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Abstract

We investigate thermal leptogenesis within a supersymmetric grand unified theory (SUSY GUT)
based on the SO(10) x U(1) 4 symmetry, where both the doublet—triplet splitting problem and the
unrealistic Yukawa relations are resolved under the natural assumption that all symmetry-allowed
interactions appear with O(1) coefficients. In this framework, the structures of the Dirac neutrino
Yukawa couplings and right-handed neutrino masses are determined entirely by the symmetry.
The baryon asymmetry of the Universe is computed taking into account the flavor effects, Higgs
asymmetry contributions, and the impact of the second-lightest right-handed neutrino. While the
predicted asymmetry is too small when all O(1) coefficients of the Dirac neutrino Yukawa couplings
are set to unity, a moderate enhancement factor r; ~ 5.4 for the lightest right-handed neutrino
mass reproduces the observed baryon asymmetry without spoiling low-energy neutrino data. This
corresponds to a suppressed lightest neutrino mass, m,, ~ (1/r1) x (symmetry-determined value),
typically m,, ~ 4.5 x 107%eV. We further explore cases where the O(1) coefficients of the Dirac
neutrino Yukawa couplings are +1, and find that roughly half of them successfully generate the
observed baryon asymmetry for r; < 11. Moreover, the others yield results of the correct order
of magnitude, although they do not generate the observed Baryon asymmetry. These findings
demonstrate that thermal leptogenesis is realized in this SO(10) x U(1)4 SUSY GUT, establishing

a link between the observed baryon asymmetry and predictions for the lightest neutrino mass.
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I. INTRODUCTION

The Standard Model (SM), completed with the discovery of the Higgs boson in 2012,
is a highly successful theory that explains most known phenomena. Nevertheless, several
phenomena remain beyond its scope, such as neutrino oscillations, the baryon asymmetry of
the universe, dark matter, and inflation. Neutrino oscillations, however, can be accounted
for by endowing neutrinos with tiny masses. The simplest and most natural way to generate
neutrino masses is to introduce right-handed (RH) neutrinos in addition to the left-handed
(LH) ones. Since all quarks and leptons in the SM except neutrinos already possess both LH
and RH components, the inclusion of RH neutrinos can be regarded as a natural extension
of the SM. Moreover, introducing RH neutrinos is particularly compelling not only because
it explains why LH neutrinos are much lighter than the other quarks and leptons [1-4], but
also because it can account for the baryon asymmetry of the universe via the leptogenesis

mechanism [5].

If we estimate the mass scale Mpr of RH neutrinos using the seesaw formula m, =
yﬁDzﬂ /Mpg, with the Dirac neutrino Yukawa coupling y,,, ~ 1, Higgs vacuum expectation
value v ~ 175 GeV, and neutrino mass m, ~ 0.05 eV, we obtain Mz = 6 x 10* GeV := A,
which is close to the supersymmetric grand unification scale A¢ = 2 x 10! GeV. This
proximity strongly suggests a class of grand unified theories (GUTSs) in which RH neutri-
nos acquire mass through the spontaneous breaking of the unified group. An SO(10) GUT
is precisely such a theory [6]: it unifies one generation of quarks and leptons (15 compo-
nents) together with one RH neutrino (1 component) into a single 16-dimensional spinor

representation, where the RH neutrino cannot acquire mass unless SO(10) is broken.

Unfortunately, the simplest SO(10) GUT suffers from a problem of Yukawa unification,
Yu = Yd = Ye = Yy, arising from quark-lepton unification. Here, vy, y4, e, and y,,,
are the Yukawa matrices of up-type quarks, down-type quarks, charged leptons, and Dirac
neutrinos, respectively. The observed quark and lepton masses and mixing angles clearly
contradict this unrealistic relation. Since the 1990s, when neutrino oscillations were first
reported, SO(10) GUTs have been extensively studied, including attempts to resolve this

Yukawa unification problem.

On the other hand, difficulties also arise in implementing thermal leptogenesis within

SO(10) GUTs, particularly when attempting to reproduce neutrino masses and large mixing
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angles. The observed neutrino masses and mixing angles suggest a weak mass hierarchy
among LH neutrinos. In contrast, simple SO(10) GUTs typically predict that the Dirac
neutrino Yukawa hierarchy
mirrors that of the up-type quarks, forcing the RH neutrino mass hierarchy to be the
square of the up-type quark hierarchy:
ma\> (me\’
M, ~ ((—“) , (—) , 1) Mp ~ (10°GeV, 10" GeV, 10"°GeV).

my my

however, requires the lightest RH neutrino mass to exceed ~ 10° GeV in order to account
for the observed baryon asymmetry[7]. The above prediction clearly violates this David-
son-Ibarra bound.

One possible way to circumvent this problem is to incorporate the effects of the second-
lightest RH neutrino [8-16]. At temperatures above 10'3 GeV, where the 7 Yukawa inter-
action is not yet thermalized, the lepton asymmetry generated by the second-lightest RH
neutrino is typically washed out by the thermal interactions of the lightest RH neutrino,
so the lightest one dominates. However, at temperatures below 103 GeV, where the 7
Yukawa coupling becomes thermalized, each lepton flavor asymmetry must be treated sep-
arately [17-19]. In such cases, the effects of the second-lightest RH neutrino may not be
negligible. Since its mass satisfies the Davidson—Ibarra bound, it can potentially generate the
observed baryon asymmetry, motivating many studies in this direction. Still, a fundamental
question remains: why does the RH neutrino mass hierarchy become so much stronger than
other Yukawa hierarchies? This poses a significant obstacle when one attempts to explain
the Yukawa structure through flavor symmetries.

One of the simplest ways to relax the unrealistic Yukawa unification in SO(10) GUTs is
to introduce a 10-dimensional matter representation in addition to the three 16’s [20-22].
When the three spinors 16; (i = 1,2,3) and one 10 are decomposed into SU(5) multiplets,
we obtain 16, = 10; +5; + 1, and 10 = 5+ 5’, which yield four 5’s in total. Upon breaking
SO(10) to SU(5), one pair of 5 + 5 becomes superheavy. Assuming that 53, which has
larger Yukawa couplings, is the superheavy field, the SM fermions are then composed of
5., 5', and 5y. If the first, second, and third generations of quarks and leptons are built
from 5, 5, and 5,, respectively, the hierarchy among 5’s becomes very mild, almost flat.
Consequently, compared with the 10,’s of SU(5) that retain the original strong generational

hierarchy, the 5 hierarchy is much weaker. This construction explains not only the differing



mass hierarchies of quarks and leptons, but also why quark mixing angles are smaller than
lepton mixing angles.

