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Leptogenesis in the minimal flipped SU(5) unification
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We study the prospects of thermal leptogenesis in the framework of the minimal flipped SU(5) unified
model in which the right-handed (RH) neutrino mass scale emerges as a two-loop effect. Despite its strong
suppression with respect to the unification scale that tends to disfavor leptogenesis in the standard
Davidson-Ibarra regime (and a notoriously large washout of the N-generated asymmetry owing to a
toplike Yukawa entry in the Dirac neutrino mass matrix) the desired 575 ~ 6 x 10~'° can still be attained in
several parts of the parameter space exhibiting interesting baryon and lepton number violation
phenomenology. Remarkably enough, in all these regions the mass of the lightest left-handed (LH)
neutrino is so low that it yields my < 0.03 €V for the effective neutrino mass measured in beta decay, i.e., an
order of magnitude below the design sensitivity limit of the KATRIN experiment. This makes the model

potentially testable in the near future.
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I. INTRODUCTION

The minimal flipped SU(5) of [1] is a very attractive
beyond—Standard Model framework, which, due to its
simplicity, may be viewed as one of the most compact
models of perturbative baryon and lepton number violation
(BLNV) on the market. Its predictive power derives mainly
from the very tight correlation between the structure of
the BLNV currents governing processes such as proton
decay and the structures underpinning the neutrino sector.
The key feature here is the fact that the RH Majorana
neutrino masses emerge only as a radiative effect at two
loops (cf. [1-3]).

This, among other things, sets the seesaw scale rather
low compared to other unified models with the tendency to
prefer a relatively large light-neutrino mass scale. As an
implication, however, there is a potential challenge to a
successful thermal leptogenesis in this scenario as, e.g., the
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basic Davidson-Ibarra [4] limit may be difficult to conform.
On top of that, the N,-asymmetry washout tends to be
enhanced thanks to the specifics of the neutrino Yukawa
pattern (with large « y, elements within) imposed by the
enhanced gauge symmetry. Hence, leptogenesis in the
current scenario calls for a stand-alone analysis, which
we provide here.

Needless to say, because of the relatively large number
of parameters at play and the complexity of the relevant
Boltzmann’s equations (which, for reasonable precision,
should include flavor/decoherence effects, etc.; cf. [5]), one
has to primarily resort to a numerical approach. To this end,
we shall be using the ULYSSES package [6] augmented with
several analytic insights derived mainly from the special
shape of the underlying seesaw formula.

The results of the analysis are quite remarkable—a
successful thermal leptogenesis in the minimal flipped
SU(5) is not only possible but it has a strong discrimination
power concerning the favorable domains in the parameter
space of the model. The main feature here is a strict upper
limit on the mass of the lightest active neutrino, well below
the sensitivity band of the current f-decay experiments
such as KATRIN [7,8], which makes the model testable in
the near future.

The study is organized as follows: In Sec. II, we describe
the salient features of the minimal flipped SU(5) model,
focusing in particular on the analytic structure of the seesaw
formula and the implied multiplication rule for the physical
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masses of light and heavy neutrinos that happen to be
strongly correlated to the up-type quark masses. In Sec. III,
we recapitulate the basics of the lepton asymmetry gen-
eration from the out-of-equilibrium decays of RH neutrinos
in the early universe (and its subsequent transformation
into the baryon asymmetry), paying particular attention to
the structure of the washout factors in the current model.
This information serves as an input to Sec. IV, where
boundaries of viable domains in the model’s parameter
space are identified semianalytically and then explored in
full detail by numerical methods in Sec. V. The impact
of the constraints from leptogenesis on the structure of
the BLNV currents and the implications for selected
proton decay branching ratios are also discussed there.
Most of the technical details are deferred to a set of
Appendixes.

In all this, we shall predominantly focus on the normal
neutrino hierarchy case (following the global-fit preference;
cf. [9,10] but also [11]) and only briefly comment on the
(mostly small) qualitative changes the results would
undergo if the neutrino mass hierarchy is inverted.

II. THE MINIMAL FLIPPED SU(5) MODEL

Not too long after the first grand unified model was
proposed [12], it was realized that the embedding of
right-handed fermions in SU(5) multiplets can be flipped
with the help of an extra U(1) [13,14]. In fact, such a
setup is compatible with the larger SO(10) symmetry
group [15,16].

The basic structure of the minimal flipped SU(5) model
under consideration is described in great detail in the
previous studies [1,17]. Hence, in what follows we shall
focus only on its key features that are relevant to the
discussion below. An interested reader can find further
details in Appendixes A and C.

A. The model

Each generation of the Standard Model (SM) fermions
(augmented by an extra right-handed neutrino, RHN) is
accommodated in just three irreducible representations of
the SU(5) x U(1)y gauge group transforming as

Y5=(5.-3). W¥i=(10.+1), ¥, =(1+5). (1)
with the extra X charge connected to the SM hyper-

charge via
1
Y= g(X — Ta4), (2)
where T, is the fourth Cartan of the SU(5) normalized,
for simplicity, as the SM hypercharge [i.e., deprived from
the notorious /3/5 SU(5) factor]; cf. [1]. These matter
fields interact with the scalar sector (consisting of one

FIG. 1. The two-loop diagrams providing the dominant con-
tribution to the Majorana mass for the RH neutrinos in the
minimal flipped SU(5) model under consideration. The three
color triplets A; transforming as (3. 1, —1) under the SM gauge
group are coupled to the fermionic currents through their
components in ®s and P, each coming with its own Yukawa
matrix (Yo and Y/, respectively) [cf. Egs. (3) and (4)]. The X
symbol denotes the (3,2, —}—%) massive gauge boson.

@, =(10,+1) and two copies of (5,—2) denoted
hereafter by ®s and @) via the Yukawa Lagrangian of
the form

L3 Y ¥ 0¥10Ps + YioW10¥10D's + Y50 ¥5D5
+ VLW Ws: + Y W D + Y WsW @5 + Hee,
(3)

with Yo and Y/, representing 3 x 3 complex symmetric
matrices, and Y3, YV’ ’5, Y, and Y standing for general 3 x 3
complex matrices in the matter generation space. The
reason for having two scalar pentuplets rather than one
has to do with the need to smear the overly strong
correlation' between the down quark mass matrix M,
and the RH neutrino Majorana mass matrix MY
(cf. [1]). To this end, it is perhaps worth mentioning that
we assume only one linear combination of the two SU(2)
doublets to play the role of the SM Higgs multiplet; its
effective electroweak-scale mass term is then arranged in a
standard way by fine-tuning one of the eigenvalues of the
relevant mass matrix [cf. formula (C8) in Appendix C 2] to
vanish at the grand unification scale.

The RH neutrino Majorana mass matrix is generated
radiatively via the two-loop diagrams in Fig. 1 and reads”

'In principle, both Y, and Y/, contribute to M, and M.
However, their relative weights in these combinations are gen-
erally different, and one can always go into the basis in the
®5 — @ space where one of them is just M, and the other one is
left unconstrained (cf. Appendix C).

Note that in [17], there is a typo in expressions (10), (18),
and (24), where a factor of 2 (connected with two possible
contractions of the vector fields) is missing.
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6g4 3 *
MM = (4]:)4 Vs Z(ngo[UA]il[UA]iZ
i=1

mi
+8Y10/[Ualn[Unlis) I3 <2> 4)
my
where g5~ 0.5 (see [1]) is the unified SU(5) gauge
coupling, V is the vacuum expectation value of the @,
scalar responsible for, e.g., the generation of the masses of
the gauge bosons (such as X in Fig. 1 with m§ = g2V%/2),
and i runs over the three different colored triplets A ; 3,
whose mass matrix is diagonalized by a unitary trans-
formation U (cf. Appendix B of [17]). Finally, /5 is a loop
function [monotonous with a range of (-3, 3)] depending
on the indicated ratio of heavy triplet (A) and X masses; an
interested reader can find its definition in Ref. [17], formula
(D31), and see its behavior in Fig. 2 therein.

B. The seesaw

Following the definitions and conventions fixed in
Appendix A1 the light-neutrino Majorana mass matrix
my; can be written as

mp; =—=MP (M) (MD)", (5)

where MP is the relevant Dirac neutrino mass matrix;
because of its symmetric shape it can be diagonalized by
means of a unitary transformation

my, = UD,U}. (6)

Note that the two formulas above apply at the seesaw
scale Mg, ~|MY| and, hence, the eigenvalues of m;;
contained in D, are not exactly the low-energy light-
neutrino masses (although they are directly related to them;
cf. Appendix B). Similarly, the key relation between MP
and M, available in the flipped SU(5) framework under
consideration, namely

M? =M, (7)

(cf. Ref. [1]), holds at the unification scale M5 ~ 10'® GeV
and, thus, relates M? to the running quark masses evolved
up to M. All these nuances shall be taken into account in
the numerical analysis of Sec. V.

