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We investigate nonresonant thermal leptogenesis in the context of the SU(5) x 73 “asymmetric
texture”, where both Dirac and Majorana CP violation arise from a single phase in the tribimaximal seesaw
mixing matrix. We show that the baryon asymmetry of the universe can be explained in this model only

when flavor effects are considered for right-handed neutrino masses of O(10''-10'?) GeV. The sign of the
baryon asymmetry also determines the sign of the previously predicted Dirac €7 phase |5cp| = 1.327,
consistent with the latest global fit 5725 = 1.37 & 0.17x.
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I. INTRODUCTION

The observable lepton mixing in the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix has been measured to
contain two large and one small angle, unlike the nearly-
identity Cabibbo-Kobayashi-Maskawa (CKM) matrix
[1,2]. This inspires contemplating the large mixing angles
originating from the unknown A/, = 0 physics, whereas
the small reactor angle comes entirely from the “Cabibbo
haze” [3] of the Al,, = % sector. This idea is implemented
in the SU(5) “asymmetric texture” [4] where the Al,, =0
seesaw matrix is assumed to be diagonalized by the
tribimaximal (TBM) mixing [5] with a CF phase. The
asymmetry, introduced minimally in the down-quark and
the charged-lepton Yukawa matrices, is essential to explain
the reactor angle and it determines the TBM phase up to a
sign. This single phase brings all three lepton mixing angles
within 3¢ of their Particle Data Group (PDG) value and
predicts CP violation in the lepton sector consistent with
the current global fits [1,2].

The asymmetry of the texture singles out 7 3 = Z3 %
Z5 [6], an order 39 discrete subgroup of SU(3), as the
smallest family symmetry. The electroweak sector of the
texture is explained in an SU(5) x 7 ;3 model in Ref. [7]
and its seesaw sector is explored in Ref. [8]. Guided
by minimality in the particle content and simplicity in
the vacuum structure of the scalars, this model yields
the normal ordering of light neutrino masses such that
m, = 27.6, m,, =289 and m,, = 57.8 meV through the
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seesaw mechanism involving four right-handed Majorana
neutrinos. The sum of these masses almost saturates
the Planck bound >, m; < 120 meV [9,10] and will be
probed further by near-future experiments [11]. This model
also predicts neutrinoless double beta decay [12] with the
invariant mass parameter [mgs| = 13.02 or 25.21 meV,
within an order of magnitude of the latest upper bound
of 61-165 meV measured by the Kaml.AND-Zen
experiment [13] and sensitive to several next-generation
experiments [14].

In this paper we expand the analysis of the asymmetric
texture to investigate the generation of the baryon asym-
metry [15] of the universe through leptogenesis [16].
Baryon asymmetry is defined as the ratio of the net number
of baryons to the number of photons: 7z = (Ng — N3)/N,.
The abundance of matter over antimatter in the universe
implies 1z > 0, as evidenced by the measurement from
cosmic microwave background (CMB) data [17]:

nSMB = (6.12 4 0.04) x 10710, (1)

Sakharov identified three necessary conditions for success-
ful generation of the baryon asymmetry [18]: (i) the
existence of baryon number, B, violating elementary
processes, (ii) violation of C and CP, and (iii) a departure
from thermal equilibrium. In leptogenesis, lepton asym-
metry is generated from the € and CF out-of-equilibrium
decays of the Majorana neutrinos into leptons and Higgs
bosons. These decays violate the total lepton number L,
which is partially converted into violation of the baryon
number B by B — L-preserving sphaleron processes [19],
fulfilling Sakharov’s conditions.

We discuss leptogenesis in the so-called “strong wash-
out” regime where only decays and inverse decays of the
Majorana neutrinos describe generation of the asymmetry
[20,21]. We show that the low energy €F phases of the
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model do not yield any high energy CP asymmetry unless
“flavor effects” [22-25] are considered. The relevant
density matrix equations are solved numerically for the
nonhierarchical mass spectrum of the Majorana neutrinos.
Successful leptogenesis occurs for Majorana masses of
O(10"-10'?) GeV and constrains the parameter space of
the model.

The signs of the low energy leptonic CP violation and
the baryon asymmetry can, in general, be correlated [26].
In the SU(5) x 7,3 model the baryon asymmetry is
generated by the single TBM phase whose sign was
unresolved in the previous works [4,8]. We demonstrate
that the final asymmetry is sensitive to this sign. The Dirac
CP phase §p predicted in this model is +1.327z, compared
to the latest PDG fit 5t2° = 1.36 £ 0.17z [1]. We identify
the region of the parameter space which yields positive
baryon asymmetry for the “correct” sign of d¢p.

The paper is organized as follows. In Sec. II, we set up
the lepton sector of the SU(5) x 7 ;3 model presented in
Refs. [4,7,8] in a basis relevant for leptogenesis calcu-
lation. In Sec. III, we briefly review thermal leptogenesis
in the nonhierarchical mass spectrum of the Majorana
neutrinos. In Sec. IV, we discuss the relation between low
energy CP phases and high energy CP asymmetry and
show that leptogenesis is only viable in this model when
flavor effects are taken into account. Section V describes
our results for the Majorana masses required for lepto-
genesis. In Sec. VI we discuss how the sign of the TBM
phase is correlated with the sign of the baryon asymmetry
produced in leptogenesis and we conclude in Sec. VIL

II. LEPTON SECTOR OF THE
SU(5) x T 13 MODEL
The “asymmetric texture” [4] is inspired by the SU(5)

Georgi-Jarlskog texture [27] with a 45 Higgs coupling to
the (22) element of the down-quark and the charged-lepton

Yukawa matrices Y= and Y 1), respectively, and a 5
Higgs coupling elsewhere:

Y® ~ diag(4®, 4, 1),

bdi* ad® bA}
Y~ | a2 gh? and

v g2 1
bdi*  al®  di
YEU ~ | ad =3e22 g2 |. (2)

b3 g2 1

The O(1) prefactors a = ¢ =4, g=A, b =A\/p* + 1%,
d= % are determined in terms of the Wolfenstein param-
eters A, Ap, and 5. The asymmetry of O(4) lies along the

(13)-(31) axis of Y3 and Y=Y. The up-quark Yukawa

matrix Y& is assumed to be diagonal. SU (5) dictates Y (=)
to be transpose of Y(~!) and the factor of —3 in the later

comes from the vacuum expectation value of the 45
Higgs. The Yukawa matrices are unitarily diagonalized

as Y@ = y@D@V@)’ where U = Ucgy and

1= (2 + L2 2 2

9A? 18 3A
Ul = -4 1-4& Ve
— (-A-g)# 1-35
+ O(2%). (3)

Together with the complex-TBM seesaw mixing U eegay =
diag(1,1, e”)Urgy, where |5|~78° this texture repro-
duces the GUT-scale mass ratios and the mixing angles
of quarks and charged leptons and predicts Dirac and
Majorana CP violating phases in the lepton sector.