The resulting Yukawa relations are y, # yq = y2 ~ y. . If the SU(5) relation yq = y! is
avoided, realistic Yukawa matrices can be obtained. Importantly, realistic neutrino masses
can also be realized with a much milder RH neutrino hierarchy, requiring only the first power
of the up-quark hierarchy:

M,, = (@ e 1) (Yo )33 M ~ (105GeV, 10" GeV, 1013GeV),

my My

where (v, )33, the (33) element of the Dirac neutrino Yukawa matrix, is significantly smaller
than unity (taken here as 0.04) because 53 became superheavy.

Notably, this framework naturally reproduces the various quark and lepton mass hier-
archies and mixing angles within SO(10) GUTs when combined with family symmetries
such as anomalous U(1)4. Nevertheless, even in this case, the lightest RH neutrino mass
is 10® GeV an improvement, but still below the Davidson-Ibarra bound. It has therefore
been argued that non-thermal leptogenesis mechanisms may be required to reproduce the
observed baryon asymmetry [12].

In this paper, we numerically calculate the baryon asymmetry via thermal leptogenesis,
taking into account supersymmetric effects, flavor effects, and the role of the second-lightest
RH neutrino in a natural SO(10) GUT, where the above Yukawa structures are realized but
the SU(5) relations are avoided. In this GUT scenario, the doublet—triplet splitting problem,
one of the most serious issues in SUSY GUTs, can also be solved under natural assumptions.
The baryon asymmetry computed in this model is much smaller than the observed value
when all O(1) coefficients are taken as unity. However, increasing the O(1) coefficient
associated with the lightest RH neutrino mass yields a sufficiently large baryon asymmetry.
Note that raising the lightest RH neutrino mass does not affect neutrino observables, except
for the lightest active neutrino mass, which has not been unmeasured yet. We therefore
analyze how large the lightest RH neutrino mass must be to reproduce the observed baryon
asymmetry. We find that for r; ~ 5-6, the observed baryon asymmetry can indeed be
obtained. In this case, the mass of the lightest LH neutrino is predicted to be 1/r; of the
symmetry-determined value.

For comparison, previous numerical studies considering supersymmetric and flavor effects

have been performed in Eg GUTs, where about 16 times larger lightest RH neutrino mass
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than the value fixed by the symmetry was required. In Eg GUTSs, the presence of six RH
neutrinos allows for a separation between those responsible for LH neutrino masses and
those relevant for leptogenesis. Thus, even when the lightest RH neutrino mass is increased,
no predictions arise for low-energy observables. Furthermore, those studies did not include
the effects of the second-lightest RH neutrino.

The structure of this paper is as follows. In section II, we review the natural SO(10) GUT.
Section III provides a review of leptogenesis in the natural SO(10) GUT, while section IV
presents our numerical results. In Section V we compare our results in natural SO(10) GUT

with those in natural Eg GUT. Finally Sec. VI is devoted to the summary.

II. NATURAL SO(10) GUT

In this section, we briefly review the natural SO(10) GUT[20-22]. Table I lists typical
quantum numbers for a natural SO(10) GUT. In simple terms, a “natural” GUT is one in
which the two issues present in SUSY GUTs —the doublet—triplet splitting problem and the
unrealistic Yukawa relations arising from matter unification—are resolved under the natural
assumption that all interactions allowed by the symmetry are present with O(1) coefficients.
An essential role is played by an anomalous U(1)4 gauge symmetry. Although anomalous
at first sight, the U(1)4 anomalies are canceled by the Green—Schwarz mechanism[23], i.e.,
by a dilaton shift. One may regard this as a U(1) gauge symmetry with a Fayet—Iliopoulos
(FT) term,

{2/d29 d*0Vy,
where ¢ is the FI parameter and Vj is the vector supermultiplet of U(1) 4.

In many constructions, the anomalous U(1)4 also serves as a flavor symmetry. For
example, retaining only the matter fields ¥; (i = 1,2, 3), the Higgs field H, and the flavon
©, the U(1) s—invariant superpotential is

/&) Yi++h
) W, H, (1)

Wy =y (X

where A is the cutoff scale, y;; are O(1) coefficients, and 1; and h are the U(1)4 charges
of ¥; and H, respectively. We take the U(1)4 charge of the flavon © to be —1. Imposing
D-flatness fixes the VEV as (0) = £ = AA, and in this paper we use A ~ 0.22. Thus,

Wy = yy X+ B, A (2)
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TABLE I: Field content of a natural SO(10) GUT with U(1)4 charges which are denoted
by small characters. The 4 labels denote the Z, parity.

S0O(10) negatively charged fields positively charged fields matter fields
45 Afa=—-1,-) Al(d =3,-)
16 Cc=—-4,+) C'(d=3,-) Ui =93, 92="0,03=3,4)
16 C(c=-1,+) c'@E@=1,-)
10 H(h=-3,4) H' (W =4,-) T(t=2,+)
! or=-t4 S(s=5,4)
Z(z=-2,—), Z(z=-2,—)

The crucial point is that, under the natural assumption that all symmetry-allowed operators
—including higher-dimensional ones— appear with O(1) coefficients, hierarchical Yukawa
structures are reproduced automatically[24]. When this assumption is extended to the whole
theory, including the Higgs sector responsible for breaking the unified gauge group, the
resulting framework is referred to as a natural GUT. Apart from the O(1) coefficients, the
theory is then essentially fixed by symmetry.
The VEV of a field F is determined by its U(1)4 charge f as[20-22]
ATA(f<0),
(F) ~ (3)
0 (f>0).
For example, the positively charged fields A’, ¢, C’, H', and S in Table I have vanishing
VEVs, while the negatively charged fields A, C, C, ©, Z, and Z can develop nonzero VEVs.
The VEV (A) ~ A~*A breaks SO(10) — SU(3)c x SU(2), x SU(2)g x U(1)p_r, and the
VEVs (C) = (C) ~ A= 3% A ! break SU(2)z x U(1)p_r, — U(1)y.
As discussed in Ref. [21, 22|, gauge coupling unification in a natural GUT requires the

cutoff A to coincide with the usual GUT scale Ag ~ 2 x 101® GeV. An interesting prediction

is enhanced proton decay, since the adjoint VEV (A) ~ A™%Ag is smaller than Ag itself. It is

! The gauge-invariant VEV (CC) scales as A~(¢t®A2. SO(10) D-flatness requires (C) = (C), hence

(C) = (C) ~ A=A



particularly important that positively charged fields have vanishing VEVs ? ; consequently,
operators with negative total U(1)4 charge are forbidden by symmetry. This “supersym-
metric zero mechanism” is crucial for resolving the doublet—triplet splitting problem.

Under this natural assumption, both issues of SUSY GUTs can be addressed. For in-
stance, since (A) ~ A~*A, the contribution from the higher-dimensional operator
AVitvitathy, (A/A)U; H is of the same order as that from AV T%+" U, U, H. Thus, the unre-
alistic Yukawa relations from matter unification are naturally avoided. We do not elaborate
on the solution to the doublet—triplet splitting problem here, as it is not directly related to
the subject of this paper.