In what follows, it is convenient to extract the RH
neutrino mass matrix from Eq. (5) and write it as

M}'=U"D)'U = -D,U/D;'U,D,. (8)
where U, and D, are seesaw-scale quantities and

Du = diag{mw fhc’ I’h,} (9)

is shorthand for the eigenvalues of the up-type quark mass
matrix M, evolved from M5 to Mp; by means of the
renormalization group equations (RGEs) for’ MP. The
eigenvalues of M, at M5 are connected to the low-energy
data as described in Appendix B; the key observation is that
their ratios are very close to those of the low-energy quark
masses [cf. (BS)], which makes D, strongly hierarchical.

Note that Eq. (8) yields a nice product rule for the
quantities of our main interest, namely

A A A _ ADADAD
mymyis My MoMs = i ingims, (10)

where 771; correspond to the light-neutrino masses evolved
to the seesaw scale. This evolution effect will be, in the first
approximation, accounted for by a simple multiplication of
their low-scale values (m;) by a common r factor, i.e.,

ﬁ’li = rm;, (11)

where r ~ 1.32 (cf. Refs. [18,19] and Appendix B). Note
that, as usual, m; (with or without a hat) generally denotes
the mass of the active neutrino with the largest electron-
type component; for normal hierarchy it is also the lightest
mass eigenstate (unlike in the inverted case where m;
happens to be the smallest eigenvalue of D,). In what
follows, especially in Sec. IV where we would be generally
interested only in the mass of the lightest active neutrino,
we shall frequently be using a universal symbol m (or 7z;)
for either case.

With all this at hand, one can write the Pontecorvo-Maki-
Nakagawa-Sakata leptonic mixing matrix Vpyns (in the
“raw” form, i.e., without the three unphysical phases
stripped off; cf. Appendixes A 1 and A 2) as

Vewmns = ULUJ, (12)

where the U% factor comes from the bi-unitary diagonal-
ization of the charged lepton mass matrix

M, = (UL)'D,UE. (13)

Note that there is a rationale behind the seemingly different
conventions in the definitions of the U, and U diagonal-
ization matrices in Eqs. (6) and (8) (namely the extra
complex conjugation in the former); an interested reader
can find more details in Appendix A 1.

*Here we strongly benefit from the fact that one can, in
principle, switch to the basis in which M? = MT (that is valid at
M) are both diagonal matrices (cf. Appendix B of Ref. [1]),
and that any (tiny) nondiagonality of M? generated by pulling
it from M5 down to Mp; may be subsumed into redefinitions
of U, and U.
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III. LEPTOGENESIS IN FLIPPED SU(5)

The presence of relatively light RHNs subject to multiple
additional constraints® on the shape of their Yukawa
interactions (6) and, in particular, their spectrum (10) calls
for a dedicated analysis of the leptonic asymmetry gen-
erated in their out-of-equilibrium decays. In what follows,
we shall first provide a basic account of thermal lepto-
genesis in this context (see, for instance, [20,21] for a
review of this mechanism) and then apply the formalism to
the situation of our interest.

A. RHN-driven thermal leptogenesis

The quantity of central importance in this type of
scenarios is the leptonic CP asymmetry of the decays of
the ith heavy neutrino mass eigenstate N; into the SM
leptons L (and antileptons L), namely

i ['(N; - ¢L) -T(N; — ¢T1:)
P =TN, S gL TN, = g0y Y

As it turns out, the flavor structure of the lepton decay
states gives rise to numerous effects, which can affect the
whole process of generation of the CP asymmetry signifi-
cantly [5]. To briefly demonstrate this, let |i) denote the
flavor superposition states of leptons originating from the
aforementioned decays, and let |@) denote the lepton flavor
eigenstates. The decay states can be expressed as

|l> = cia|a>’ (15)
and analogously for the antilepton case, one can write
i) = Ciala). (16)

Even though the SM gauge interactions preserve the CP
asymmetry, they still play an important role. For specificity,
consider the leptons produced by the decay of N, as an
example. Such leptons can naturally transform back to N,
via inverse decays, but potentially also to N;. However,
the electroweak gauge interactions of the leptons with the
thermal bath lead to so-called decoherence effects. These
interactions are flavor diagonal, so the flavor superposition
|2), after an interaction with the electroweak bosons,
transforms into a pure flavor state. If this phenomenon
can be neglected, the evolution of the state is said to be
coherent. In contrast, if this effect is strong, meaning all
decay states manage to interact with the bath through

*It is remarkable that in spite of starting with six independent
Yukawa matrices in the defining Lagrangian (3) the current model
turns out to be way more predictive than the minimal SM
extension with RH neutrinos which feature only five such
flavor-defining structures. This has to do with the fact that in
flipped SU(5) the charged leptons alone “consume” two of these
Yukawas and the identity (7) holds irrespective of the actual
number of scalar pentuplets employed.

electroweak interactions before they decay back to the RH
neutrino, we refer to this scenario as complete decoherence.
It is evident that describing the situation between these
limiting cases requires a quantum statistics approach.
Therefore, instead of using classical Boltzmann equations,
the equation for the effective leptonic flavor density matrix,
defined in, e.g., [5,6], must be employed.

To underscore the relevance of the flavor effects, con-
sider the scenario in which the decay states evolve
coherently. If the |2) was perfectly orthogonal to the |1)
state, it is evident that the products resulting from the decay
of N, could not be washed out just by inverse decays of N;.
Equivalently, if |2) has a nonzero projection onto the
subspace orthogonal to |1), a proportional fraction of the
N, decay states is protected from the washout due to N;.
This phenomenon is called the projection effect. Clearly,
the situation is different if decoherence occurs, i.e., when
the N; decay states experience other interactions before
inverse decays that make them undergo transitions into
flavor states. Moreover, if one is within a strong washout
regime and the RH neutrino mass spectrum is hierarchical,
any asymmetry originating from N, decays is incapable of
persisting. The sole exception would arise if one of the
coefficients ¢, is zero, while the c,, is nonzero.

Using the density matrix formalism, the evolution of
the effective leptonic flavor density matrix N " is gov-

erned by a matrixlike Boltzmann evolution equation in the
schematic form

ANt o
= ZD’e’aﬂ = W,p = Cap, (17)

where z = M, /T is the cosmological parameter correspond-
ing to the ratio between the temperature and the mass of N;
the term D'e}; is the production term of the asymmetry in
the relevant flavor channels depending, among other things,
on the excess of the individual N;’s over their equilibrium
number densities; and W,; and C,; are the washout and
decoherence terms, respectively, both depending on N fjﬂ‘ L at
the given moment. For a detailed derivation and explicit
formulas of the particular terms, see [5].

The resulting total baryon asymmetry of the Universe
written in terms of the notorious baryon-to-photon number
density ratio

np —npg

== 18
B n, (18)

is then theoretically calculated to be
ng 2 1072 x TeNFE, (19)

where N7~" denotes the asymptotic (z — o) value of
NB-L determined from (17) and the trace is taken over the
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flavor indices. This should eventually be compared to the
observed value of

7o = 6.1 x 10710, (20)

B. Leptogenesis in the minimal flipped SU(5)

1. General parametrization

Prior to addressing the central question of this study,
namely, whether the thermal leptogenesis picture can be
supported in the current scenario [featuring constraints such
as (7) and (10)], it is necessary to identify the independent
parameters of the model that determine the resulting baryon
asymmetry (19). To do so, one has to realize [5] that the RHS
of Eq. (17) is only a function of the density matrix itself, the
masses of NV;, and the Yukawa matrix Y,, which comes from

£>Y,LN$+Hec. (21)

and mediates the decays (14). However, a key feature
of the flipped SU(5) is that the Dirac mass spectrum is,
in principle, known at the seesaw scale (as explained in
Sec. IIB), and there is a strong constraint on the RH
neutrino spectrum (10). It turns out that in this situation,
instead of the traditional Casas-Ibarra parametrization [22],
it is more convenient to employ the standard singular value
decomposition, which yields5

| 1 .
Y, = ;UéDuUT = ;VPMNSUDDIAUT (22)

[see also Eq. (A19) in Appendix A] with v = 174 GeV
denoting the SM Higgs field vacuum expectation value. In
writing (22) we have implicitly adopted the convention
defined by Eq. (8), i.e., switched to the basis in which the
heavy neutrino and charged lepton mass matrices are
diagonal, see definitions (12) and (13). Note also that there
is a strong correlation among the U and the U, matrices (and
the associated light and heavy neutrino spectra) provided by
the seesaw formula (8) so given one side (typically U, along
with the light-neutrino spectrum) the other side is fully
determined (U and the heavy neutrino spectrum).