A straightforward explanation of the asymmetric term in
Y3 and YV requires an SU(3)-subgroup family sym-
metry with at least two different triplets. The smallest
discrete group that fits the bill is 73 [7]. An SU(5) x
7 13 model of effective interactions, where the SU(5)
matter fields transform as different triplets of 75 but
the Higgs bosons are family singlets, explains the
structure of the texture [7] and the origin of the com-
plex-TBM seesaw mixing [8] through simple vacuum
alignment of gauge-singlet family-triplet familons. The
generic setup of three Majorana neutrinos appears to be
in tension with the oscillation data. A minimal extension
of the seesaw sector with a fourth Majorana neutrino
resolves this and predicts normal ordering of the light
neutrino masses.

The aim of this paper is to further investigate the seesaw
sector of the model to see if the low energy CF phases can
explain the baryon asymmetry of the universe at high
energies through leptogenesis. We assume that both the
gauge and the family symmetry are broken down to the
Standard Model gauge group before this happens, so that
the Majorana neutrinos decay into Standard Model leptons
and Higgs. This implies that the mass of the Majorana
neutrinos should be lower than 10'® GeV, the breaking
scale of the gauge and family symmetry.

In the following subsections, we will briefly review the
seesaw sector of the SU(5) x 7 |3 model and its breaking to
the Standard Model gauge group. Then we will set up the
relevant parameters in the appropriate basis for discussing
leptogenesis in the subsequent sections.

A. From SU(5) x T 13 to the Standard
Model gauge group

The seesaw Lagrangian of the SU(5) x 7 3 model [8] is
given by
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TABLE 1. Charge assignments of matter, Higgs, messenger and
familon fields in the seesaw sector. Here w'> = 1. The Z,,
shaping symmetry is required to prevent unwanted tree-level
operators.

F N N, Hs A @A ?B P
SU(5) 5 1 1 5 1 1 1 1
T3 3 3, 1 1 3 3 3 3
Z1 0] »? 1 o’ w? ol ® ?

ESS D yAFAﬁs +y:41\7/§(pA+y51\_/N(pB~I—MA/iA
+ YuN4sAp, + mNyNy, 4)

where yy are dimensionless Yukawa couplings, M, is the
mass of the heavy vectorlike messenger A and m is the
mass of the fourth right handed neutrino N,. While we
treat m as an yet undetermined mass scale, it could ori-
ginate from the vacuum expectation value (VEV) of a
singlet familon and thus be related to the family symmetry
breaking scale. The Lagrangian in Eq. (4) has a Z,
“shaping” symmetry to prevent unwanted operators.
Charged leptons reside in the field F and the Majorana
neutrinos in N and N,. The three familons ¢ 4, @5, and ¢,
have VEVs given by:

M .
(pa)o = <I_—1—5A>0 V/mybibyby(=by' e bT! b3,

(9B)o = (b1, by, b3),

M, A

<§0ﬂ> =75 mmi)(zy_lsel&),
O (Hs),

where by, by, by, m # 0. The vacuum alignments of ¢ 4 and
@p are related to each other, as required for the complex-
TBM diagonalization of the seesaw matrix.” The trans-
formation properties of the relevant fields are given in
Table 1.

Using oscillation data, the parameters m, and m/, were
determined in Ref. [8] as

Im,| =578 meV,  |m)| =503 or 142 meV. (5)

'Ref. [8] also discusses a Z,, shaping symmetry for a slightly
different particle content. In Appendix A we show that this case
does not yield successful leptogenesis for the simplest vacuum
alignments of familons. More general cases do yield nonzero
baryon asymmetry. It is beyond the scope of this paper and will be
discussed in a future work.

>This vacuum alignment relates the family symmetry breaking
scale to the messenger scale. Suppose by ~ by, ~bs~m~
10'" GeV, a reasonable scale for family symmetry breaking
and Majorana masses. Since m, ~ m), ~ 107! GeV, cf. Eq. (5),
the scale of (p4), and {(@,), would be similar to (pg), if
My ~ 103 GeV.

For our calculation, we will adopt m, = 57.8 meV and
m), = 5.03 meV. This leaves four undetermined parame-
ters: by, by, by, and m. In this paper we will discuss how
these parameters are constrained when successful lepto-
genesis occurs.

Integrating out the heavy messenger A from the
Lagrangian in Eq. (4) gives the dimension-5 operators
a1 FNHsp and 3~ FNHsg,. These operators yield the

Dirac Yukawa matrix Y(®) when the familon ¢4 and ¢,
develop nonzero VEVs spontaneously breaking the
T3 X 21, symmetry [8]:

0 b3 0 245
y(©) Vb1bybsm,

— -1 —_ miy,
A, |00 Ve
-1 i mn,
0 0 e’by’ e N

(6)

The effective operator FNHs further gives rise to the
interaction Zj,H*N; when the SU(5) symmetry is broken
down to the Standard Model gauge group and generates the
decays:
N; - ¢ +H, i=1234 a=epur. (1)
The 4 x 4 Majorana mass matrix gets contribution from
the VEV of the familon ¢z and can be expressed as [8]

0 b, by 0
b 0 b, O

M=|"7" ‘ . (8)
by by 0 0
0O 0 0 m

It is a complex symmetric matrix and its Takagi factori-
zation [28] yields

M =U,D,Ur. 9)

Here D,, = diag(M, M,, M5, M) is the diagonal mass
matrix with the positive square root of real eigenvalues of
MM and U,, is the unitary matrix containing the
corresponding eigenvectors of MMF?

B. Rotating to the weak basis

In leptogenesis we usually work in the so-called weak
basis, where the charged-lepton Yukawa matrix and the

3The matrices in Eqgs. (6) and (8) are valid at the grand unified
scale (~10'® GeV). For simplicity we neglect the effects of their
running and assume that they are valid at the Majorana mass scale
(~10'"" GeV) too. See Ref. [29] for more discussion on the effect
of running seesaw parameters on leptogenesis.
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right-handed Majorana matrix are diagonal with real,
positive entries [30]. After spontaneous breaking of the
SU(5) x T3 x Z, symmetry, the relevant terms in the
Lagrangian are

Loy VeH 4+ T YONH + NTMN
=/ YHDEYEDTeH 4 £ f YO NHS + NTU,, D, UL N.
(10)

Redefining the fields ¢ — UV¢, e — V-De, and
N — U;,N, it becomes

L2 ¢DVeH + ANy Oy NH 4 NTD,,N,
(11)
and we identify the light neutrino Yukawa matrix:
Y, = Uiy, (12)

Y, serves as a key input for leptogenesis.

III. THERMAL LEPTOGENESIS IN THE
NONHIERARCHICAL MASS SPECTRUM

In this section we will briefly review the formalism of
thermal leptogenesis relevant for our discussion later.
Majorana neutrinos are produced in the early universe
from Yukawa interactions of leptons and Higgs bosons in a
thermal bath right below the very high reheating temper-
ature Tgy < 101 GeV [31,32]. Any preexisting asymme-
try is completely diluted by inflation and the Majorana
neutrinos are in thermal equilibrium. As the temperature
falls below their mass, their overabundance above the
equilibrium density prompts decays into leptons (with a
decay width I';,) or into antileptons (with a decay width
;). These L, € and CF processes go out of equilibrium as
the decay rate becomes smaller than the expansion rate of
the universe. At 100 < T(GeV) < 102, sphaleron proc-
esses, which violate both B and L but conserve B — L, are
in equilibrium and convert part of the generated lepton
asymmetry to the baryon asymmetry [19].