A. Quark and Lepton Mass Matrices

For leptogenesis in the natural GUT, it is important that both the Dirac neutrino Yukawa
couplings and the RH-neutrino masses are symmetry-determined. Their explicit values are
summarized in Table II.

Note that the Dirac neutrino Yukawas are not as large as those predicted by the naive
SO(10) relation y, = y,,,. This is because, in addition to the three spinor matter fields ¥,
(each in the 16, i = 1,2,3), one introduces a vector T (in the 10). Upon decomposition

under SU(5),
16, = 10, + 5, + 1;, (4)
107 = 57+ 5y, (5)

so that four 5 representations appear in total. One of these, together with 57, becomes

superheavy after developing the VEVs (C) = (C') which break SO(10) into SU(5), and the
SM fermions correspond to the remaining three 5’s. It is reasonable that the 55 with the

largest Yukawas becomes the heavy mode 5,;, so that the three generations are mainly
(5(1]7 5(2]7 5%) ~ (517 5T7 52) (6)
As a result, the Dirac neutrino Yukawas are suppressed. Indeed, since

By~ B+ ASB) 4 (7)

2 Strictly speaking, we assume all positively charged fields have vanishing VEVs. Because U(1) 4 D-flatness
imposes £2 + 3 2| Z;|? = 0 with £€2 < A%, negatively charged fields are forced to acquire small VEVs.

Such vacua can have interesting low-energy implications.



TABLE II: Three RH-neutrino masses and Dirac neutrino Yukawa entries fixed by

symmetry in this scenario, up to O(1) coefficients.

parameter value
Wolfenstein parameter A 0.22
GUT scale Ag 2.0 x 10'6 GeV
N1 mass M = A2Ag 2.6 x 108 GeV
Ny mass My = MOAs 5.3 x 10 GeV
N3 mass Mz =XAg 2.7x102GeV
(el) of (Yup)ai  (Wupler = A8 1.1 x107*
(1) of (Yup)ai  (Wup)u1 = A® 2.4 x 1074
(71) of Wup)ai  (Wup)r1 =A° 52x 1074
(€2) of (Yup)ai  (Yup)e2z =X 52 x 107*
(12) of (Yup)ai  (Yup)u2 = A*P 1.1 x 1073
(72) of (Yup)ai  (wp)ra =A* 23 %1077
(€3) of (Yup)ai (Yop)es =A% 1.1 x 1072
(13) of (Yup)ai  (Yup)us = A2P 2.3 x 1072
(73) of (Yup)ai  (Yup)rz =A* 4.8 x 1072

the state 59 inherits Yukawa couplings. In the model of Table I, one finds A = t — 3 +
(¢ —¢) = 2.5, leading to

)\6 /\5 )\3 )\6 )\5.5 /\5
Yu o [N NN gavye vy, [ AT A N (8)
/\3 /\2 1 )\3 )\2.5 /\2

which yield realistic hierarchies. The SU(5) relation y; = y! can be avoided by contri-
butions involving the adjoint VEV (A) ~ A~*A, because the higher-dimensional operator
AVttt AW H is of the same order as AYi ™%t " 0, W, H and does not respect exact SU(5)
relations. Consequently, realistic Yukawa matrices are obtained.

The RH-neutrino mass arises from

/\wi+¢j+25\11i\1;j 02 = (M

VR

Jij ~ AVERIEETE, (9)
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where (C) = (C) = A=zt A s fixed by the charges. Without loss of generality, we may
take (M, ) diagonal, (M,,,,);; = A\¥it¥i¢=¢A§;;. Then the LH-neutrino masses are generated

via the seesaw:

)\2 )\1.5 )\
2
(M) = (M) (M) ™ (M,)7 o X |35y 0 | (10)
/\ /\0.5 1

with M,, := y,,v and v the SM Higgs VEV, yielding the observed neutrino masses. The

quark and lepton mixing matrices are

1 2\ 1 A% )
Verm ~ | A 1 M2, Viuns ~ | A% 1 X035 [ (11)
A A% 1 A N0

It is important that M, is also fixed by the U(1)4 charges. For example,

U2

(M,)s5 = )\2w2+2h—é+cK’ (12)
so that, even after summing over RH generations, the dependence on the RH charge 1
cancels. This indicates that when RH-neutrino masses are symmetry-fixed, the individual
RH contributions to LH masses are of comparable order.

For later use, we parametrize an O(1) coefficient m for the lightest RH-neutrino mass,
M, := r M, since the generated baryon asymmetry is highly sensitive to this parameter
(all other O(1) coefficients are set to unity). Here M, denotes the mass for r; = 1. The
observed neutrino masses and mixings remain unchanged even for r; > 1. Because the

three RH states contribute comparably to M,,, the heavier two LH eigenvalues are essentially

unchanged. However, using

[det(M,,)]*  [det(M,,)]
mymyamys = det(M,) = dot(M,) MMMy (13)

we see that the lightest LH-neutrino mass is reduced by a factor 1/r; relative to its symmetry

value. Since the mixing angles are unaffected, increasing M; by 7y lowers m,,; by 1/ry, while

other low-energy neutrino observables remain essentially unchanged.

III. LEPTOGENESIS IN SO(10) x U(1)4 MODEL

A B — L asymmetry is dynamically generated through CP-violating (inverse) decays and

scatterings of RH neutrinos. The baryon (B) and lepton (L) asymmetries are defined as
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the net differences between baryons and antibaryons, and between leptons and antileptons,
respectively. Part of the generated B — L asymmetry is converted into a baryon asymmetry

via sphaleron processes [25],

8

Ya(ty) = 2—3YB L(ty), (14)

where t¢ denotes the freeze-out time of Yz_; and ¢, the present epoch. To account for the
observed baryon asymmetry, one requires Y5>, ~ 2.5 x 10719 [26]. The final freeze-out value
Yp_1(ty) is obtained by solving a coupled network of Boltzmann equations (see Appendix
A). The generated B — L asymmetry depends on both the neutrino Yukawa couplings and
the RH-neutrino mass spectrum, which are dictated by the SO(10) x U(1)4 GUT structure.
Thus, the prediction for baryon asymmetry directly reflects the underlying GUT model. To
highlight this connection with the model parameters, we first outline the basic mechanism of
unflavored (“vanilla”) leptogenesis, and then discuss the flavor-dependent dynamics essential
for evaluating B — L asymmetry within SO(10) x U(1) 4.