Subsequently, with the experimental data from
Appendix B at hand, the only remaining free parameters
are the mass of the lightest neutrino m (see Sec. II B), the
light-neutrino Majorana phases «a; ,, and the unitary matrix
U,. Since three phases on the RH side (RHS) of the U,
matrix can be absorbed in the redefinition of phases
of U (which are irrelevant in the current context; see
Appendix A 2), there remains a total of nine free parameters
determining the resulting baryon asymmetry.

This expression is fully compatible with the Casas-Ibarra
parametrization [22]; indeed, vY, = iVpyns D *R(DM)1/2 for
R written as R = —iD; "/?U,D,UT(DM)~1/2.

2. Washout

Another distinct feature of the model is the presence of
toplike elements in the Yukawa matrix Y,. Defining the
washout parameter for the ith heavy neutrino mass eigen-
state N; as the ratio of its total decay width to the Hubble
rate evaluated at 7 = M;, one arrives at

F(Nl> ,02
HT=M,) m.M,

\Us w3 + |Up|*m2 + U,y i
- m*Mi ’

ki = (Yzyi)ii

(23)

where the equilibrium neutrino mass (cf. [20]) assumes
m, ~ 1073 eV. (24)

Note that if the /Z-proportional term in (23) is not
suppressed, the associated washout factor tends to be
way larger than 1 (of the order of 10'® GeV/M,), indicating
a strong washout regime for N;. In such a case, the
contribution of the decay of N; to the total lepton number
asymmetry N7~" is bounded from above by [20]

- 2ecp
(NB-L) < P (25)
where the relevant CP asymmetry is [23]
EiCP = Zeém
1 1 M?
=————— Im[(YIY))2]fl=%). (26
sz SO ()29
provided

2—x
1-—x

f@):ﬁ( —I—(l—&—x)lnl—;x). (27)

Such a strong washout is a clear challenge to the current
scenario as it is not guaranteed that a sufficiently high CP
asymmetry can be simultaneously attained to compensate
for it. Indeed, Davidson and Ibarra [4] stipulate that for
hierarchical heavy neutrino masses the CP asymmetry
generated in the N; decays is bounded from above by6

3 M, |Am3,|
1< 2 21 P8I0 29
[ecel < 81 v* my +m " (29)

and, hence, the CP asymmetry generated in the N, decay is
typically large for large M, (and low m ;). However, with

®This relation holds for the normal light-neutrino hierarchy.
For the inverted case one would have instead

3 &Amgl + Am%1 .

< ———23L_ — 21 28
|ECP|N8711)2 my + my (28)
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radiatively generated RH neutrinos as in the current
scenario such configurations can be problematic as they
may, for instance, require large values of the associated
couplings, with a potential conflict with perturbativity
(cf. Appendix D) or, for non-negligible m;, may be at
odds with other model constraints such as (10). Therefore,
to attain large enough 7, one may expect to be pushed to
specific domains in the parameter space where the critical
|U 5| weight factor associated with 7, in (23) is suppressed
(cf. Appendix F). Another potentially viable strategy would
be to consider a quasidegenerate RH neutrino mass spec-
trum for which the strict Davidson-Ibarra limit is relaxed
and the CP asymmetry can be significantly enhanced.’

As we shall see in Sec. V, it is not so difficult to find
points in the parameter space corresponding to the two
regimes above for which the baryon asymmetry is con-
sistent with the observed value (20) and the mass of the
lightest neutrino mass eigenstate (to be from now on
denoted by my) is large enough to avoid all perturbativity
constraints trivially (cf. Appendixes D and E 2 b). Hence,
the issue of perturbativity will not be the primary con-
cern here.

3. Running parameters

Let us finish this section by pointing out that all the
factors on the RHS of Eq. (22) contain seesaw-scale
evaluated quantities. Concerning the shape of Vpyns, it
is safe to use its low-energy form therein for at least two
reasons: First, in most of the leptogenesis-relevant struc-
tures (such as CP asymmetries and washout factors), Y,
enters as Y Y ,» where Vpyns plays no role. Second, the
running effects in the leptonic mixing parameters between
the M, and the M scale are negligible in situations that we
shall be dealing with in Sec. V. The only quantities in which
the running may, in principle, play a role are the flavor
parameters (15) and (16). Indeed, in the one-loop approxi-
mation, one has [5]

*

- Y i
Cig = C;

_ ai
YV,

where the dependence on the Vpyng is evident.
However, rather than the actual numerical values of these
coefficients, it is namely their qualitative features (such as
the vanishing of some of them or a very special mutual
orientation of the entire decay states vectors) that govern
the resulting leptogenesis yields. In this sense, the extra
freedom in the unknown Majorana phases sticking out of
the RHS of Vpyns in formula (22) ensures that any change

(30)

"Note that this regime can be achieved relatively easily even
without resorting to the magic of resonant leptogenesis [24]
which, from the current scenario perspective, is very unnatural as
there is no reason for the required delicate fine-tuning in the RHN
spectrum.

in the specific shape of Vpyns that can be reasonably
expected due to running effects should not matter much
when it comes to attaining a specific regime for c¢;,’s. The
same reasoning can also be used in arguing that any
potential dependency of the resulting 7 on the Dirac
CP phase 6 in Vpyns is likely to be screened in the freedom
to adjust these and other unknown parameters; hence, in
what follows, we shall just set o to its current central value
of 1.08z (cf. [25]) rather than taking it as another free
parameter.

IV. PARAMETER SPACE TOPOGRAPHY

Before approaching the numerical analysis it is conven-
ient to make several analytical observations concerning the
relevant input parameters and, hence, facilitate the mapping
of the most promising (from the leptogenesis perspective)
regions of the parameter space.

First, the three RHN masses obey the rule (10) and,
hence, for a fixed light-neutrino spectrum (parametrized by
the mass of the lightest mass eigenstate m), their product is
essentially fixed. The relevant parameter-space domains in
the M; — M, log-log plots then attain simple triangular
shapes (cf. Sec. V).

Second, a region of the parameter space where a large
enough 5p is attained can be relatively easily identified
within the domain where the Davidson-Ibarra inequality
(28) holds at least approximately. The point is that taking it
as a lower limit on M, (rather than the traditional upper
limit on [e}p|), one has’

10_9<2|ecp|<im*M% Am3,

r, (31)

ky "~ 4z v w2 my+ ms

where the first inequality reflects the need for a large
enough 7p; in the latter, the lower limit on the washout
factor

52
m
ky =2 —+
<
m, M,

(32)

stemming from Eq. (23) has been utilized. Note that the
bound (32) is saturated for

U] = {1.0.0}. (33)

¥Let us reiterate here that the detailed analysis of Sec. V will
focus on the normal light-neutrino mass ordering (as suggested
by the latest global fits; cf. [9,10]); the differences in the main
results for the inverse hierarchy case will be briefly accounted for
in Sec. VD.

Note that the numerical lower bound we take on the LHS of
Eq. (31) is extremely conservative as it essentially ignores the
extra suppression factors encountered upon translating the
leptonic asymmetry into the baryonic one [see Eqs. (19) and
(25)]; in this sense, the range of validity of the bound (34) is
larger than one may naively expect.
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Assuming for the moment that this saturation occurs in
the same domain where (31) applies (which, obviously,
does not need to be the case in general), one obtains two
(perhaps somewhat naive but still useful) estimates for M,
and m, (where the latter denotes the mass of the lightest
light neutrinos evolved to the seesaw scale). As for the
former, relations (31) and (32) yield (see also Appendix B)

M, 2107 GeV, (34)

which, combined with the expression for the 11 elements of
the RHN mass matrix (8), leads to

tht_l(Uu)zzl

i

(M2 M| = i, (35)

11|:

[where the first equality follows from (33)] leads to
107 GeV/m? < ig' and, eventually, to

Aty < 10746 eV (36)

On the one hand, an upper limit on the mass of the lightest
active neutrino such as this is phenomenologically inter-
esting as it cuts deep into the parameter space inaccessible
to the current terrestrial neutrino-mass-oriented experimen-
tal searches such as KATRIN. On the other hand, inequality
(36) is by far not a hard limit on 7, as there were several
assumptions made upon its derivation and, as such, it
should be taken as a mere indication'® of where to look for a
general and robust upper bound.