Leptogenesis is a battle between decays and inverse
decays of the Majorana neutrinos. The minimal scenario
involves a hierarchical mass spectrum, where the asym-
metry generated by the decay of the heavier Majorana
neutrinos is washed out as the temperature comes down
to the scale of the lightest mass and the final baryon
asymmetry is generated entirely from its decay. Such
scenarios appear, for example, in SO(10)-inspired models
[33], where the Majorana masses follow the hierarchy of
the up-quark masses with a suppression of O(4*) between
families. For a non-hierarchical mass spectrum, however,
one must consider the decay of all Majorana neutrinos,

since the asymmetry generated by the decay of the heavier
ones are not completely washed out [34].

All flavors of the charged leptons in the decay product
can be considered identical as long as the lightest Majorana
neutrino mass is far above 102 GeV, a scenario known as
“unflavored leptogenesis.” Flavor plays an important role
for smaller mass scales and can enhance the final asym-
metry significantly [23,24].

In the following, we will discuss both of these cases and
express the relevant equations in terms of the seesaw
parameters Y, and M;.

A. “Flavored” leptogenesis
The evolution of number density of the Majorana
neutrino Ny is kinematically described by the following
equation [34,35]:

dNy. e
=D+ )Ny, ~ N3Y). (13)

where z = M;,,/T and M;, = min(M;).
Introducing the notation x; = M7 /M2, and z; = z,/x;,
the equilibrium number density can be expressed in terms

of the modified Bessel functions of the second kind [20]:
. 1
NAZ(&) = EZ%IC2<Z:')’ (14)

so that N/ (z; < 1) = 1. The decay factor D; is given by
[20,36]

Ki(z:) (15)

l—‘Di
. = K,-x,»z s
1 K1 (z:)

' H(z;)z

where T'p; =T, + I is the total decay rate and H(z;) is
the Hubble expansion rate. The decay parameter K; is
given by [35,37]:

. YiY,).
Ki = D,i _ ( v)u , (16)
H(Zi = 1) M,»m*

where T'p; =T ;(z; = ) and m, ~1.07 meV is the
effective neutrino mass [38]. If we limit our discussion
to the scenario when K; > 1, i.e., the so-called “strong
washout” region, the dynamics can be explained well by
considering only decays and inverse decays [20] and the
AL =1 scattering term S; can be neglected.

Flavor effects become significant in models where
unflavored leptogenesis is not viable and/or scenarios
where the mass of the Majorana neutrinos are below
10" GeV. For 10° < T (GeV) < 10'2, the tau leptons
can decohere and the dynamics of leptogenesis can be
described in terms of two-flavor approximate Boltzmann
equations. For T < 10° GeV, the muons also decohere and
the evolution of B — L asymmetry can be tracked with
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three-flavor approximate Boltzmann equations. The more
general description of the dynamics can be achieved
with the density matrix formalism, where one considers
the flavor space as a 3 x 3 matrix and accounts not only for
the three flavors but also for the transition between them.

The most general form of the density matrix equations
for the evolution of the B — L asymmetry is given by [39]

d];]—zaﬁ = ZeﬁfﬁDi(NN,. —N;Z) _%Zwi{PomvN}a/f
/10 0\ [/1 0 0\ 1]
—Imgz\’) 0oo0o0l.[[ooo]nN
\o oo/ [\ooo) ],
Im(A)'ooo /0 0 0\ 17
2o o flo o]
\o oo/ [\ooo) [],
(17)

where A, is the self-energy of a-flavored leptons. The
thermal widths are given by the imaginary part of the
|

ey = ey o V(T = () () 100, (2)

16”(Yzyv)ii j#i

self-energy correction to the lepton propagator in the
plasma, and can be expressed as [40]

Im(A,) Mp,
) = 4.66x 1078 L 1
Hz 06> 107 (18)
Im(Aﬂ) Mp,
= 1.6 10710 =2 1
Ha 9 x - (19)

where Mp = 1.22 x 10'° GeV is the Planck mass. The
projection matrices P’() are defined as

i Y: ai Yu i
POy _ M)aV)p ’ (o) (20)
(YUYu)ii

and describe how a given flavor of lepton is washed out.
The CP asymmetry matrix e} denotes the decay asym-
metry generated by N; and its elements are perturbatively
calculated from the interference of the tree-level with

the one-loop and the self-energy diagrams when |M; —
M;|/M; > max[(Y]Y,),;]/(167%) [30.41]:

i

X

V) (V00D = (V)0 e () @)

where the loop factors are given by

E(x) = \/)_c<(1 +x)log<11—x) +x11_1>’ and

(x) = : (22)

which blow up if there is a mass degeneracy x; = x;.
Although exact degeneracies cannot generate CP asym-
metry, nearly degenerate masses can significantly enhance
the CP asymmetry leading to a scenario known as
“resonant leptogenesis” [42].

The washout term W; represents the washout of the
generated asymmetry for each Majorana neutrino. Sub-
tracting the resonant contribution from AL = 2 processes
(¢,+ H* < £, + H) to the inverse decays, it is given
by [34]

1
Wi=WP(z) = ZKi\/)Tilcl(Zi)Z?‘ (23)

Solving the system of equations (13) and (17) yields the
flavor-dependent asymmetry N5, which is, in general, a

1

3 x 3 matrix. The total lepton asymmetry is the trace of this
matrix:

Np_; = Z Ny (24)

a=e.u,t

and its final value N’;_ ; 1s related to the baryon asymmetry
by

N/
My = dgn— et 2096 X 102N, (25)
4

where the sphaleron conversion coefficient is ag,, = 28/79
[19] and the baryon-to-photon number ratio at recombina-
tion is Ny =~ 37 [34]. Successful leptogenesis requires 7
to match the measured value in Eq. (1).

In three-flavor approximate Boltzmann equations, the
off-diagonal components of N4 are ignored. The evolution
of the B — L asymmetry is split into individual equations
for each flavor a = e, u, v [22]:

dNaa _ (i) eq 0(i)
dz = —Zé'aaDi(NNi - NN[) - NQ{ZZP(MZ W,. (26)
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B. “Unflavored” leptogenesis

All flavor-dependent parameters are summed over the
flavor index a in “unflavored” leptogenesis. This yields the
flavor-independent CP-asymmetry parameter [34,35]:

- T 2
L-r_ 1 Mg(ﬁ> (27)

el) = - :
Iﬁi + Fi 87 J#i (YVYu)ii

Xi

Equation (13) still represents the evolution of number
densities of Majorana neutrinos in the strong washout
region. The flavor-independent B — L asymmetry is des-
cribed by the following Boltzmann equation [34,35]:

dNB—L i e
k= _Za )Di(Ny, - N§/) - NB_LZ:W{.D. (28)

Equations (13) and (28) can be solved as coupled first
order differential equations and their solution yields Npz_;
in the unflavored case.