At temperature T' > 10'3 GeV, charged-lepton Yukawa interactions are out of thermal
equilibrium. 2 In this case, the generated lepton asymmetry is mainly controlled by the
CP-asymmetry parameters ¢; and decay parameters K;. The total CP-asymmetry can be

expressed as [27]

€ —eN + e v, + e —|— e 465\?
== 2 Zlm yVDyVD 2]:| (M2/M2) (15)
(yuDny -

where

o, DN =l +H,)—T(N; = lp + H})

L = -
i F(Ni — 0+ H,) +T(N; — 0 + H})
3
=—-o- IHI yl/DyVD i ] (MQ/ME), (16)
87 (yuDyuD Z ’ !
2 1+
f(m):ﬁ<m+ln[ T }) (17)

The other CP asymmetries e(]g\%, EENL', and e% are defined analogously. Here £, /, L, and NZ

i

denote lepton doublets, slepton doublets, and RH sneutrinos, respectively. The resulting

3 The precise scale depends on tan 3 := (H,)/(H,), since charged-lepton Yukawa couplings scale with tan 3.

Here H, and H; denote the up- and down-type Higgs doublets, respectively.
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B — L asymmetry is essentially proportional to €; (up to washout effects). The efficiency of

washout is governed by the decay parameter

YT H(T =M)  Vardg, 8 M,

where g, counts the effective number of relativistic degrees of freedom.

If K7 < 3, the contribution from No must be taken into account. For K; 2 3, washout
processes erase any dependence on initial conditions and suppress contributions from heavier
RH neutrinos. In contrast, for K; < 3, washout is weak, allowing asymmetries generated by

heavier states to survive.

When the temperature falls below 10'® GeV, the 7 Yukawa interaction equilibrates, mark-
ing the onset of the flavored regime of leptogenesis. As temperature decreases further, ad-
ditional Yukawa interactions equilibrate, causing the lepton asymmetry to decohere into
independent flavor components. Accounting for these flavor effects is crucial, as they can
qualitatively change the efficiency and even the sign of the final baryon asymmetry.

In what follows, we focus on the interplay between flavored CP asymmetries €,; and
flavored decay parameters K,; (v = e, p, 7) within the SO(10) x U(1)4 framework. This
allows us to quantify how the flavor dynamics amplify the baryon asymmetry compared to

the unflavored case.

In our setup, we track the asymmetries generated by N; and Ny, while neglecting N3
because of its much higher mass scale (M3 > M, 5) and the strong washout expected from
K, > 1. Numerically, the relevant scales are M; ~ 2.6 x 10° GeV and M, ~ 5.3 x 10° GeV,
placing the thermal window in the range 107 < T < 10 GeV. In this regime, the 7 and
1 Yukawa interactions are in thermal equilibrium, whereas the electron Yukawa is not. As
a result, the flavor coherence of the SU(2), doublet leptons is broken, and the asymmetry
evolves separately in the 7, p, and e sectors [17-19, 28]. This phenomenon is known as the
flavor effect in leptogenesis.

Earlier studies have shown that flavor effects can significantly alter the final baryon
asymmetry, especially in the strong washout regime (K > 1) [17, 19]. The enhancement
is particularly pronounced for hierarchical neutrino Yukawa couplings, which is exactly the
case in the SO(10) x U(1) 4 models where most O(1) coefficients are taken to be unity except
for the one controlling the mass of the lightest RH neutrino. In this setting, the flavored

11



TABLE III: Flavored CP asymmetries and decay parameters for r; = 1 in SO(10) x U(1)4

GUT scenario.

€ €ei € i €ri K| Kei | K,i | K7
Ny|[—1.6 x 1077|—=6.1 x 1072]—2.8 x 1078|—1.3 x 10~7|51|1.9| 8.7 | 40
Nol|—1.7x 1076|—6.1 x 1078]—2.8 x 1077|—1.3 x 107%|51[1.9| 8.7 | 40
decay parameters, Ko; :=I'n, 0, 5(T = 0)/H(T = M,), read
— /2.6 x105GeV K, —
Kal - Ka <—e> - Ka? — Ka (19)
M, ™

with K, = 1.9, K, = 8.7, and K, = 40. These values confirm that the 7 flavor asymmetry
is strongly washed out, while the e and p channels are comparatively weaker. Since
parameterizes the variation in the lightest RH neutrino mass, the washout of N; is directly
governed by this coefficient. Thus, the SO(10) x U(1)4 structure tightly correlates flavor
hierarchies with the flavored lepton asymmetries.

The CP asymmetries are also flavor dependent. They quantify the net number of each

lepton flavor generated per N; decay, and are given by [27]

y D(N; — b, + H,) — T(N; — €1, + H})
F(N —>£L+H)+F(N — 0y + H})

e (nyny - ;Im (W) s W s (U Y )i ) f (M /M), (20)
In the hierarchical limit M; < My, M3, one finds
w3 1 : P e M
€Ny = 5 o ;Im (U8, Y00)7;] o < (21)

demonstrating that the N; contribution scales linearly with ;. Table III summarizes the
flavored CP asymmetries €,; and the decay parameters K,; for r; = 1. The evaluation of €,;
proceeds in three steps. First, we compute (yVD)Zi(yVD)aj(yiDyVD)ij using the real Yukawa
couplings determined by the underlying symmetry (Table II). Second, since all Yukawa cou-
plings are assumed to be complex, we replace the imaginary part with the corresponding
real part, I [(yup )5, (Yon )as (U5, 9w )is] = Re [(Yon)ni(Yon)aj (U5, Yup )ig] - Finally, substitut-

ing these expressions yields the explicit values of the flavored CP asymmetries.
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The evolution of the lepton asymmetry is further constrained by equilibrated SM interac-
tions. Sphalerons and Yukawa scatterings preserve the charges A, = B/3— L, (a = e, u, 7),
with B — L =) _ A,. The Boltzmann equations governing N; and A, thus include redis-
tribution terms encoding how lepton and Higgs asymmetries are mapped into A, through
conversion coefficients Cly and Cf': Yo, =Yy, = =35 ClyVa,, Yy =Yg = =3, CH'Ya,.
The effect of Higgs asymmetry is so-called the spectator effect, which could affect the final
amount of B — L asymmetry by a factor of O(1) [29]. For 108 < T < 10 GeV, the relevant

coefficients are [30]

906 —120 —120
—75 688 —28 |. (22)
—75 —28 688

CH:L<37 52 52), ct

358 ~ 21483

At lower temperatures, additional Yukawa interactions (e.g. down quark) equilibrate. For
tan § ~ 7-8 as favored in SO(10) x U(1)4, this may require a density matrix approach to
fully account for coherence effects. In the present work, however, we adopt the Boltzmann
framework, which suffices for extracting the leading dependence of the baryon asymmetry

on the underlying GUT parameters.