With this information at hand, the general strategy of the
numerical analysis of the next section can be drawn: As we
are mainly interested in mapping the boundaries of the
parameter-space domain(s) supporting thermal leptogene-
sis in the current scenario, we shall be predominantly
looking at the situation above the limit (36). To this end,
we shall start with a thorough numerical scan for 71y ~
1073 eV and then, if possible, try to push 71, even higher.

Concerning the numerical boundaries to be imposed
onto the RHN masses, we shall generally respect the naive
limit (34) because only in such a case may the regimes
in which N, (and/or Nj)-generated asymmetries survive
the N;-induced washout be attainable; indeed, for
M, < 107 GeV, decoherence would be overly efficient
for large enough 75 to be produced in these scenarios.

V. NUMERICAL ANALYSIS AND RESULTS

Let us finally approach the numerical analysis of the
leptogenesis yields that is performed along the following

1%0n the other hand, the smaller 77 one takes, i.e., the further
away from the limit quoted in Eq. (36) one goes, the more room
there is to depart from the minimal washout domain [defined by
Eq. (33)] while maintaining large enough 7z and, hence, the
easier to find suitable points.

lines: First, for a fixed value of 7, we pseudorandomly”
generate a sample of U, matrices (6) and the low-energy
Majorana phases [i.e., those affecting the flavor projections
(15) and (30) through the PMNS matrix in formula (22)].
With this at hand, the mass spectrum of the RHNs is
calculated via the seesaw formula (8). This, together with
the fully determined Yukawa matrix Y, (22), is then fed into
the ULYSSES package [6] designed for solving the relevant
Boltzmann’s equations and evaluating the final baryon
asymmetry for each such point. To this end, let us reiterate
that for the sake of this study we did not entertain the highly
fine-tuned scenarios featuring resonant enhancement of #;
hence, technically, all our calculations have been performed
within the 3DME model available therein. Finally, we
illustrate the impact of the leptogenesis constraints (espe-
cially those obtained for the shape of the U, matrix) on
proton decay partial widths for a sample of points corre-
sponding to one specific value of 7.

A. Upper limit on 72, from leptogenesis

In Fig. 2, we display the maxima of #p attained for
different shapes of the right-handed neutrino spectra for the
aforementioned 71, = 1073 eV. Note that the available
domain for M, and M, does, indeed, resemble a triangle
in the log-log plot as anticipated in Sec. IV [cf. also
Eq. (10)]. One can immediately see that, in this case, it is
possible to get g perfectly compatible with observation.
On the other hand, large enough 73 is not available every-
where in the M| — M, chart and can be attained only in
several areas therein (albeit with somewhat fuzzy bounda-
ries). These features are even better seen in an equivalent
plot where 7715 has been increased to as much as'? 10714 eV
(see Fig. 3).

Three distinct domains (blue patches in Figs. 2 and 3)
corresponding to different shapes of the RHN spectra can
be readily identified:

(1) Domain A corresponding to the lower-right edge of

Fig. 3 with M, comparable to M,.

(2) Domain B corresponding to the upper-right edge of

the same plot with M, comparable to Mj.

(3) Domain C “inside the triangle” of Fig. 3 charac-

terized by M, around 10° GeV.
The emergence of each of these regions can be, to a large
degree, understood analytically by inspecting the corre-
sponding CP asymmetries and washout factors:

(1) In Domain A the resulting 5 is dominated by the

asymmetry generated in N; decays, and, despite a

"Note that an efficient generation of points with sufficiently
high masses M, for which one can expect the highest resulting
baryon asymmetry, is by no means trivial. The method we
have employed for that sake is discussed in detail in Appendix E.

“Note that the specific choice quoted in the text
(g = 10714 eV) corresponds to the minimum 7, for which
we have found no point in the parameter space of the model that
would yield large-enough 7.
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FIG. 2. The maximum attainable 7 for different configurations
of the heavy neutrino masses subject to the constraint (10) with
7y = 1073 eV (and normal neutrino hierarchy); cf. Sec. V. Note
that for such a hierarchical light-neutrino spectrum, np ~ 6 X
1079 is easy to achieve over a significant portion of the plot. For
the analytic interpretation of the main features visible therein, see
the discussion in Sec. VA. The limited resolution (granularity)
of the plot is due to the complexity of the scan over the eight free
parameters requiring point-by-point integration of the Boltzmann
equations. Note that about 15 x 10° points had to be generated
(see Appendix E) and processed in order to get this plot.

significant washout, it can still be large enough due
to the enhanced el of Eq. (26); see Fig. 4. This case
can thus be viewed as a “standard leptogenesis
regime* (albeit out of the Davidson-Ibarra mode
and, thus, not entirely trivial to achieve for “large”
my as in Figs. 2 and 3) as it occurs close to the edge
of the parameter space corresponding to the apex of
the triangle defined by Eq. (10). Remarkably, this is
the only domain in which 7z can be N; dominated.
Note also that for 7z, smaller than 107*° eV, this
domain grows and M| ~ M, relaxes, thereby enter-
ing a genuine Davidson-Ibarra mode [see discussion
around Eq. (36)].

(2) The situation in Domain B is to a certain degree
analogous to that in Domain A but for N,-generated
asymmetry, which is protected from the subsequent
N, -driven washout by the suppression of decohe-
rence effects. Note that for M, ~ 108 GeV one is
somewhat below the traditional band of the “tran-
sition regime” of Ref. [5]. However, the decoherence
efficiency is still not large enough to wipe out the
entire €2p.

If)o =10"1%eVv
log1o Ng'®*

log10(M2/GeV)

-15

72 7.6 8.0 8.4 8.8
log10 (M1/GeV)

FIG. 3. The same as in Fig. 2 but for /iy = 107" eV. Here one
can rather clearly distinguish among the three different large-np
domains corresponding to three physically inequivalent regimes
(see Sec. V). Note, however, that the situation depicted here is not
entirely physical as none of the points in the picture yields 7 at
the level of the observed value of 6 x 10710 (the absolute 73
here is a factor of a few smaller than that). In this sense, the model
is incompatible with quasidegenerate light-neutrino spectrum
with /71y = 10714 eV (see also Sec. V B). About 28 x 10° points
have been generated in preparation of this plot.

(3) Although leptogenesis in Domain C is again domi-
nated by N, decays, the physical picture emerging
here is very different from the preceding case—it
relies on a significant washout factor suppression in
aregion where the CP asymmetry is not particularly
enhanced (and, again, decoherence is kept under
control). As one can see in the right panel of Fig. 5,
k, exhibits a very special behavior for M, around
10° GeV where it suddenly drops to as low as 103
(to be compared to at least 10° outside this domain).
In Appendix F we show that this behavior can be
attributed to the analytic structure of the washout
factor formula (23) in which the m?-proportional
contribution can be fully screened for

(ol \S)

M2 ~ s (37)

O§>‘ >

which, indeed, perfectly fits the observation (see also
Appendix B). Note that the slightly chaotic color
pattern inside the “k, suppression band” in Fig. 5 is
an artifact of the steepness of its slopes and a limited
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FIG. 4. The CP asymmetry (left panel) and the washout factor (right panel) driving the N,-dominated 75 generation in Domain A of
Fig. 3. Note that the washout is never suppressed, so a successful leptogenesis relies on the significant enhancement of €., in this mode.
A vigilant reader may notice that the boundaries of the displayed domains are not ideally straight [which should be the case with log-log
plots as implied by the product rule (10)]; this, however, is an artifact of the numerical scanning procedure which, for better performance,
was more attentive to certain domains than others; for more details see Appendix E.

fﬁo =10"1%Vv
logio (£2p) ™

9.6

el
®

log10(M,/GeV)
©
P

7.2 7.6 8.0 8.4
logio (M1/GeV)

FIG. 5.

fﬁo =10"1%eV

logqo k5"
7
6
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>
Q
o
<
o~
E 4
=
—
(@)}
Q 8.
= 3
2

7.2 7.6 8.0 8.4 8.8
logi0 (M1/GeV)

The CP asymmetry (left panel) and the washout factor (right panel) driving the N,-dominated 77z generation in Domains B and

C of Fig. 3. Note that Domain B corresponds to a large washout compensated by enhanced |eZp| while Domain C with moderate |eZp|
benefits from a strong washout suppression (see Sec. V and Appendix F for the discussion of this feature). In either case, the survival of
the N,-generated asymmetries relies heavily on the significant suppression of the decoherence effects.

computing power stretched over the multidimen-
sional parameter space of the model.
It is perhaps worth noting that for /i, well below the
10~'# eV level that we have predominantly focused on in
the discussion above, a band of accidentally small washout

defined by Eq. (37) would get generally even wider
(cf. Fig. 2) and, remarkably, a similar band of accidentally
small washout would emerge also for M;. Moreover, for
really small 72, [i.e., for iy < 10746 eV; cf. Eq. (36)] yet
another set of low washout bands appears for both M, and
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M, at around /712 / i1 (see also Sec. IV). This, by the way, is
also the regime where perturbativity limits discussed in
Appendix E 2 b may become relevant.

