 0.06034¢ —4.3666 — 0.15741:

0.00286 — 0.00534: —0.01426 + 0.02668: —0.13906 — 0.20392:
= [ —0.01426 + 0.02668i —0.38648 — 0.15325i 0.36655 + 0.77764i | x 1073,
—0.13906 — 0.20392¢ 0.36655 4 0.77764¢ —7.43553 + 1.79568¢

0.0007 — 0.00135¢ —0.00288 + 0.0068: —0.03825 — 0.04653¢
= [ —0.00288 + 0.0068; —0.12283 — 0.02987i 0.10606 + 0.18102i | x 10~*. (B.3)
—0.03825 — 0.04653¢ 0.10606 + 0.18102¢ —4.84601 + 0.472241

resulting Y, and Y, are in agreement with the expectation asserted in eq. (2.9). The

eigenvalues of Y,,, obtained by following the same biunitary diagonalization procedure used

for Yy, g, are:

Yoy =811 x 107, y,, = 1.30 x 1072, y,, = 0.486. (B.4)
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