IV. NUMERICAL RESULTS

In this section, we present a numerical analysis of the baryon asymmetry generated in
the SO(10) x U(1)4 model. We begin by examining the dependence of the asymmetry on
M with a fixed neutrino Yukawa matrix. This serves as a first step toward identifying the
favored parameter space in this framework. To further clarify the role of M; within the
model structure, we then analyze three key aspects individually: (a) the contribution of
the second-lightest RH neutrino N,, (b) the impact of flavor effects and spectator effect on
leptogenesis, and (c) alternative patterns of neutrino Yukawa matrices. Finally, we compare
the results with those obtained in the Eg x U(1)4 scenario, highlighting the dependence of

baryon asymmetry generation on the underlying GUT structure.
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FIG. 1: r; dependence of Yp_;, for (a) N + Ny with the flavor effect, (b) Ny + Ny without
the flavor effect, (¢) N; only with the flavor effect, (d) N; only without the flavor effect.

A. M; dependence

Fig. 1 shows the r; dependence of the B— L asymmetry for (a) N;+ N with flavor effects,
(b) N1 + Ny without flavor effects, (c) Ny only with flavor effects, and (d) Ny only without
flavor effects. The gray band indicates the required B — L asymmetry that reproduces the
observed baryon asymmetry. In the most realistic setup, namely N; 4+ Ny with flavor effects,
this corresponds to = 5.4. Such an enhancement is naturally achievable through O(1)
variations in the model parameters.

We first consider the case without flavor effects. As ry increases, the generated B — L
asymmetry grows because the CP asymmetry scales as €; o< ry, while the decay parameter
decreases as K; ~ 50/r; and approaches unity. Since K7 is typically large, the Ny con-
tribution is negligible for M; < Ms, and becomes relevant only when 1 2 10 where M,
approaches M.

Turning to the flavored case, a qualitatively different picture emerges. The key point
is that the flavored decay parameters, in particular K., and K, can be of order unity or
smaller, so the N, contribution cannot be neglected. As shown in Table III, the flavored
decay parameters at r; = 1 are already smaller than the unflavored K7, and since K, o< 1/r,
these become even smaller when r; > 1. Indeed, Fig. 1 demonstrates that the Ny effect

remains significant even for r; = 1, largely because the e-flavor asymmetry retains sensitivity
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to its initial conditions because K, = 1.9 < 3.

From this analysis, the favored value of the lightest RH-neutrino mass is determined
as M; = 5.4 x (2.6 x 10°GeV) = 1.4 x 10° GeV, consistent with the SO(10) x U(1)4
symmetry structure and the observed baryon asymmetry. This further implies a prediction
for the lightest LH-neutrino mass of m,; ~ m,(ry = 1)/ry ~ Nm,3/r; ~ 4.5 x 107 eV.
Here, we have used the relation between LH neutrino masses fixed by the symmetry as

my, (ry = 1) ~ X\?m,, [20, 22], and the measured value, m,3 ~ 0.05 eV.

B. Evolution of B — L asymmetry with N, (without flavor effect)

N1, N2, N1 + N, without flavor (r; = 1)

1078
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10 M 3
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— 107" E
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FIG. 2: Yp_ evolutions for Ny + Ny (blue solid), for Ny only (blue dashed), and for N,
only (yellow dashed). This calculation does not take the flavor effect into account. Gray
band indicates the range of B — L asymmetry required to reproduce the observed baryon

asymmetry.

In order to understand the results of the flavored leptogenesis, we demonstrate the evo-
lution of B — L asymmetry to study the effects of Ny in this subsection. Fig. 2 shows the
evolution of the B — L asymmetry as a function of z := M, /T for r; = 1 in three cases:
[N1+ Ny, [N only], and [N only|. Although the evolution differs clearly among these cases,
the final B — L asymmetry coincides in the [Ny + Ns] and [N; only] cases. This behavior
reflects the strong washout regime, where K; ~ 50 > 1. At early times (2 < 0.5), the B—L

asymmetry is mainly washed out by N, interactions. For Z 2 0.5, however, washout induced
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by N; becomes dominant, driving the total B — L asymmetry toward that of the [Ny only]

case. To understand the result, we examine each stage of the evolution step by step.

[N; only (yellow dashed)]
1. At the early stage (2 ~ 0.001), a B — L asymmetry with the same sign as the CP

asymmetry is generated during the thermal production of /Vy.

2. Once N; approaches equilibrium (0.01 < z < 0.2), the initially produced B — L
asymmetry is partially washed out by CP-conserving processes, such as £; N, — Qrt,
where )7, and t denote the quark doublet and the singlet top quark, respectively.
Concurrently, CP-violating decays of N; generate a B— L asymmetry with the opposite
sign. As the evolution progresses, the positive contribution dominates, and from this

point onward, the total B — L asymmetry remains positive.

3. After Ny decays (z 2 1), the B — L asymmetry experiences a slight reduction due to
ongoing washout processes. Eventually (z 2 10), the asymmetry reaches a constant
value, as the rates of B — L-violating reactions drop below the Hubble expansion rate.

This “freeze-out” value is a conserved quantity in the SM.

[N1 + Ny (blue solid)]

1. For z < 0.2, the B — L asymmetry is primarily determined by Ny decays. Since €9 is
roughly an order of magnitude larger than &, for similar decay parameters (Ks ~ K),
the generated B — L asymmetry exceeds that of the [Ny only] scenario by about one

order of magnitude.

2. For z 2 0.2, the washout induced by N; becomes dominant (K; ~ 50), and the total
B — L asymmetry gradually converges toward the [N7 only] result. It should be noted
that if K7 < 3, the asymmetry in the [N; + N3] context would freeze out before fully

reaching the [Ny only] value, due to the weaker washout effect.

C. Flavor effect on leptogenesis

In this section, we numerically illustrate the impact of flavor effects and spectator effect

within our model parameters. Comparing the black solid line in the left panel of Fig. 3 with

16



(b) N1 + N, with flavor (r; = 5.4)

(a) N1 + N, with flavor (r; = 1)
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FIG. 3: Evolutions of Yp_r and each flavor contribution for r; =1 (a) and 5.4 (b). Gray
band indicates the range of B — L asymmetry required to reproduce the observed baryon

asymmetry.

the blue solid line in Fig. 2, we observe that the final B — L asymmetry is enhanced by
roughly an order of magnitude. This increase is mainly due to the reduced washout arising
from the smaller flavored decay parameters, 1 < K. < K,, < K; < K;. Consequently, the
individual flavored asymmetries satisfy Ya, > YA, > YA, > yyithout flavor “oven though the

corresponding CP asymmetries follow €, < €, < €, < €, as summarized in Table III.

The right panel in Fig. 3 shows the same quantities as the left panel but for r; = 5.4.
Compared to r; = 1, the flavored decay parameters K,; are reduced as K¢ <1~ K, <
K. ~ 8, and the CP asymmetries €, are larger with the relations €. < €,1 < €;1. As a
result, the muon and tau asymmetries are enhanced, while the electron asymmetry is mainly
determined by Ny decays, where €. > €.1 and K., ~ 2, since the washout from N; is weak
for this flavor. These effects together allow the total B — L asymmetry to reach a level

consistent with the observed baryon number.