Let us conclude this section by reiterating that
leptogenesis-compatible parameter-space points have been
found only for /7, < 107! eV (cf. Figs. 2 and 3) which, in
terms of low-scale observables, corresponds to

my < 10712 eV, (38)

This is a robust prediction of the model under consideration
and one of the central results of this study.

B. Neutrino mass limits from beta decay

For the effective neutrino mass as measured in beta-
decay experiments, the bound (38) yields a firm theoretical
upper limit on the relevant weighted sum of the neutrino
masses, namely

3
my= | > |Ual’m? $0.03 eV, (39)
i=1

which, remarkably enough, is almost a factor of 10 below
the design sensitivity of KATRIN (see [7,8]). Hence,
should KATRIN see a signal, the model under consider-
ation may be, in principle, refutable in the near future.

C. Leptogenesis-compatible proton decay

Proton decay in the current context has already been
studied in Ref. [1] (albeit in the simplified case of a real
U, = V;MNS UZL); for a general review of proton decay in
various scenarios see [26]. Interesting features [such as a
lower limit on BR(p™ — 7%") +BR(p" — 2% ")] have
been observed for small m, while no such limit has been
available for m,, above about 107! eV (cf. Fig. 5 in Ref. [1]).

In the current study the complete CP structure of the
model has been invoked, thus providing full generalization
of the previous results. Remarkably, even in such a case the
extra constraints from leptogenesis complement those from
perturbativity, etc., in a way that leads to a pattern similar to
that of Ref. [1]. Specifically, there is still a lower limit on
BR(p* — 7%*) + BR(p* — 2%*) for small-enough m;
stemming mainly from the lower limit on M; (as seen in
Fig. 2); see also Appendix E. Moreover, the upper limit
on my discussed in the previous section cuts out exactly
those parts of the parameter space where no features
in p decay have been previously observed (see again
Fig. 5 in Ref. [1]).

On top of that, successful leptogenesis requires M to be
larger than about 107> GeV (cf. Figs. 2 and 3), which
translates into a strong constraint on the size of the 21
element of the UL = VpynsU, matrix stemming from
inequality (E6) of Appendix E,

my; =10"3tev

log10 Ng'™*
1.0 -8

\ Area inaccesible for M1 > 107 GeV
X .
0.8 N
]

\
I..\\ -10

o6{ M LaM Unitarity limit

UF 15,

-13

-14

=15

04 06
L2
1Urli1

FIG. 6. An illustration of the additional constraints leptogenesis
can impose on the parameters governing p decay in the current
model. In the plot the maxima of 7 for different sizes of the two
key matrix elements (evaluated at the seesaw scale) driving the
pt — %" and p* — %" branching ratios are depicted [see,
e.g., Eq. (41)]. Two main features are visible here: (i) The sum of
the two matrix elements cannot be arbitrarily suppressed; this is
similar to the behavior seen in the CP conserving case in Ref. [1].
(ii) There is an upper limit on |(U%),,|* which translates into a
previously inaccessible strong upper bound on the individual
BR(p* — 7n%") [see Eq. (43)]. The white regions within the
unitarity domain (below the dashed line) are cut out as they would

correspond to M, below the phenomenological 107 GeV limit
[see Sec. IV and Appendix E2 a, Eq. (E14)].

(40)

7
U 2my| < 2.10-4 (L9 oy
|( v)kl k

1
as illustrated in Fig. 6. The universal |(U%),,|*> < 0.8 bound
seen there (common to all my < 107!° eV; see also

Appendix E 2 a) then translates into a limit on the partial
two-body proton decay width into muons

1 _
C(p— ”0/4+) = §|(VCKM)11 |2|(U§)21 |2F(P —'D)  (41)

in the form of a global bound on the relevant branching
ratio [cf. Egs. (5)—(12) in Ref. [1]]

BR(p — n%u") £0.29. (42)
However, large-enough 73 is in practice attained only for a

subset of the points conforming the basic condition (40);
for instance, for my~ 107 eV one has |(UL), > £0.2
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(see again Fig. 6) which yields
BR(p — z%") £0.09. (43)

Hence, the strong suppression of proton decay into muons
in the “large” m, domain can be seen as another potentially
testable feature of the current scenario.

D. Remarks on inverted neutrino hierarchy

The main result of this study, namely the absence of
good points for m, above about 101> eV [see Eq. (38)], is
a universal feature shared by both neutrino spectrum types
because it is saturated in the quasidegenerate regime where
their difference is not very pronounced.

Concerning the p-decay features of the previous sub-
section, it is again formula (40) that governs the relevant
quantities even in the inverted hierarchy case (where m
corresponds to m3). The only difference is that it connects
the 11 and 21 elements of the U, matrix rather than its 21
and 31 entries as it was the case for the normal hierarchy.
Interestingly, the structure of the first row of Vpys is such
that even in this case one still reveals

((U%)2? £ 08, (44)

albeit for a different reason than for the normal hierarchy,
and there is even a similar limit on |(U%),,|* driving
the decay modes into positrons. In any case, the global
limit (42) remains intact.

VI. CONCLUSIONS

In this work we have scrutinized the prospects of
accommodating thermal leptogenesis within the minimal
flipped SU(5) unified model of Ref. [1] with the aim to
learn more about its flavor structure from the requirement
of attaining the measured value of the baryon asymmetry
of the Universe. This is by far not a trivial objective as
the model prefers a relatively light RH neutrino spec-
trum (emerging only at two loops) and typically features
significant washout effects, at odds with the canonical
N -dominated settings a la Davidson and Ibarra.

Nevertheless, as it turns out from a detailed numerical
analysis presented in Sec. V, thermal leptogenesis does,
indeed, work in this setting, albeit not universally. Among
other prerequisites, it generally requires the mass of the
lightest active neutrino to be smaller than about 0.03 eV,
well below the target sensitivity limit of KATRIN. In this
sense, the model is potentially testable in the near future.

Concerning the details of the leptogenesis mechanism
operation, several qualitatively different regimes of attain-
ing a realistic 7 in the current model have been identified.
The first scenario corresponds to the usual N,-dominated
asymmetry generation in the situation in which the noto-
rious Davidson-Ibarra limit is evaded by bringing M; and

M, relatively close to each other (without invoking a
resonant behavior for which the model provides no
rationale) and the generally large washout factor k; is at
least partly suppressed. In certain situations, however,
even the N,-generated asymmetry may be protected from
the subsequent N;-driven washout by the suppression of
decoherence effects; a large-enough 7z can be obtained
either because of a strongly enhanced leptonic asymmetry
€2, or because of an accidentally suppressed k, washout
factor, with both options available within specific parts of
the relevant parameter space.

Remarkably enough, such additional constraints also
significantly improved the limits on the proton decay
partial widths studied earlier in Ref. [1]. In particular,
the strict upper bound on the mass of the lightest active
neutrino mass cuts out just those parts of the parameter
space where other constraints (such as perturbativity) did
not previously provide any valuable insight.
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APPENDIX A: DEFINITIONS
AND CONVENTIONS

1. The seesaw anatomy

In this appendix we fix the notation and conventions
used in Secs. [-V. The part of the interaction Lagrangian
driving the seesaw mechanism reads

_ 1
L: = fLMffR + l_/LMDDIJR + EU%CMQ/IUR

—\%ZLWULW; +He, (A1)
where v;, vg, ¢, and W,, are left-handed neutrino, right-

handed neutrino, charged lepton, and W-boson fields,
respectively, M, and MP stand for the Dirac mass matrices
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of charged leptons and neutrinos, and MY denotes the
heavy sector Majorana mass matrix.

As usual, introducing n? = (v;,v%)7, the heavy neutrino
part of (Al) can readily be rewritten in a compact form

1 1
DLML?I/R + 5D£CM£/[UR —+ H.c. = EH{CMI’IL + H.C.,

provided
0 (MP) >
M= . A2
(ot oty "
For |MM| > |MP|, its partial diagonalization yields an
effective low-energy Lagrangian in the form

_ 1 —
L2C M+ EVTCm}:Lv - %fLy”z/W; +Hc. (A3)

v

where the effective light-neutrino (v~ r;) mass matrix
obeys

my, = —(MP) (M)~ (MD)T, (A4)
and all heavy degrees of freedom have been integrated out.