IV. RELATING LOW ENERGY CP VIOLATION
TO HIGH ENERGY CP ASYMMETRY

The relation between low energy CP violation in the
PMNS matrix and high energy CP violation required for
leptogenesis has been discussed extensively in literature
[43]. In general, the existence of CF phases in the PMNS
matrix do not guarantee CP asymmetry in unflavored
leptogenesis. However, barring accidental cancellations,
observation of low energy CP violation necessarily implies
generation of the baryon asymmetry in flavored lepto-
genesis [44].

In the asymmetric texture, the only source for both Dirac
and Majorana CP violation is the TBM phase st appearing
in the matrix diag(1, 1, e”) multiplying the real TBM
matrix from the left. In this section we will argue that this
particular placement of the phase results in vanishing CP
asymmetry in the unflavored case.

The seesaw matrix is given by

S=YOM-1yOT
= [Py, YOI D, 2, Y O7], (29)
where D'/* = diag(M;"*, M;"* M7 M) is a

diagonal matrix with all positive entries. Diagonalization
of the seesaw matrix by the complex-TBM mixing implies

S = diag(1, 1, e®) Uy D, ULg\diag(1, 1, )
= [D) Uy diag(1, 1, ¢?))" (D) Ul diag(1, 1, 7)),
(30)

“To clarify, it is related to but not the same as the Dirac phase
Ocp in the PMNS matrix.

where D,l,/ 2= diag(m}/ 2, m;/ 2, m%/ 2). In general the entries

in D, can be either positive or negative. Comparing

Eqgs. (29) and (30), we find that Dy’ YT has the
following form:

D5 U5, YOT = pwdiag(1, 1, €9), (31)

where W is a real matrix and P is a diagonal phase
matrix with entries either 1 or i (so that PTP =
diag(£1, +1,£1,+1)).

It is useful to define an orthogonal matrix R in the
Casas-Ibarra parametrization [45] to relate the low energy
parameters to the high energy CP asymmetry:

R =D, U, YOTdiag(1, 1, e Uzgn Dy /2. (32)
where R is complex in general. Then, from Eq. (31),
R = PWlzpyD; /. (33)

In this parametrization, the neutrino Dirac Yukawa matrix
can be written as, cf. Eq. (12):

Y, = UpnsDy*RT D37, (34)
where Upyns = U diag(1, 1, ) U gy, so that
YiY, = P*(D)/*WWTD)/*)P. (35)

The relation between low energy CF phases and high
energy CP asymmetry is evident from Eqs. (34) and
(35). CP asymmetry in unflavored leptogenesis depends
on Im[(Y]Y,)}]/(YY,); for j#i, cf. Eq. (27). From
Eq. (35), the diagonal elements of Y;Y, are real and the
off-diagonal elements are either real or purely imaginary.
Hence the CP-asymmetry parameter vanishes and the low
energy CF phases do not result in unflavored leptogenesis.

However, from Eq. (21), the CP-asymmetry parameter in
the density matrix formalism depends on (Y}),(Y,)s; X
(YJY,);; and (Y)z(Y,),;(YiY,);; for j#i The CF
phases in the PMNS matrix do not vanish in
(Y3)ai(Y,)p)» cf. Eq. (34), in general, and the CP-asym-
metry parameter iS nonzero.

V. FLAVORED LEPTOGENESIS
IN THE SU(5) x T3 MODEL

In this section we employ the formalism developed so far
to calculate the baryon asymmetry in the SU(5) x 7 |3
model through flavored leptogenesis. Since the mass scale
of the right handed neutrinos is unknown at this level, we
use the more general density matrix formalism instead
of the three-flavor approximate Boltzmann equations.
Matching the calculated baryon asymmetry to the observed

035011-6



LEPTOGENESIS FROM THE ASYMMETRIC TEXTURE

PHYS. REV. D 103, 035011 (2021)

value constrains the undetermined model parameters by, b,,
bs, and m.

The predictions for the light neutrino masses and
neutrinoless double beta decay in this model do not depend
on the particular value of b, b,, b; except that they must be
nonzero [8]. However, in the spirit of simplicity in vacuum
alignments of the familons in the electroweak sector of the
model [7], we are motivated to set by, b,, and b5 to be of the
same order and consider two cases: (i) (b, by, b3) =
b(1,f,1), and (ii) (by,bs,b3) =D(f,f,1), where [ # 1
is an O(1) prefactor.” We discuss flavored leptogenesis in
both of these cases below.

A. Case 1: (by,b,,b3) =b(1,£,1)

The Dirac Yukawa matrix in this case becomes:

. 0 1 0 2/
yor YOm0 | 36)
v . .
0 0 _f—lelé ﬁ615
where = ;ﬁ’—r’:, a=% and v =174 GeV is the Higgs

VEV. The Majorana matrix is given by

0O f 10
01 0
M=b f (37)
1 100
0 0 0 a
Its Takagi factorization, cf. Eq. (9), yields
M =bf, M :é<\/f2+8—f)
1 ’ 2 2 ’
b
M3:§(\/f2+8+f), M, = ab, (38)
and
i = __/ 1 f
- 2\/1 - 2\/1+ 0
] __r 1 f
u,=| 2 2 \/1 748 2\/1+ 48 0
i f 1 - r
0 7 1+ v 1 e 0
0 0 0 1
(39)

For simplicity, we will limit our discussion to nonreso-
nant thermal leptogenesis where the Majorana neutrino

>The case for f = 1 does not yield nonzero baryon asymmetry,
as discussed in Appendix B.

— My — My — My — M,

a

FIG. 1. Majorana neutrino mass spectrum for Case 1:
(by,by,b3) = (b(1,f,1). M|, M,, and M5 do not depend on
a. M, is degenerate with M;, M,, and M; for
a~0.73,2,and 2.73, respectively, setting f = 2. The parameter
space can be divided into four regions to avoid near-degeneracies.

masses are required to be away from degeneracy. In
Eq. (45), M| and M, are degenerate for f =1, which
justifies our assumption f # 1. f lifts the degeneracy and
makes leptogenesis viable.

For concreteness, we will set f = 2 for the remainder of
our discussion whenever a numerical value is required.6
This leaves us with two undetermined parameters b and a,
and yields the following mass spectrum:

%:2, %:\/g_l’

M; M,
b b 7_\/5“’ @

b
(40)

Since only M, depends on a, it can be degenerate with M,
M,, and M fora =2, v/3 — 1 ~0.73, and v/3 + 1 ~2.73,
respectively, as shown in Fig. 1. To avoid resonant
enhancement near degeneracies we split the parameter
space into four regions: (i) 0.1 <a <0.65, (i) 0.8 <
a <19, (iii)) 2.1 £a <2.65, and (iv) a > 2.85, shown
in Fig. 1. These regions represent particular mass ordering
of the Majorana neutrinos. For example, region (ii) corre-
sponds to M, < M, < M| < Mj.