Fig. 3 also illustrates the z := Ml/ T evolution of the flavored asymmetries for N; + No
with flavor effects. For r; = 1, the strong washout regime leads to a marked suppression of
the muon and tau asymmetries, yielding a total B — L below the observed value. In contrast,
r1 = 5.4 enhances €,; and reduces K, and K, toward unity, resulting in the correct baryon
asymmetry. Values of r; above 5.4 further increase the tau contribution, causing the total
B — L to exceed the required value. Thus, M; is a crucial parameter controlling both the

flavor effects and the magnitude of the flavored CP asymmetries, as reflected in eq.(19) and
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eq.(21).

D. Other patterns of neutrino Yukawa matrices

We so far have computed the flavored CP asymmetries given in Eq. (20) under the
following assumptions. Using the real Yukawa couplings fixed by symmetry (Table II)
with all O(1) coefficients set to unity, we have evaluated (yu, ) (Yup)aj(Uh, Yy )ij.  Since
the couplings are generically complex, we have taken Im [(4u, ) (Yop)as (Ul Yo )is]
Re [(Yup)riYup)aj (i, Yup )ij]. This yields maximal CP asymmetries, because contributions
from virtual RH neutrinos add constructively. In general, cancellations among complex
coefficients can reduce the asymmetries. To explore this, we also consider scenarios where

some Yukawa entries have —1 as their O(1) coefficient.

Flipping signs in the neutrino Yukawa matrix changes the flavored CP asymmetries ¢;, in
magnitude and sign, while the decay parameters remain unchanged. Table IV summarizes
all patterns, which can be classified into 15 patterns (see Appendix B). The leftmost column
indicates which Yukawa components are flipped. Columns two and three show the CP
asymmetry signs for each flavor, including r; = 15 when they differ from r; = 1. Column

max

four gives R™™ = Yp_ 1 (r®) /Y5, | where the B — L asymmetry is maximal, and column

five lists the corresponding r; required to reproduce the observed baryon asymmetry.

All patterns with negative €;, can achieve the observed baryon asymmetry except for
pattern 6. In these cases, all flavored contributions A, add constructively (Fig. 4(a) and
(d)), although two of them (patterns 4 and 5) change the sign of €, between r, = 1 and
15. In pattern 5, A, flips sign near r; ~ 5 due to the sign-change of €;,. Pattern 6 fails
because positive €y, and €y, generate B — L from N, decay with opposite sign, and small

K., K1 S 1 enhances N, sensitivity, preventing the observed asymmetry.

Patterns with mixed-sign €, generally cannot reach the observed asymmetry, except for
pattern 1, due to cancellations among flavored contributions (Fig. 4(b) and (c) ). In pattern
3, for example, the total B — L asymmetry changes sign around r; ~ 6. Overall, seven of
fifteen patterns can achieve the observed asymmetry with certain r; < 15; the others yield

B — L of similar order but slightly below the observed value.

Our calculations may underestimate B — L, since +1 coefficients enhance cancellations.
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TABLE IV: The correlation between the sign pattern of each component of the Yukawa
matrix y,,, and resulting sign of the flavored CP asymmetry €,;, and the corresponding
maximum value of the B — L asymmetry Yp_r. From left to right column, (1) the
components whose signs are flipped, (2) the signs of €1, €,1, €-1, €c2, €2, €-2 for 11 =1, (3)
the signs of €1, €,1, €71, €c2, €2, €72 for 11 = 15, (4) the maximum value of

R(ry) == Yg_p(r1)/ Y5>, , and (5) r; accounting for Y3 .

Flipped component(s) ||€14, €20(r1 = 1) |€1a, €20(r1 = 15)| R™a (ppax)|pobs
0.(all positive) _——— = 21 (11) |54
LW Jet], - - 1.4 (11) [7~38
2.[(yup)pls - —t———— 0.7 (12)
3.[(ywp)r1l, - t4 == 0.2 (12)

4.[(Yop )e2], --- = ==+ == 15 (11) [6~7
5.[(ywp )2l - == |-, == 1.2 (11) [8~9
6.[(yup)r2]s - _——— 4+ - 0.8 (10)
7[(ywp)es], - —— - 1.6 (11) [6~7
8.[(Yvp sl --- —— - 13 (12) |[7~38
9.[(yvp)rs]s - T 1.0 (12) |10~11
10.[(yop )ets (Wop)p2)s |+ == —+ = |[++— —+— (0.6 (10)

1. [(Yop)ets Wop)rals o |+ — = ++— |-+ —, ++— 0.7 (11)
12.[(yup ets Wop)usls |+ — =, — + — 0.7 (11

13.[(yup )ets (Yop)raly ||+ = = ++ = 0.8 (11)
14.((Yup ) pts Wop)e2)s oo — + = +— = |+ +—, +—— (0.2 (11)
15.[(yup )ty (Yup )es)s | — + =, + — — 0.3 (12)
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FIG. 4: The r; dependence of flavored Yz_; in four cases: (a)pattern 0, (b)pattern 1,
(c)pattern 3, and (d)pattern 5. The absolute value of total Yp_ 1 represents thick solid line.
The thin solid lines denote negative YA, in Figures (b), (c), and (d), while the dotted,
dot-dashed, and dashed lines denote the positive Ya,, .

For instance, in pattern 5 with [(v,,),2] flipped,
I * * * * M2
€1 ¢ — Im (yVD)M (yVD)#Q {(yup)d (Yvp)ea — (y’/D)ul (yl/p)uz + (Yup )11 (yVD)q—Q}] f (M22)
. 1
I * * * * M2
1 [0 O {00 i s+ s s + O )0} £ (55
: i

(23)
— —Im :(yVD>;1 (yVD)/Q (yiDyVD)12:| f (%) + Im [(yVD);l (yVD)MS (yl.I;DyVD)13i| f <%)

w21 {0 )i )y} | 7 (32) 24

where all (y,,),; are given in Table II with positive signs. When My, M3 > M, the
functions f (%) (i = 2,3) become approximately M;/M;. Thus, in eq.(24) the first two
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terms (~ A??) completely cancel, leaving the positive third term (~ A?**) to dominate. Since
this cancellation arises from the O(1) coefficients taking values of +1, the CP asymmetry
may be underestimated owing to a stronger cancellation compared with that for general
complex Yukawa couplings. Moreover, the above consideration can explain the sign-flips of
several €,; between r; = 1 and 15. This is because the accuracy of the above approximation
M; < M, decreases with larger r;. As a result, the first term in eq.(24) dominates, and the
overall sign of €,; can flip from positive to negative for larger r1, explaining the sign flip of
Y, around r; ~ 5 in Fig.4(d). Similar reasoning applies to other e, flips between r; = 1
and r; = 15.