The low-energy sector is then fully diagonalized by unitary
transformations

VvV =U,, ¢, = ULy, £ = URCR,  (AS)
which yield

M, = (U%)'D,UE, (A6)

mp, = ulb,u,, (A7)

Venns = ULUSL, (A8)

where D, and D, denote the real positive diagonal charged
lepton and light-neutrino mass matrices, respectively, and
Vpmns 18 the Pontecorvo-Maki-Nakagawa-Sakata matrix."”
In a similar way, one can diagonalize the mass matrix of the
right-handed neutrinos

MY =UTDMT, (A10)

BStrictly speaking, the combination (A8) defines the PMNS
matrix in the “raw” form, i.e., prior to stripping the three
extractable unphysical LHS phases P, in the general decom-
position

Vemns = PKV;)MNSPU’ (A9)

where P, = diag(e®, ¢/, 1) contains the two physical Major-
ana phases and Vpys stands for the stripped (i.e. like the
CabibboKobayashiMaskawa matrix) form of Vpyns, depending
on three angles and the remaining Dirac phase.

which, by virtue of (A4) and (A7), can be rewritten in
the form

U'pDMU = -D,U'D;'U,D,. (A11)

This is the central formula of our interest (cf. Sec. I B).

2. Parameter counting in the MY -diagonal basis

Let us count the independent quantities in terms of which
one can fully parametrize all structures entering the #p
calculation of Sec. III B, namely MM of (8) [see also (A10)
and (Al11)] and Y, of (22).

In the basis in which the RHN mass matrix MY is
diagonal the Yukawa matrix reads

1 .1 A~
Yy:;U]?MEU' :;VPMNSUyDuUT’ (A12)

where U is defined by Eq. (A10). Plugging (A11) therein
one obtains

U'pMU = -D,PRU,PLD; ' PLU,PED,,  (A13)

where the U, matrix of (A7) has been decomposed as

U,=PLU,P% (A14)
with PL and P} denoting diagonal matrices of “extract-
able” phases (two in P} and three in PX) and U}, stands for
the remainder of this decomposition, i.e., a unitary 3 x 3
matrix with three angles and one remaining nonextractable
phase. Using the commutativity of P¥ and D, the P%
phases can be pushed to the LHS of (A13)

pPE*UTDMUPR* = -D,U,PLD;'PLU,D,. (Al5)
At the same time, the Y, can be written as
1 . ~
Y, =~ VpunsPLU,D,PRU, (A16)
v

from where one can see that U enters both these relations
always together with PX. Hence, it is sufficient to work
with their compound U | = f]Pﬁ* which, however, can be
fully determined from the variant of Eq. (A15) in the form
UlpMU, = -D, U, PLD;'PLU.D,. (Al7)
Hence, it is a function of only P§ and D, (taking D, as a
known constant matrix), i.e., two unknown phases of
PL = diag{e/?, /2 1} (A18)

and three unknown angles and one phase in U’,. At the same
time, Y, is rewritten as
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Y, = %VPMNSPgU;DMU*, (A19)
and, barring the three nonphysical phases one can discard
from the LHS of the raw form of the Vpyng matrix of
Eq. (A9), it depends only on PL, U!, and the remaining
Vpmns parameters [i.e., three known mixing angles, the
(more or less constrained) Dirac phase, and two unknown

low-energy Majorana phases of Eq. (A9)].
Hence, taking into account the mass of the lightest
SM neutrinos (mg) in terms of which D, can be fully'*
|

Am3; =7.50 x 107 eV2,
Am3, =750 x 1075 eV?,

reconstructed, one counts the total of nine free parameters
(myg, a2, PE, U)) in terms of which all the leptogenesis-
relevant structures can be constructed via Egs. (A17)
and (A19).

APPENDIX B: EXPERIMENTAL INPUTS

For the neutrino sector observables we use the informa-
tion provided in [25], namely

|Am3,| = 2.55 x 107 eV? (NH),
|Am3,| = 2.45 x 107 eV? (IH),

(B1)

Concerning the PMNS matrix elements (12), we neglect the small uncertainties in the mixing angles and, for the sake of
simplicity (and without much of an impact on the results; see Sec. III B and Appendix E 3 b), fix the Dirac CP phase at its

central value. For the normal hierarchy, this means

912 ~ 34.30, 923 ~ 49.260,

whereas for the inverted case, one has

912 ~ 34.30, 923 ~ 49.460,

However, these data (especially the masses) must be
evolved to the Ms scale before getting plugged into
formulas such as (8) (and/or to the seesaw scale for
leptogenesis-related calculations). According to [18], the
mass effects may to a good degree be approximated by
universal multiplicative factors, e.g.,

_ mu(MBL) ﬁlu

— = ~1.32,
" (TeV)  my(l eV)

(B4)

where the hat denotes seesaw-scale quantities (see Sec. II B).

For the up-type quark masses, the second important
ingredient of the central formula (8), we use the results
of [19], namely

m,(Ms) m.(Ms) m,(Ms)
~0.44, ~0.38, ~0.38,
mt(MZ) mc<MZ) u(MZ)
(BS)
with
m(My) =173 GeV,  m.(My) = 0.62 GeV,
my(My) = 1.3 MeV. (B6)

"“This is true up to the uncertainties in the determination of
neutrino mass square differences, which, however, do not play
any significant role in the analysis of Sec. V.

05 ~853°, 5~ 1.08x, (B2)

0, ~858°, S~ 1.58x. (B3)

|
Note, however, that in formulas such as (10) one, in fact,
needs the unification-scale masses of Egs. (B5) and (B6)
to be evolved down to the seesaw scale by means of RGEs
for the neutrino Dirac mass matrix; for these parameters
[denoted by hats in Eq. (10)] we take

m,=72GeV, m.=023GeV, imn,=048MeV. (B7)
With all this at hand, one can finally evaluate the RHS
of Eq. (10):

~ 6.3 x 10% eV,

ﬁ’l]ﬁ’lzﬁ’%M]MQM:; - ﬁ’liﬁ’l%ﬁ’l% (BS)

APPENDIX C: SCALAR POTENTIAL
CONVEXITY CONSTRAINTS

In this appendix we shall address a natural question
whether the scalar spectrum of the model and/or the other
scalar parameters entering the RH neutrino mass for-
mula (4) may be further constrained from the very natural
requirement of the scalar potential stability. By this we
mean its boundedness from below in all scalar field
directions which is necessary to prevent a runaway behav-
ior of certain scalar modes.

Remarkably enough, the answer to this question is
negative. In technical terms, it may be shown that for
every shape of the triplet mass spectrum m,, and for every
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U, matrix diagonalizing the triplet masses there always
exists a point in the parameter space of the model for which
the scalar potential is bounded from below as required.

1. Higgs-doublet diagonal basis

The statement above is best proven in a special basis
corresponding to a rotation in the two scalar pentuplet field
space

D5; — Uijq)s,j» (C1)

1
Vy,= Em%oTr(q)Toq)lo) + m3®LDs + mI O O + (m},®L0 + Hee.),

/

7

ijkim H ijklm
Vi = §€’k1 (@10);;(P10) s (P5),, + geﬂd (@10);(®10) 1 (P5),, + Hee.,

which renders the Higgs doublet mass matrix diagonal by
definition. As we shall see, this is also a very convenient
basis for the analysis of perturbativity constraints imposed
on MY in Appendix D.

Let us start by recalling the scalar potential of the two
pentuplet model as written in Appendix B 2 of Ref. [17],
namely

V, = %,11 [Tr(@]y®,0)]* + %bTr((DIOCDlO(I)IO(DlO) + 23 (PLDs)? + 73 (@F L) + g (DI (OF s)

8 . 1 1+ .
+ 1 (DI s) (DL DL) + §A4c1>§q>5Tr(q>qu>lo) + EA4<1>’;<1>'5Tr (D], @10) + AsDPLD, (D], D5

o . 1
+ A5 @Y D@ @} + [y (PLDs) (DLD) + 1 (PLD})* + 173 (DL DL ) (@5 @) + 5,17q)§q>'5

x Tr(@]®g) + APLD (@] ®% + Hec],

where the § factor in front of m%, in Eq. (C3), shared also by the relevant kinetic term

1

Lo = —
kin. )

accounts for the symmetries of the defining fields

0 Dy -D, U

-D; 0 D, U?