We assume that there is no asymmetry present in any
flavor in the universe before the decay of the Majorana
neutrinos occur: Np,(z =0) =0, and the reheating tem-
perature of inflation is sufficiently higher than the mass of
the heaviest Majorana neutrino, so that the asymmetry
generated by the heavier ones is not washed out prior to the
decay of the lightest one.

*We require f ~ O(1) to avoid hierarchy among components
of the VEVs of the familons, inspired from the VEVs of the
electroweak familons of the model presented in Ref. [7]. We have
verified that the final results relevant for leptogenesis are in the
same order of magnitude as long as f ~ O(1).
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Although a more accurate picture of leptogenesis is depicted by the nonequilibrium thermal field theory approach [40],
the density matrix equations discussed before are accurate as long as the strong washout condition K; > 1 holds. An
explicit calculation yields

K =" asq0, k=TSO PADVES s
Lo Tome VPSP 8- ))
ko= Mongy g, MDA DVAS g (41)

m. f\/f2+8(/f>+8+f)

[
abundance Ny, (z = 0) = N/ (z =0), and dynamical initial
abundance Ny (z=0)=0. The results are shown in
Fig. 2 for four representative cases: (a) a = 0.3 for region

justifying this.
We first solve equation (13) numerically to calculate the
number densities Ny (z), assuming both thermal initial

— Ny, — Ny, — Nny — Ny,

- |Nee| |Nuu| - |NTT‘ — |NB—L‘

— Ny, — Ny, — Ny,
— [ Neel

— NN4
[Nuwl — [Nez| — [Np-]

109

1074

107! 10! 102

(a) a=03and f =2

— Ny, — Ny, — Ny, — Ny,
- |Nee| |NML| * |NTT‘ - |NBfL‘

10(]

(c)a=24and f=2

(b)a=14dand f=2

— Ny, — Ny, — Ny — Ny,
— [Neel - [Nup| — [Ner| — [Nps]

100
V4

(d)a=33and f=2

FIG. 2. Evolution of the Majorana neutrino number densities and the B — L asymmetry for Case 1: (by, by, b3) = (b(1. f,1). The
dotted lines represent dynamical initial abundance Ny (z =0) =0 and the solid lines represent thermal initial abundance
Ny,(z=0) = Ny/(z = 0). The final B — L asymmetry does not depend on the initial conditions.
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— My — My — My — M,

5x10'2

::::::::::::

1x10%2F

5x 1011\

5x 1010
0.1

0.2 0.3 0.4 0.5 0.6
a

(a) f=2and 0.1 <a<0.65

— My — My — M3 — M,

1x1013

5x10'2f

1x 102

5x 101

1x 10!
2.1 2.2 2.3 2.4 2.5 2.6

a

(¢) f=2and 2.1 <a <265

FIG. 3.

— My — My — My — M,

5x 1012
< 1x 102
)
O sx10tf
=
1x10MF
5x 1010
0.8 1.0 1.2 1.4 1.6 1.8
a
(b) f=2and 0.8<a<1.9
— My — My — Ms — M,
5x 1012

o Ix10%
)
O sx10tp
o
5% 101
3.0 3.5 4.0 45 5.0

a

(d) f=2and 2.85<a <5

Majorana mass spectrum for Case 1: (b, b,, b3) = (b(1, f, 1) required to generate the observed baryon asymmetry for f = 2

in the regions (a) 0.1 <a <0.65, (b) 0.8 <a<1.9,(c) 2.1 £a <2.65and (d) 2.85 <a <5.

(1), (b) a = 1.4 for region (ii), (c) a = 2.4 for region (iii),
and (d) a =33 for region (iv). In both cases, the
number densities at z>> 1 are identical for both initial
conditions.

The number densities are then fed into the density
matrix equation (17) to calculate the B — L asymmetry
for the flavor components N,z for the initial condition
Nys(z = 0) = 0. The trace of N, yields the total asym-
metry. We find that the sign of the asymmetry is positive
for § = —78° in all four regions. As shown in Fig. 2, the
final asymmetry does not depend on the initial conditions
used to solve the first set of number density equations.

The parameters of the density matrix equations are
expressed in terms of the undetermined model parameters
a and b. For a particular value of a, we determine the value
of b that yields the B — L asymmetry equal to the observed
value, cf. Egs. (1) and (25):

N}, =6.375x 1078, (42)

My — M, — My M,

a

FIG. 4. Majorana neutrino mass spectrum for Case 2:
(b1, by, b3) = (b(f, f,1). My, M5, and M5 do not depend on
a. M, is degenerate with M, M,, and M5 for a ~ 1,2.37, and
3.37, respectively, setting f = 2. The parameter space can be
divided into four regions to avoid near-degeneracies.
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— Ny, — Ny, — Ny — Ny, — Ny, — Ny, — Ny — Ny,
- |NeE| |N#H| - |NTT| - |NB—L| - |Nee| |Nuu| - |NTT| - |NB—L|

1072 107 100 10! 102 102 107 100 10! 10?

z z
(a) a=10.35and f=2 (b) @ =0.36 and f =2

— Ny, — Ny, — Ny, — Ny

4

— [Neel [Nyl — [Ner| — [Npi] — [Neel — [Nuul — [Ner| — [Npi]

— Ny, — Ny, — Ny, — Ny

4

10° 10° i

102} 102

10-1f 104"
< g T
< 1076} < 10

105~ 10

10‘10' 10—10

107124 : : . 107124 : :

1072 107! 100 10! 10? 102 107! 100 10! 10?
z z
(c)a=1.7and f =2 (d)a=3.25and f=2

— Nn, — Ny, — Ny — Na,
— INeel [Nyl — [Ner| — [Np—i]

10—10 F

1072 107! 100 10! 102
z

(e) a=35and f=2
FIG. 5. Evolution of the Majorana neutrino number densities and the B — L asymmetry for Case 2: (b, by, b3) = (b(f, f,1). The

dotted lines represent dynamical initial abundance Ny (z =0) =0 and the solid lines represent thermal initial abundance
Ny,(z=0) = Ny/(z = 0). The final B — L asymmetry does not depend on the initial conditions.
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Once b is determined for a given a, we calculate the =~ We notice that the masses could be much lower near the
Majorana masses from Eq. (40). The mass spectrum for the ~ degeneracy between M; and M, at a ~2.73 because of
four regions are shown in Fig. 3. For successful leptogenesis, ~ resonant effects. This is beyond the scope of the present

the Majorana neutrino masses are of O(10''-10'2) GeV. work and will be explored in detail in a future paper.
— My — My — My — M, My, — My — My — M,
5% 1013 5% 1013F
1x1013w
—~ 5x 1()12w .
1x10%
% w E X
12
§1x1012» ] §5X10
5x 1011 1
Lx 101k 1x1012f
5x 1010 : : : : 5x 101
0.10 0.15 0.20 0.25 0.30 0.35 040 045 050 055 060 065 0.70
a a
(a) f=2and 0.1 <a<0.35 (b) f=2and 0.36 <a<0.9
— My — My — My — M, — My — My — My — M,
2% 1012 1 1x10%