Fig. 4 also shows representative B — L evolutions. Across patterns, B — L increases with
r1 and saturates around r; ~ 10. At large rq, the tau flavor often dominates due to larger
e, and K. approaching unity. Saturation is likely caused by quasi-degeneracy of Ny and Ny,
consistent with Ref. [31], which notes significant effects for My < 3Mj, that corresponds to

T1 Z 7.
V. COMPARISON WITH Eg x U(1)4 MODEL

N; with flavor (r; = 1)
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FIG. 5: Evolution of Yp_j, in the SO(10) x U(1)4 and Eg x U(1)4 scenarios. We set
r1 = 1 in the Ny + N, framework including flavor effects. The grey band denotes the

required B — L asymmetry to account for the observed baryon asymmetry.

GUT models based on the Eg gauge group are also attractive, with the Eg x U(1)4
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scenario being particularly successful from a phenomenological perspective [32, 33]. Before
summarizing this work, we compare the dependence of baryon asymmetry generation on the

choice of GUT scenario, namely SO(10) x U(1)4 versus FEg x U(1)4 [34].

TABLE V: Masses of the lightest and heaviest RH neutrinos, and ij components of yiD Yup -
For simplicity, all O(1) coefficients are set to 1.

lightest N; mass|heaviest N; mass (leyl,D)n (yIDyVD)lg (yIDy,,D)lg

SO(10)|| My ~ A2Aq M3 ~ \Aq A0 AT

E6 ]\41 ~ >\13AG M6 ~ )\GAG /\11 )\10 )\7.5

The evolution of the B — L asymmetry for r; = 1 in these scenarios is shown in Fig. 5,
where flavor effects are included. For simplicity, all O(1) coefficients are set to 1. Within
this setup, the SO(10) x U(1) 4 scenario produces approximately twice the B — L asymmetry
of the Eg x U(1)4. This conclusion holds whether or not flavor effects are included.

The Eg x U(1) 4 model has six RH neutrinos, and the mass of the lightest RH neutrino is
smaller than that in the SO(10) x U(1)4 case, as shown in Table V. However, the flavored
decay parameters in the Eg x U(1)4 model are of the same order in A as those in the
SO(10) x U(1) 4 model (see Table III), because the Dirac neutrino Yukawa couplings of the
lightest RH neutrino are smaller.

The key ingredient in understanding the factor-of-two difference between the scenarios is

the CP asymmetry, which follows from the symmetries in each models as

X 2 % T 3
8m (Yonyop)n Mz 4w

‘630(10)‘ 3 Im [yl yon JTs] My 3 110
1

(25)

3 Im([(y} vo,)3s] My 15
|61 ‘NS_XBX [(y Y D)16:|_1N_>\11 ~0.55efo(10),

7T (leny)ll Me 8
where the relevant RH-neutrino masses and Yukawa combinations are summarized in Ta-
ble V, and detailed parameter values in Eg x U(1)4 GUT are given in Ref. [34].

Note that the U(1)4 symmetry ensures the universality of A\ dependence in the combina-

tions of couplings and masses involving virtual RH neutrinos, i.e.,

m{(y},vup)ti] My

o A% in SO(10), oc A in Ej,
ot M
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for any generation i. Accordingly, we first estimate the CP asymmetry considering only the
heaviest RH neutrino, and then multiply by a factor counting the number of generations of

. . . S0(10
virtual RH neutrinos: 2 in €] (

) and 5 in e{%, respectively 4.

Even when flavor effects are included, this reasoning holds, since each flavor component of
the neutrino Yukawa matrices scales with A in the same way in both scenarios. Consequently,
we indicate that the SO(10) x U(1) 4 scenario tends to yield a larger baryon asymmetry than
the Eg x U(1)4 case with fixed r1, owing to the milder suppression of the CP asymmetry

with respect to .

VI. CONCLUSION

We have studied leptogenesis in the natural SO(10) GUT (SO(10) x U(1)4 GUT), in
which the doublet—triplet splitting problem is solved and the observed quark and lepton
masses and mixings can be reproduced under the natural assumption that all interactions,
including higher-dimensional ones, appear with O(1) coefficients. In the natural GUT, this
assumption implies that everything is determined by the symmetry except for the O(1)
coefficients.

To obtain the predicted value of the baryon asymmetry in the natural SO(10) GUT,
we have to fix the O(1) coefficients. In this paper, to account for the observed baryon
asymmetry, we have used the O(1) coeflicient for M; while all O(1) coeflicients of the Dirac
neutrino Yukawa couplings are taken to be unity. We showed that the observed baryon
asymmetry can be obtained when the coefficient r; is taken to be 5.4, corresponding to
M; ~ 1.4 x 10° GeV. This result suggests that the mass of the lightest LH neutrino, m,,,, is
reduced to 1/5.4 of its symmetry-determined value, yielding m,, ~ 4.5 x 10~ eV.

We included flavor effects and the contribution of the second-lightest RH neutrino Ny in
our calculation. As a result, we reconfirmed the importance of Ny in leptogenesis with flavor
effects. In particular, the N, contribution becomes significant when some of the flavored
decay parameters of the lightest RH neutrino are smaller than 3, or when 3M; > M5, which
is consistent with the results of Ref. [31].

In our calculation, we estimated the magnitudes of the flavored CP asymmetries using

4 In the literature on Fg leptogenesis, a counting factor v/4 = 2 is sometimes used instead of 5. Here
the factor 4 counts the internal-loop RH neutrinos N3, N4, N5, and Ng, and the square root reflects the

randomness of signs in the neutrino Yukawa couplings [34].
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real Yukawa couplings determined by the symmetry, with O(1) coefficients set to unity,
rather than directly evaluating the imaginary part of the expressions with complex Yukawa
couplings. In this case, the flavored CP asymmetries are relatively large due to multiple
additive contributions. However, with complex O(1) coefficients, cancellations may occur in
the flavored CP asymmetries. We examined this cancellation effect by flipping the signs of
the Yukawa couplings and showed that in half of the 15 possible sign patterns, the observed
baryon asymmetry can be realized. Even in the remaining patterns, the predicted baryon
asymmetry, which does not reach to the observed value, becomes the same order of the

observed baryon asymmetry by taking a larger r; < 15.
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Appendix A: Boltzmann Equations

In this appendix, we write down the Boltzmann equations used in our calculation of the

B — L asymmetry.

The evolution of the B — L asymmetry is governed by the Boltzmann equations for the
right-handed neutrinos Ny, Ny and the flavored B — L asymmetries A,. The scattering terms
include the (inverse-) decays and scattering processes of these species. Diagrams containing

multiple Dirac neutrino Yukawa couplings are neglected, since these couplings are at most

of order O(A\?) ~ 0.048 in the natural SO(10) GUT.