®,=| Db, -D, 0 U
Ul U -U* 0

-D!' -Dp* -D3 -%

and ensures that m?, corresponds to the tree-level masses
(squared) of the correctly normalized components of @, in
the unbroken phase.

The SM SU(2), -doublet and SU(3) -triplet mass matri-
ces in the broken phase [devised by () = V; responsible
for breaking the SU(5) x U(1), symmetry down to the
SU3)exSU(2), x U(1)y of the SM] then read

, [ M3+ VE(atas) miy+ Vel + ) (C8)
T\ mZ VR4 mE 4+ Vi +s)

in the (H, H') basis and

(D'®yy)],(D,@1o) + (D ®s)] (D, Ds)’,

V=V,+Vs+Vy, (C2)
with
(C3)
(C4)
(C5)
(Co)
D! 7!
D? T2
D3 |, o =113 |(1 (C7)
> HO
0 H-
—/12‘/%; uVg ,U'VG
Miy=| wVs mi+4LVE mh+hVE | (C9)
WV my+VE mi+2,VE

in the (D', T, T") basis, respectively. The freedom to rotate
the two 5-plets as in Eq. (C1) can be used to diagonalize the
M2, matrix (C8), i.e., zero-out its off-diagonal element,
which means"

"For the sake of simplicity here we do not make any notational
distinction between the values of the same parameters in the two
different bases.
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miy + V§(dy +25) =0, (C10)
m3 + V(A +4s) = mj, (C11)
m2 + V(4 + 1s5) = m3,. (C12)

Note that by adjusting m?,, m3, and m3, the above relations
can be met for any masses m; and m3;, as well as for any
values of the quartic couplings. Note that in this basis the
SM Higgs doublet couples only to one of the {Y o, Y}
matrices; this observation will indeed become handy in
Appendix D.

Note also that in the same basis the triplet mass matrix
(C9) can be written in a simplified form (i.e., with only
two rather than four entries with more than a single
summand) as

AL HVe HVg
M3 = | wVe mp—2sVe  —2sVE (C13)
Y S R X

It is hardly surprising that there is still enough freedom
for the spectrum of this Hermitian matrix to assume any
shape, irrespective of the specific choice of m3, m3,, and V¢
above—indeed, the correlation between the two structures
in Egs. (C8) and (C9) is rather loose.

2. Asymptotic convexity of the scalar potential

However, can the scalar potential be bounded from
below (or perhaps even asymptotically convex) for any
choice of the physical parameters m;, m%;, and M3 (with
the last one encoding both the triplet spectrum m, and the
corresponding unitary diagonalization matrix U,)? The
answer to this question is affirmative in the sense that for
any choice of the quartic parameters A,, As, A5, and g in
Eq. (C13) it is always possible to pick the remaining
couplings of V4 in Eq. (CS5) such that V, > 0 for any non-
null field configuration. In fact, any possible instability of
the V, substructure

A ¥ ; ¥ ¥
ZTr(q)]oCI)loq)foq)lo) + A5 DLD @ D5

+ 1s®L D@ (@ + (ADPLD @] @L + He.) (Cl4)
due to a “suboptimal” choice of 4,, As, 4s, and Jg can be
resolved by adequately tuning the values of 4;, A5, and 15 of

M [Tr(@]y®10)]* + A3 (DL@5)* + 13 (@S @5)*  (C15)

4
so that the two structures (C14) and (C15) taken together

form a positively definite form; for this it is sufficient to
fulfill

1 -
Ay > §|/12| + 2|As| + 2|4s| + 4|2s], (C16)
2 > <] + =] (C17)
3 2 5 7 81
B > | + = ] (C18)
3 7 5 D) 8-

Hence, the scalar potential can always be made convex
(and, thus, bounded from below) regardless of the specific
form of the doublet and triplet scalar spectrum and the U,
unitary matrix governing the central formula (4).

APPENDIX D: PERTURBATIVITY
OF RH NEUTRINO MASSES

In Appendix C 2 it was demonstrated that even with the
extra condition of the scalar potential convexity, the triplet
spectrum encoded in m,, in Eq. (4) can still be taken as
essentially arbitrary along with an arbitrary unitary mixing
matrix U,. At the same time (cf. Appendix C 1), the basis
in the ®5 — @ plane can be chosen in such a way that one
of the two pentuplets fully contains the Standard Model
Higgs doublet and there is no projection of the same onto
the other one. This means that the first pentuplet (and hence
the triplet component within) couples to the matter currents
emerging from the Y (W;o¥o®5 term in Eq. (3) through
the Yukawa coupling of the SM Higgs, i.e., the down-quark
Yukawa matrix Y, = 8Y, (see Sec. Il B 1 in Ref. [17]).
Hence, Eq. (4) can be rewritten as

where the twiddles denote quantities in the rotated basis;
note that the corresponding combination of Y, and Y7,
denoted by Y still remains free. However, since
|Y,| < 1072, the first term in (D1) is unlikely to not play
any significant role, and in the remainder of this appendix
we shall stick to the second term therein and use (D1) in a
simplified form

MM 693 1% f (8Y[UA)1[Ux]5)1 <—2A) (D2)
P alUrliz) 13 L,
(4 )4 G — AlillY Ali3 %(

with the sole constraint on it arising from the requirement
of perturbativity imposed on Y.

Without diving into unnecessary details (and following
the same strategy as in previous studies) this constraint
shall assume a somewhat naive but conservative form of a
limit on the absolute size of every element of the effective
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Yukawa coupling matrix governing the Feynman diagrams
in Fig. 1 in the form
|8Y| < 4x. (D3)

Moreover, since the weighted16 sum of the loop integrals
corresponding to the three triplet mass eigenstates obeys

3 } m3
Salaozs(53)[ <3 o9
=1 mx
(cf. [17]), one finally arrives at
184%
|MM| sﬁvg. (D5)

APPENDIX E: EFFICIENT PARAMETER
SPACE SCANNING

In this appendix we summarize the main analytical
insights that made it possible to significantly improve
the efficiency of the numerical scans over the multidimen-
sional parameter space of the model.

1. General implications of a lower bound on M,

As it was argued in Sec. IV, barring severely fine-tuned
scenarios (such as resonant leptogenesis), in the current
scenario it makes little sense to consider situations with M,
below about 107 GeV. Let us further discuss the conse-
quences of such a constraint here.

Note that M, is the smallest element on the diagonal of
DM from the Takagi decomposition of MM of (8); i.e., it is
the square root of the smallest eigenvalue of the matrix
MM (MM)T. At the same time, it can also be viewed as the
inverse value of the square root of the largest eigenvalue of
the matrix |A|? = AAT, where A = (M™)~!. Since the sum
of the eigenvalues of |A|? is equal to its trace, one has

3.1 1 1

—2—+—+—=TrAA" = ) |A,[> > |4,

M}~ M7 M3 Mj zj: ! !
(E1)

for all i and j. Substituting for A from (5) and (6) the
inequality (E1) is brought to a simple form

\/ng_l 2 |(D;1UzDuU:jD;l)ij| = ‘(DZImLLbEI)UL
(E2)

which can be further recast as

Y i,j,

[(mp);;l <N (E3)

"®Note that the relevant weights are elements of a unitary
matrix.

where m;; = UZD,,U; is the light-neutrino mass matrix
with elements in the sub-eV domain and

Du i Du
Nii_\/§( )i(Dy); (E4)
is a symmetric matrix of the form
107 GeV 40x107° 1.9x1072 6.0
N~ <Te> . 9.1  29x10° | eV.
: 9.0 10°
(ES)

It is clear that

Z(U;i)ilﬁlk <N (E6)

3

is the most stringent out of the six independent bounds of
Eq. (E3) irrespective of the actual value of M; hence, in
what follows we shall predominantly focus on the con-
straints stemming from (E6).

2. Admissible shapes of the U, matrix
a. Restrictions on U, from the lower limit on M,

For the normal neutrino hierarchy the general triangle
inequalities

lz1 + 22 + 23] 2 |22] = |21] = |23l (E7)

|21 + 22 + 23| 2 |z3] = |z1] = |22 (E8)

A

applied to the triplet of complex numbers z; = (U;)3, /1,
inside the absolute value on the LHS of (E6) yield

s+ Ny,
U,)H |? , E9
(WP < Z— (E9)
iy, + Ny,
U |2 E10
Wl <= (E10)

Clearly, if the light-neutrino spectrum is close to degenerate
(i.e., for my ~m5 =5 x 1072 eV), one obtains

(U)x P < 0.6, (E11)

(U)3* £04, (E12)
for any M, > 107 GeV. On the other hand, for a hierar-
chical spectrum with m; <1073 eV (E12) is essentially
gone while (E12) is strengthened to about
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(U,)51? 0.15. (E13)

It is worth noting that in either case these limits translate
[cf. Eq. (A8)] into an interesting upper bound on one of the
key factors driving proton decay in the current scenario,
namely

UL, 0.8 (E14)

(see Sec. V C and Fig. 6).