\ R T
< 5x10

= 1x10]2¥ >
O $)
= 1 =
2 5X1011\< 2 2% 101}
1x101
2x 1011
1.2 1.4 1.6 1.8 2.0 2.2 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2
a a
(¢) f=2and 1.1 <a <225 (d) f=2and 2.5 <a<3.25

— My — My — My — M,

1x 101

3.6 3.8 4.0 4.2 44 4.6 4.8 5.0
a

() f=2and 3.5<a<5

FIG. 6. Majorana mass spectrum for Case 2: (b, by, b3) = (b(f, f, 1) required to generate the observed baryon asymmetry for f = 2
in the regions (a) 0.1 <a <0.35, (b) 036 <a <09, (c) 1.1 <a <225, (d)25<a<325, and (e) 3.5<a <5.
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B. Case 2: (by,b,,b3) =b(f.f,1)

In this case the Dirac Yukawa matrix is given by:

fo0 2pJf
0) vbm,
Y® = ” 1 0 O -BJF | (43)
0 0 —eif ﬂ\/_eié
and the Majorana matrix is given by
0O f 10
0 0
m=p| " 0 (44)
1 f 0 0
0 0 0 a
Its Takagi factorization yields
b 2
Mlzb, M2:§< 8f +1—1),
b
M3:§<\/8f2+1+1>, M, = ab, (45)
and
- Sy — Lo+ 0
va o2 Verer 2 Vi
i =L __ 1 1 I
U, = V2 ooV2 ! V821 V2 I+ V8241 0
L 1 1 __ 1
0 s /1 + Jo 2 /1 T 0
0 0 0 1
(46)

As before we will set f =2 for the remainder of our
discussion whenever a numerical value is required,
although we have verified that the results are equivalent
when f ~ O(1) and f # 1. The Majorana mass spectrum is
given by:

M,

My, 1, —

—:1’ —_— = = 33—1,

b b 2( )

M; 1 M,

3=V 1 Rk 4
2= (B4, i=a (47)

M, can be degenerate with M;, M,, and M5 for a =1,
1(v/33=1)~237, and 1(v/33 + 1) ~3.37, respectively,
as shown in Fig. 4. To avoid resonant enhancement near
degeneracies we split the parameter space into four regions:
1)0.1<ax<09,G)1.1<a<2.25 (Gi)25<a<3.25,
and (iv) a > 3.5, shown in Fig. 4.

The decay parameters in this case are K; ~54.02,
K, ~62.87, K3~35.86, and K, ~28.21, implying strong
washout and hence justifying our use of the density matrix
formalism. As before, we numerically solve the density

matrix equations to determine b for a particular value of a
so that the generated B — L asymmetry is equal to the
observed value from CMB. We find that the B—L
asymmetry is positive for § = =78° at 0.1 <a <0.35
and 35<a<5 and for 6§=78° at 0.36 <a <0.9,
1.1 <a <2.25,and 2.5 < a < 3.25. The number densities
and B — L asymmetries for representative values of a are
shown in Fig. 5.

The Majorana mass spectrum required to generate the
observed baryon asymmetry is shown in Fig. 6. The masses
are of O(10''-10'%) GeV for most part of the parameter
space. We notice that the masses seem to be decreasing near
the degeneracy between Mz and M, at a ~3.37. Since
resonant effects are beyond the scope of this work, we leave
the investigation of this possibility for a future work.

VI. SIGN OF THE CP PHASES AND THE
BARYON ASYMMETRY

In the asymmetric texture, the TBM phase is determined
as 6 ~ +78° [4] from the requirement to match the observed
reactor angle.” The sign ambiguity in & is not resolved from
the physics of the electroweak sector. In this section we will
explore the possibility of relating this sign to the sign of the
baryon asymmetry.

The dependence on & comes through the neutrino
Yukawa matrix Y,, which appears in the decay parameter

K; and the CP-asymmetry parameter e((;/; From Eq. (35), it
goes away in (Y]Y,),;: hence K; in Eq. (16) does not

depend on o. This implies that the number density of the
Majorana neutrinos in Eq. (13) can be determined inde-
pendently of §.

The B — L asymmetry is the sum of the diagonal terms

N 4a» Which are proportional to CP asymmetries 8{(12 From

Eq. (21), this depends on Im[(ij)ai(YD)aj(YiYD)ij] and
Im[(Y;j){ll(YV)(II(YZYD)jl] We write Yu as
Y, = UV diag(1, 1, ¢®)WT PD,/> (48)

following Eqgs. (33) and (34). Then Egs. (48) and (35) yield

IM[(Y7)4i(Y)o; (YY) )

%2 D —1)7 /(-1
=P iziP %j(IDm)ii(Dm)iju;}a )ui(/a)Wi/inyWiKij
Pk

x Im([(diag(1, 1, e7)) 45(diag(1, 1, ¢?)),,], (49)

where j # i. The imaginary part on the right-hand side is
nonzero, and proportional to sind, when either f = 3 or

'See Appendix C for a discussion on the robustness of the
leptogenesis results when 6 is allowed to vary in the range that
still reproduces all three PMNS angles within 3¢ of their PDG
value.
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y = 3. Similar arguments apply for Im[(Y}),(Y,),; %
(v} Y,);i]. Therefore the diagonal CP-asymmetry parame-
ters and the final B — L asymmetry are proportional to sin 9,
and demanding that the calculated asymmetry has a
positive sign fixes the sign of o.

For 6~ -78° the Dirac €F phase and the Jarlskog-
Greenberg invariant [46] predicted by the asymmetric

texture are [4]:

Ocp = 1.32x, J = —0.028, (50)
compared to the latest PDG global fit 552° = 1.37 £ 0.17x
at 1o [1]. Hence, the sign of low energy CP violation and
high energy baryon asymmetry would be consistent with
data if the generated asymmetry is positive for negative o.

In our analysis, all four regions of case 1 yield positive
baryon asymmetry for negative o, whereas for case 2, it
happens for 0.1 <a <0.35 and a > 3.5. The remaining
regions of case 2 results in positive asymmetry for
positive .

With § ~ —78°, the sign of the Majorana invariants [47]
is also fixed and the invariants are given by [§]

7, = —-0.106, Z,=-0.011. (51)

Although there are still no strict bound on the Majorana
phases from current experiments [48], the prediction for
Ocp in the asymmetric texture is consistent with the current
PDG fit. Recently 6-p = 0 has been excluded by the T2K
experiment at 3¢ level [49], and upcoming experiments
DUNE [50] and Hyper-K [51] are expected to measure 5-p
with 5¢ precision in the next decade.

VII. CONCLUDING REMARKS

In this paper we have investigated nonresonant thermal
leptogenesis in the context of the asymmetric texture in the
SU(5) x T3 x Z,, model proposed in Refs. [4,7,8].
Baryon asymmetry is generated through the decay of four
right-handed Majorana neutrinos and is intimately related
to the single CP phase in the TBM seesaw mixing. The sign
and magnitude of the asymmetry constrains the parameter
space of the model and resolves the sign ambiguity in the
TBM phase.