Introducing the notation Y :=sHz dY/dz, the Boltzmann equations can be written as

y Y i e e e e e
Yy, = (Yf; _ 1> (m i 4%;1(0) n 4%;;(1) n 4%;;(2) n 3%;(3) n 4%;(4)) , (A1)
N;
y Y., eq(5) eq(6) eq(7) eq(8) eq(9)
Y=\ e 1 (m 3722, + 2, 2y 2yt 2y, ) : (A2)
s Y eq(5) eq(6) ea(7) | _eq(8) cq(9)
N;
YAK Y. i eq(b eq(6 eq(7
_ —eq < *e‘q%iq( ) + 2%:1( ) + 2%:1( )
¢ X,
Y.+ 1Y, 1Yy,
Al 414 +i _eq(8) eq(9)
Ty (2 * §y—) Yo T gyl 20 ]
/ N; N;
Yam, 1Yy, ca®) LYy eq6) _eq(n)
- 2 Eq <2 + 5@ 7222' + P)/tiq + 5 qu ’ytiq + P)/tiq
Yamw, 1Yy, eq(5) 1Yy, ca(6) | _eq(T) cq(®) eq(9)
Ty (2 + 2V yo2, 27, + [ 1+ 3va (%iq +7 > —7 =2 |

(A3)
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where,

Yapap i=——= (boson,fermion),

and equilibrium density

1 15
eq cq €q __

2V

YZ eq(4 eq(6 eq(7
Y:q 'Ytog ) +2'Ytiqog : +27tiqos : +27tiqog)
N¢;

A . 1Y,
Aeg <2 eqfYt()E)+2fY ()+27t1[§2)+ ()+27 ())

Y . 1Y,
) i e )
(]req_l) o(z) Ye;%oE)WLVQ(?))‘F(Y@q%—l)Wog)}

’Yi(6)+7 ())

Y—i eq(b eq(6 eq(7 eq(8 eq(9
- (2%15)+2%§§)+2%ZE)—%§’05)—2%§§ )> ,

(A7)

When the effects of interactions are incorporated into the Boltzmann equations, thermally

averaged reaction rates are used. In particular, the reaction densities for the decay of RH
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(s)neutrinos and for scatterings involving (s)tops are given by

Yok =7 (Ni T Zaﬁu) (N - O H ) v (N; 5 Lo H,) +v (N; < (H)

= (N o L) 4y (N Ta) + 7 (N7 o )+ (N o L)
Y

iV =y (N.Q & 525*> =7 (Niu - ZZ@) :
il =y (Nt 5Q) =7 (M@ L),
7261653) = Nzea Al QU) >

v (
W =y (Nju 4+ 1aQ) = 7 (NiQ ¢ ,70)
~y NZ[QHQU)—WO\M <—>Qu>
NZHHZQ)—v(NQ <—>€u>

(
(
75%57) ="y (Kf,@ > Zaﬂ*) = (Kfzu > Za(g) ,
(
(

and

7N —ZVNZM 7%(12. ::ZV%(]Z,&, Va3, = 2722m
Zveq(” (n=1,2,3,....9).

The details of the above reaction densities are given in [35].
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Appendix B: Sign-flipped Dirac neutrino Yukawa and flavored CP asymmetries

In this appendix, we examine the consequences of flipping the signs of individual entries
in the Dirac neutrino Yukawa matrix. The purpose is to show how to classify the sign-flipped
patterns of Dirac neutrino Yukawa couplings so that each group gives the same prediction
of the Baryon asymmetry.

First, the flavored decay parameters do not change at all by changing the sign of the
Dirac neutrino Yukawa couplings. Therefore, we focus on the flavored CP asymmetries.

To begin, we introduce a notation for denoting sign-flip operations of Dirac neutrino
Yukawa components. Specifically, we write [(Yu,)ai, (Yvp)gjs ---] to indicate a proce-
dure in which the signs of the listed Yukawa components are flipped, i.e., (Yup)ai —
= Wupair Wvp)si = — (Wup)sis - -

Among these operations, some of them leave the flavored CP asymmetries unchanged. For
example, the operations [(yu, )eis (Yup)pis (Yup)ri)s (¢ = 1,2,3) do not change the flavored CP

asymmetries. As an illustration, the asymmetry €.y under the flip [(vup,)e1, (Yop)u1, Wop )r1]

becomes
3 1 N M?
€el = —Em [Im [(yuD)el (yuD)ez (yIDyuD)m} / (V?Q)
M2
1 [ s O ) i) £ (37| (BY)
i

3 1

- W {Im[(— s (o) (3 ) }f(%g)
Am (leyVD)ll Yoo ot Yoo 62 yVDyVD = ]\412

+Im [(=Yup) iy Won) ez (—Uh Yon )13] f (%)}
3 1

T ) ) Gheea] £ (3
- 4 (leyuD)ll Yoo °l Yoo e yVDyVD . M12

1 (s e )] £ (55 )] = e (B2

It is easily shown that all the other ¢,; are invariant under this type of flip.

Similarly, it is shown that the operations [(vu,)a1, (Yup)a2, Yup)as)s (@ = e, u, 7) do not
change the flavored CP asymmetries.

By exploiting the above two types of operations, flipping an entire column or an entire
row, it follows that any arbitrary sign-flip configuration involving three or more entries can

always be reduced to a configuration involving only one or two entries. As a result, the full
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TABLE VI: 15 Groups among all operations for flipping the signs of Dirac neutrino
Yukawa couplings. The Yukawa models which are given by some sign flip operations in
each group give the same prediction on the Baryon asymmetry. 45 operations which

involve only one or two entries are explicitly shown below.

group |flipped components

Lo \M(wwp)aals [(on)eas Won)esls [(Wun)urs Wun)als -

2. {wwp)uls [Won) e Wen) sl [(Won)er s Wop) s -

3. o)l [Won)ras Won)ral [(Won)er s Wun) ls -

4 Hwwn)eals [Won)ers Won)esls (W) uas Wop)rals -

5 NWun)als [Won) s Won)usls [(Wp)eg s (Wup) ol -

6. |(Wp)rals [Won)rrs Wun)rsls [(Win)eg s (Won) s

T Nun)eals (Wn)ers Wop)eads [(Won) a s Wop)rgls -

8 NWup)ush [Wn) s Won)uals [(Wep)es s Wop)rsls -

9 Wn)rsl [Won)rrs Won)rals [(Won)es s (o) sls -

10. 1{(Wwp)er s Wwp) ol [Wop)ess Wp)rols [Wen) s> Wup) el -
1L {(Wep)er s Wp)rols [Wen)ess Wop) ol [Wep)u > Wup)-sl, -
12 A[(Wvp)er» Won)usls [(Wop)eas W) sl [(Won) ua s (Wup) s -
13 1 {Wvp)ers Wn)rals [(Won)eas Won) sl [(Won) s Wop)rals -
W M(yp) > Won)eals [(Wn)ess Won)rls [(Wop) gy (Wup)rals -
15 | {(Wup) 0> Wop)esls [Won)eas W)l [Wop) o> Wup) sl -

set of possible sign-flip patterns can be classified into 15 groups as in Table VI.
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