For the inverted neutrino hierarchy the same triangle
inequalities provide

() <2t N (B15)
My Ny

(UANELEELEY (B16)
My = my

which again lead to the bounds similar to (E11) and (E12),
just with permuted indices

(U <05, (E17)

|(U,)n]* S05.

(&) =),

With this at hand, several observations can readily be made:
(1) Concerning the general decomposition of U, as in
Eq. (A14) the inequalities (E21) provide nontrivial
constraints only on the P% and U, matrices therein,
and, hence, on the two phases f;, f, of (A18), and
the three angles 6;; and the 6 phase parametrizing
U,. The specific form of such bounds, however,
strongly depends on m,.
(2) For my>2x 107! eV, Eq. (E21) provides no con-
straints on the shape of the U, matrix whatsoever.
(3) The smaller m, the more specific the shape of U,
has to be in order to conform all the constraints
in (E21). Typically, the most important of these
would be the one corresponding to i = j = 3. This,
however, does not need to be the case for really tiny
my’s if U, assumes one of the special shapes that
would keep the corresponding large element in
(D,/eV)~! entirely out of the second and third
rows of my} on the LHS of (E21). At the extreme,
taking |(U,),,| = 1 in the normal hierarchy case [or
|(U,)3;] = 1 for an inverted hierarchy], (#,/eV)™!

(E18)
|

() (e
—\0.5 107 GeV

Since, however, m; and m, are always relatively large and
close to each other in the inverted hierarchy (IH) case, these
limits are quite insensitive to the specific shape of the light-
neutrino spectrum.

b. Restrictions on U, from perturbativity

For a very light lightest active neutrino, the bounds of the
previous subsection can be complemented by the constraints
from perturbativity discussed in brief in Appendix D.
Indeed, the general limit (D5) can be recast as

3
(BLUTD; U, B, | < 13208

v
= (4n) e

(E19)

by the virtue of the seesaw formula (8). Note that in terms of
my} = UI'D;'U, it assumes a particularly simple form

|(m1)yl < KD (D)7 (E20)
which, compared to inequality (E3), makes the complemen-
tarity of the two sets of constraints evident.

Plugging in up-type quark masses (see Appendix B) the
constraints of (E20) can be recast as

7.0x 10" 1.5%x10° 4.6 x10°
3.0x10° 9.6 x 10° (E21)
31

ij

would be fully contained at the 11 position where it
would encounter the weakest limit, i.e., the largest
number on the RHS of (E21); this, in turn, would
provide a universal absolute lower bound on m in
the current scenario in the form

3 17
™o <0‘5> <W) x 14x 10712, (E22)
eV gs my

(4) For my in the lower half between the no-constraint
limit of 0.2 eV and the absolute minimum of
Eq. (E22) the U, matrices can be shown to assume
the following approximate textures:

1 epers .
. le
U,~ with  [ey;| ~—— for NH,
14 (Du)i
\% N3 K
U,~ with  |es;] N(mgi)z for IH,
1 exnes "
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where V denote 2 x 2 matrices, which are unitary
(VIV =1) up to the O(e;;) factors, and the small
dotted entries are determined from the overall
unitarity of U,. Note that such a behavior of U,
in the normal hierarchy (NH) case has been indi-
cated already in [1] (see Fig. 3 therein).

3. Efficient parameter space scanning technique
a. Sampling of the U, matrix

For the sake of the numerical analysis, one has to
efficiently generate a large sample of U, matrices con-
forming to the previously discussed constraints, in particu-
lar (E6). In the notation of Appendix A2 [namely
Eq. (A14)] this amounts to choosing the two phases in
the P% matrix of Eq. (A18) together with the three angles
0;; and one phase & governing U,

The key condition (E6) turns out to assume a particularly
simple form

Nll > |ﬁ’l3sin2¢|3 + COSZ¢|3e_i<25+/}2)

X (1h1co8?py + Mye’ PP sin?py, )| (E23)
for U, parametrized as
U, = 012(¢12)013(¢13. 6)023(h23) (E24)

where 0,;(¢) are real orthogonal matrices corresponding to

rotations in the ij plane (with — sin ¢ on the ji position) and

cos¢p 0 singe ™™
013(¢, 5) = 0 1 0 (EZS)
—singe® 0 cos¢

For a fixed lightest neutrino mass (out of which the entire
light spectrum can be reconstructed), and specific values
of ¢y, and the B, and 6 phases, Eq. (E23) represents a
quadratic inequality for sin’ 5. Note that in the para-
metrization (E24) ¢,3 entirely drops from (E23). This
feature, together with some further insights on how to
choose the physical Majorana phases «@; and o,
[cf. Eq. (A9)] described below, provides the key to the
efficiency of our sampling procedure.

b. Sampling of the a; , Majorana phases

Concerning the Majorana phases «; ,, there is nothing
wrong in principle about sampling them randomly with
a uniform distribution over the entire (0,27) domain.
However, in an attempt to boost the efficiency of finding
large-np points, it is highly beneficial to focus on special
regions where, e.g., decoherence effects are small due to the
suppression of ¢y, or c,, driving the charged current
interactions of specific neutrino flavors. The same strategy
can also help with staying out of the strong washout regime,

log10Ns

o
-
N
w
IS
v
o

FIG. 7. An illustration of the behavior of the ¢, factor of
Eq. (15) and the baryon asymmetry #p as a function of the a,
Majorana phase of (A18) for sample values of the other free
parameters 71, = 1073 eV, sing, = 0.239, sin¢;; = 0.064,
singh; = 0.551, 6§ =627, p;=-940, p,=-627, and
a; = 1.36 (cf. Appendix E3b). Note that the enhancement of
np in the blue band area is behind the emergence of the type-C
domain discussed in Sec. V where the N, effects are generally
suppressed.

as the washout factors in the context of Boltzmann
equations (17) typically appear in the k,»cl-,,cl’;, combina-
tions. This is illustrated in Fig. 7 where the typical behavior
of ¢, and np as functions of one of the underlying phases is
depicted (with all other parameters fixed). Hence, the scans
of Sec. V are predominantly focusing on the regions
encompassing the minima of ¢;,’s with less attention paid
to points outside these domains.

APPENDIX F: MINIMAL WASHOUT REGIONS

In this appendix we provide a simple analytic argument
to justify the emergence of bands of accidentally small
washout in the M| — M, plane like the one encountered in
the right panel of Fig. 5.

1. The k, suppression band of Fig. 5 and M,

Given relation (23), the small-washout regions are
generally expected to correspond to the situation in which
the U matrix assumes a shape ensuring the total elimination
of the m?-proportional contribution therein, i.e.,

023 - O (Fl)

To translate this condition into a specific constraint on M,
(suggested by the shape of the suppression region observed
in Fig. 5) it is convenient to rewrite the seesaw formula (8)
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in the form
1 =~(D))"*0°D,U{D;'U,D,U (D)2, (F2)
which implies that
i(Dy)"?0 D, U[(D,)"* = 0 (F3)

must be a complex orthogonal matrix. This comes very
handy because the k, washout factor of our interest then
obeys

1 .
ky=— (ODuO' )22 (F4)

m

following from (22). Let us note that this is a universal form
of k, in any model implementing a type-I seesaw. Its added
value in the current scenario is that it admits to relate the
value of M, in the minimal washout regions of the
parameter space to the quark masses via

3
M, ~ Zmi_w(U*DuUz];)zi

i=1

2, (F5)

which is a direct consequence of Eq. (F3) and the fact that

ky of Eq. (F4) is minimized for
3
S 0sP ~ 1. (F6)

i=1

Inserting (F1) into (F5) one obtains

which, up to the singular U,, = 0 case, always picks up a
factor of m2 from (lA)u)?, hence justifying the emergence
of a small washout band at the position characterized
by Eq. (37).

Note that the U,, = 0 case is discarded by the fact that in
combination with (F1) one would have | U, | = 1 which, by
virtue of the seesaw formula (8), implies also |(U,),,| = 1;
this, however, is incompatible with (E12) for m; =
10714 eV of Fig. 5 (but, as suggested by the widening
of the green area toward the left side of the right panel
therein, may become more viable for smaller /7; or a
weaker limit on M; see Appendix E 1).
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