We have shown that low energy CP violation does not
yield any high energy CP asymmetry when all charged-
lepton flavors are considered equivalent. This happens
because the only source of CP violation, the TBM phase,
is introduced in a diagonal matrix and does not enter in
the calculation of the CP asymmetry. However, flavored
leptogenesis remains viable and the low energy C# phase
generates non-vanishing CP asymmetry.

The conventional analysis of thermal leptogenesis
assumes a hierarchical mass spectrum of the Majorana
neutrinos, where the asymmetry generated by the heavier
ones are washed out completely and only the decay of the

lightest one yields the baryon asymmetry. Such a generic
picture does not apply to the model discussed in this paper
as the mass spectrum is non-hierarchical in the parameter
space of interest. We have considered the decay of all four
Majorana neutrinos in flavored leptogenesis and the result-
ing density matrix equations have been solved numerically.
Our calculation of the baryon asymmetry relates the
previously undetermined parameters of the model and
determines the masses of the Majorana neutrinos to be
of O(10''-10'?) GeV.

We have illustrated that the unresolved sign of the TBM
phase is related to the sign of the baryon asymmetry.
Requiring the baryon asymmetry to be positive determines
the sign of the TBM phase. Of the two variants of the
vacuum expectation values considered in this paper, one
case fixes the sign of the TBM phase to be consistent with
the current experimental data in the whole parameter space
away from mass degeneracies, whereas in the other case
both signs generate positive asymmetry in different parts of
the parameter space.

The discussion in this paper has been limited to thermal
leptogenesis in the strong washout regime, where the
dynamics are described by density matrix equations.
However, the mass spectrum in the model offers richer
phenomenology. The parameter space includes regions of
nearly degenerate Majorana neutrinos, where the CP
asymmetry is enhanced resonantly. This can further lower
the required mass scale for reproducing the observed
baryon asymmetry, even to the TeV scale. The discus-
sion of resonant leptogenesis in this model remains out of
the scope of this paper and will be addressed in a
future work.
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APPENDIX A: THE CASE FOR THE
SU(S) X 713 X 214 MODEL

In this Appendix we show that the SU(5) x 713 X Z4
model discussed in Ref. [8] does not yield successful
leptogenesis even for the three flavor approximation. The
particle content and their transformation properties are
listed in Table II:

The familon ¢, of the SU(5) x 73 x £, model is
replaced by the familon ¢,, which contributes a term
NN,g@., replacing the term N A, in the Lagrangian
Eq. (4). In Ref. [8], the VEV of ¢, was determined to
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TABLE II. Charge assignments of matter, Higgs, messenger
and familon fields in the seesaw sector. Here 5'* = 1. The Z,,
shaping symmetry is required to prevent unwanted tree-level
operators.

F N N, Hs N 94 o5 o
sus) 5 1 1 5 1 1 1 1
T13 31 32 1 1 3_l 3_2 32 3_2
Zy A A S S S A

be (¢,)o = mj, (by', —2b3", b3'), where the parameter m,,,
is related to the other parameters by

6I’I’l;iZ + mb1b2b3 N 1

= k
mb1 b2b3 0.48

(01 0 0
Y<0>E<VH’;’” 10 0 0 (A1)
0\0 0 —e® 0

The Majorana mass matrix gets contribution from the new
term NN,¢, and can be written as

0 1 t
I 0 1 =2¢
M=b , (A2)
1 0 ¢
t =2t t a
a(k-1)

where as% and t = -

yields M =U,,D,U,,, where

Its Takagi factorization

using o.scille.lti.on data. . . D,, = diag(M,, My, M3, My,), (A3)
For simplicity we set b; = b, = by = b. Thisresultsin a
simpler Dirac Yukawa matrix
S A it t
V2 V3 J@k=My—1)a—(M5-1)  \/(ktMs—1)a+(M,+1)
0 1 —2it =2t
V3 J@k=My—1)a—(M3=1)  \/(2k+My—1)a+(My+1)
u, = et » . , (A4)
V2 V3 kM )a—(My=1)  \/(2k+My—1)a+(Myt1)
0 0 —i (M3=1) My+1

v/ (2k=M3~1)a—

Mi=b, M, :%( (a=1)>+4ak—(a=1)).

M,=2b, M4:§< (a—1)2+4ak+(a—1)). (A5)

The Neutrino Yukawa matrix in the weak basis is

defined as

Y, =UD YO, (A6)
We now show that the CP asymmetry vanishes in
this model.

The CP asymmetry in the three flavor approximation
is calculated from the diagonal elements of Eq. (21)
and depends on the terms Im[(Yl*/)m(Y,,)aj(YZYU)U] and
Im[(Y:)ai(Yu)aj(YZYu)jiL where j # i.

Explicitly calculating Y’ Ty ,» we see that the nonzero off-
diagonal elements are (34) and (43) and they are imaginary.

Hence the CP asymmetry is zero unless eitheri = 3, j =4
ori=4,j=23.

(M3=1)  \/(2k+My=1)a+(M,4+1)

Consider the case i = 3, j = 4. Since (Y} Y,)3, is imagi-
nary, the CP asymmetry would vanish if (¥}),3(Y,)q is
imaginary.

The nonzero elements of Y© are in the (12), (21), and
(33) position, where the first two are real and the last one is
complex. From Eq. (A6), we can write

1T

NV Un) s, (A7)

(Y5)es = U

(Y))s = U)o Yo Ui s (A8)

where {k, [} and {m,n} can be {1,2} or {2,1} or {3,3}.
Thus, the product

(Y’f)aa(YD)OA - Z (u(_l)T)akYI(c(l)> (um)IS(u(_lf)am

k.l,m,n

X Y (U) (A9)

is the sum of nine terms:
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term1:

{k.1} = {1.2}. {m.n} = {12},
{k.1} = {1.2}. {m.n} = {2.1},
{k.1} = (2.1}, {m.n} = {12},
{k. 1} = (2.1} {m.n} = {2.1},
{k.1} = 3.3} {m.n} = {3.3},
{k.1} = {1.2}. {m.n} = {3.3},
{k.1} = {3.3}. {m.n} = {1.2},
{k.1} = (2.1} {m.n} = {3.3},
(k1) = {3,3), {m.n} = {2,1}.

In Eq. (A7), the elements of 24/(~!) are always real. Notice
that (U,,) 3 is imaginary and (U},,),, is real for any / and n.
Moreover, (Uy,)3 = _%(UM)B = Up)s3 and (U,,)14 =
—%(Um)% = (Um)34-

In terms 1-4, the only imaginary component is (U,,)
and all other components are real. Hence the terms 1-4 are
imaginary.

For term 5, Y2 contributes ¢/ and Y3 contributes e,

thus making the product Y gg) Yg(;)* real. (U, )43 is imaginary

and all other components are real. Therefore the term 5 is
imaginary.

Next, we consider the terms 6—7. Explicitly writing their
sum, we get

term?2:
term3:
term4:
term5:
term6:
term7:
term 8§ :

term9:

U )V Un) s U)oV Ui )
+ (U(_I)T)aaygg)* U )3 (u<_m)a1 Ygg) ()2

Lo - 0 « i —i
5 U ) U)o |V U)oy (U, )a (€ 4 )

= — (U U |V U)oU) 24 cO5 6.

In the second line, we have used —3(U,,)p; = (Uyn)s3

and —1 (U,,)04 = (U,,)34 and the fact that UV is real.
!

5 —0.7441i =F 0.1426 4+ 0.3414i
Y, = Ty —0.6604; +0.0404 — 0.4240i
v
—0.1013; +0.7848 + 0.2567i
and
1
+ bmv O
I/Yy 2
v 0

—0.6258i\/a 0.3613i\/a 0

0.5471 F 0.1009i

The third line is imaginary since (i,,),3 is imaginary and
all other components are real. Hence the sum of the terms
6-7 is imaginary.

Similar arguments can be used to show that the sum
of the terms 8-9 are imaginary. Therefore, the right hand
side of Eq. (A7) is imaginary and Im[(Y?) ;(Y,),;(YiY,), il
is zero.

The case for i = 4, j = 3 is the complex conjugate of the
case i = 3, j =4 and thus implies the same conclusion.

Hence the SU(5) x 73 x £, model does not yield
successful leptogenesis for the simple choice of VEV b =
b, = b3 =b in the three flavor approximation. More
general vacuum expectation values, for example the two
cases discussed in Sec. V, can result in nonvanishing CP
asymmetry. It is beyond the scope of the present paper and
will be pursued in a future work.

aj(

APPENDIX B: THE CASE FOR f=1 IN THE
SU(S) X 713 X le MODEL

In the SU(5) x 713 X Z;, model, setting f =1, i.e.,
b, = by, = by = b implies that two of the mass eigenvalues
are same:

(B1)

In the context of leptogenesis, when two right handed
neutrinos have the same mass, their interference with each
other yields zero CP asymmetry. However, their interaction
with the other right handed neutrinos can, in general,
generate nonzero CP asymmetry and may result in suc-
cessful leptogenesis. In this Appendix we explore this
possibility.

In this case the Dirac Yukawa matrix Y%, the Majorana
matrix M and the unitary matrix /,, can be read either
from Egs. (36), (37) and (39), or from Egs. (43), (44), and
(46), by setting f = 1. For 6 =F 78°, this yields

(0.5890 4 0.0515i)\/a

From explicit calculation, we see that the following relation holds:

[Vt (Y)s + (V)as (V) (VY )ar = =[(Y)aa (Yo)pu + (Vo)aa (Vo)) (YY)

_0.6178 £ 0.0285i (0.2601 F 0.0146i)\/a |.  (B2)
0.0091 + 0.5549;  (0.1561 F 0.28351)\/a
0 0 0.62581'\/5
1 0 -0.3613;
a (83)
0 1 0
0.5221a
(B4)
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Using this relation and the fact that M; = M, for f = 1, we
calculate the CP- asymmetnes following Eq. (21):
@ € ﬁ) = —¢ ﬂ> For 8(2 the only nonzero off-diagonal

elements in Y;Y, are (Y)Y,),, and (Y]Y,),
Hence in this case, i = 1, j = 4 is the only combi-

nation yielding nonzero terms. Since (Y,Y,),, =
—(Y}Y,)4» Eq. (21) gives

L) i[(Y)) o1 (Y2)pu + (Y:f)ﬁl(yy)aﬂ(yzyu)m
i 167(Y}Y,),,

SUORON

)

Similarly, for Eap> only i = 2, j = 4 yields nonzero
terms. Using (Y} Y,),, = —(Y}Y,)4, Eq. (21) gives

L2 _ i[(Y) e (Y) pa + (Yi)ﬂz(yu)(z4}(yzyu)41
o 16”(YZYD)22

) -G
X> %)
Since (Y}Y,);; = (YiY,)y» and x; =x,, using

Eq (B4) in Egs. (BS) and (B6) results e = ).
(i) e
(i) & %

(BS)

(B6)

—OSmce(Y Y,);; = 0 forany j # 3, 8(3/,) =0.
Eop = 0 In this case the nonzero terms correspond to
i=4and j=1, 2. Using (Y}Y,); =—(YiY,)
Eq. (21) yields

ji

R i((Y)as(Y2)p1 + (Y)pu(Y D) (YiY,) 41
ke 167T(YT M
()}
(Y)Y g2+ (YD) (V) ) (Y0Y,)go
162(Y5Y,) 4
Q-G w

Using x; = x, and Eq. (B4), this yields eg;) =0.

Since the masses of N; and N, are same, the number
densities and their derivatives would be same: Ny = Ny,
dNNl dNy,

and == Thus in Eq. (17), the source term on the
right hand side becomes
(i eqy _ (0NN, @) dNN
_Z:gaﬂD (Ny, = NN,-) = <gaﬂ @ Ly Eap i p
dN dN
(3) ¢YN (4) ¢VN,
+ 8(1/3 dZ : 8{1/)’ dZ
=04+04+0=0.

The first two terms yield zero since 81(12 = —efﬁ) and

dN dN ) .
d;" = dgz. The last two terms vanish since the CP

asymmetries are zero.

APPENDIX C: ROBUSTNESS OF THE RESULTS
WITH RESPECT TO 6

The only source of low energy CP violation in the
asymmetric texture is the TBM phase |5 = 78°, whose
magnitude was determined in Ref. [4] to match the reactor
angle to its 2018 PDG central value [52]. In this Appendix
we investigate if this value of § is contained in the range
that reproduces all three PMNS angles within 3¢ of their
2020 PDG central values and if the leptogenesis results
derived in Sec. V are robust with respect to the variation of §
within this range.

The dependence of the PMNS angles on 6 is shown in
Fig. 7. The shaded regions represent the 3¢ range of
the latest PDG fit [1]. For 66° < +6 < 85° all three
PMNS angles are within 3¢ of their PDG central value.
The corresponding range for the Dirac CFP phase is
1.277 < F6cp < 1.357, consistent with the PDG fit
oPPS =1.37+£0.17x [1]. Hence the results of Ref. [4]
are compatible with the 2020 PDG data.

In Sec. VI, we showed that the final B — L asymmetry
is proportional to sind. If o is allowed to vary in
66° < 6 < 85° the Majorana masses required to repro-
duce the observed asymmetry will vary by a factor of
O(sin66°/ sin 78°) ~ 0(0.93) to O(sin85°/ sin78°) ~
O(1.02). Hence the results are robust with respect to the
variation in 9.

- 913 - 923 - 012

0
-150 -100 -50 O 50 100 150
50

FIG. 7. Dependence of the PMNS angles on the TBM phase 6.
The shaded area represents the 36 range of the angles from
the 2020 PDG fit: sin?6,3 = 0.0218 4 0.0021, sin? 6,3 =
0.545 4 0.063, and sin”,, = 0.307 4 0.039 [1]. The common
region where all three angles are within their 3¢ fit is
66° < +6 < 85°
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