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Abstract

We study thermal leptogenesis in realistic supersymmetric flipped SU(5) x U(1)
unification. As up-type quarks and neutrinos are arranged in the same multiplets,
they exhibit strong correlations, and it is commonly believed that the masses of
right-handed (RH) neutrinos are too hierarchical to fit the low-energy neutrino
data. This pattern generally predicts a lightest RH neutrino too light to yield suc-
cessful leptogenesis, with any lepton-antilepton asymmetry generated from heavier
neutrinos being washed out unless special flavour structures are assumed. We pro-
pose a different scenario in which the lightest two RH neutrinos N7 and Ns have
nearby masses of order 109 GeV, with thermal leptogenesis arising non-resonantly
from both N; and No. We show that this pattern is consistent with all data on
fermion masses and mixing and predicts the lightest physical left-handed neutrino
mass to be smaller than about 10~7 eV. The Dirac phase, which does not take the
maximal CP-violating value, plays an important role in leptogenesis.
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1 Introduction

The flipped SU(5) x U(1) Grand Unified Theory (GUT) model [1,2] is a compelling
alternative to the Georgi-Glashow (standard) SU(5) GUT [3]. It exhibits a number of
interesting features that are essential in addressing several unsettling issues present in (at
least in minimal versions of) the standard SU(5) framework. In this respect, the most
notable characteristic of the flipped SU(5) model is that the standard hypercharges and
the electric charges for the Standard Model fermions emanate from a different U(1)y
hypercharge embedding. This new hypercharge arrangement is obtained by associating
U(1)y with a linear combination of the U(1), C SU(5) and a second U(1), which es-
sentially corresponds to the Abelian factor embedded in SO(10). This modification of
the original SU(5) leads to far reaching theoretical and phenomenological implications.
Under the new assignment, quarks and leptons are distributed differently in the SU(5)
representations, and moreover the right-handed (RH) neutrinos are also integrated in
the spectrum, which generate naturally light neutrino masses through an effective seesaw
mechanism. Furthermore, the symmetry breaking to the Standard Model is achieved only
with the fundamental 10 + 10 Higgs representations, as opposed to the standard Georgi-
Glashow model where the adjoint (i.e. the 24-plet) is required for the SU(5) symmetry
breaking. By virtue of this property, the flipped SU(5) version can be elegantly embed-
ded within a superstring theory framework (for example, such as in the d-4 fermionic
formulation [4] of the heterotic string theory, and a version [5] in F-theory), providing an
ultraviolet (UV) completion and thus, a connection with quantum gravity at high energy
scales. Moreover, the above novel features have made the model attractive for address-
ing successfully challenging phenomenological issues. Thus, for instance, it can naturally
provide an interpretation to the neutrino oscillations and also, avoid fast proton decay.
For all those merits, since its early days the flipped SU(5) model is an evolving area of
research, remaining a compelling candidate for physics beyond the Standard Model until
today. Due to its UV completion, it is natural to assume that the flipped SU(5) respects
supersymmetry (SUSY), and we shall do so here.

In a previous paper [6], aiming to further refine and enhance the predictability of flipped
SU(5) SUSY GUTs, we have made a detailed investigation and considered its broader im-
plications for particle physics and cosmology. Thus, we first performed a renormalisation
group analysis to settle the unification scale Mgyt and other related high mass scales
of the SU(5) x U(1),, theory. This determined the GUT scale Mgyr 2 10'® GeV, while
it was found that the U(1), breaking scale (associated with B — L), can stretch over a
wide range of scales without having significant impact on Mgyr. Subsequently, we inves-
tigated two viable scenarios of fermion masses and mixings and derived a light neutrino
spectrum compatible with the present neutrino data. Next, we computed the contribu-
tions to proton decay from dimension-five and dimension-six operators, while we found
that the former can be adequately suppressed by virtue of the missing partner mechanism
in this model. In general, contribution to the partial decay width p — 7" are highly
suppressed, while the dominant channel in this model is p — 7%*. Further, a mechanism
of generating cosmic strings associated with the U(1), (hence, with the B — L scale) is
effective in this model. These (metastable) cosmic strings can provide an interpretation
to the recently observed NANOGrav stochastic gravitational wave background [7,[8].

While many phenomenological aspects of flipped SU(5) have been examined in detail



over the last decades, the leptogenesis scenario has not received much attention E], hence,
in the present work we address this issue in some detail. Leptogenesis, is an attractive
scenario for generating the observed baryon asymmetry of the Universe, however, it is
also a dynamical mechanism on its own right, since it can make prediction for the leptonic
sector as well. The leptogenesis can in principle be realised if heavy RH neutrinos are
present, therefore, flipped SU(5) is a suitable candidate since it is the minimal GUT
incorporating the RH neutrinos in its spectrum. In the present work we rely on our
previous construction [6] of the flipped model to investigate the leptogenesis scenario. We
start by performing a detailed analysis of the fermion masses and mixing and determine
regions of the parameter space where leptogenesis is successfully implemented. This
requires a RH neutrino mass spectrum that differs from the strong hierarchical case of
standard scenarios presented in most of the previous investigations in the framework of the
flipped SU(5). Hence, in the present work we constrain the parametric space in the region
where the two lightest RH neutrinos are nearly degenerate while the third RH eigenstate
is much heavier, i.e., M} ~ M, < Mj. This case can avoid the strong restriction of
N leptogenesis, where N is too light to generate enough lepton asymmetry and the
lepton asymmetry generated by Ns should be carefully reserved to avoid the washout
by N; [10413]. In our scenario, both N; and N, have masses higher than 10° GeV.
Using publicly available packages, we calculate the baryon asymmetry using the density
matrix formalism and determine the specific conditions and the parameter region where
leptogenesis can be achieved.

The layout of the remainder of this paper is as follows. In section [3| we present the spec-
trum of the model and describe the breaking pattern of the (flipped) SU(5) x U(1), sym-
metry. In section [3, we perform an analytical and numerical investigation of the fermion
mass textures and mixing, under the assumption that the two lightest RH neutrinos are
nearly degenerate. More details on the analytical derivation of this flavour texture is
given in the appendix. In section [ we analyse the implications of the derived fermion
mass spectrum of the previous section and constrain the available parametric space to
achieve a successful leptogenesis scenario. In section [5| we present our conclusions.

2 Flipped SU(5) and the Fermion masses

We briefly review the fermion masses and mixing in the flipped SU(5) model, which
was outlined in our former paper [6]. There are three matter multiplets, (10, —%)i,
(5,2); and (1,-2); in the gauge symmetry SU(5) x U(1),, where the index ¢ = 1,2,3
takes the values in the flavour space. A copy of quintet Higgses, (5,1) and (5,—1), are
included for the SU(5) x U(1), invariant Yukawa couplings with fermions. Additional
Higgses are necessary to trigger the spontaneous breaking of the GUT symmetry and
intermediate symmetries above the electroweak scale. As they are not crucial for fermion
masses, they will not be reviewed in this work, and we refer to [6] for those details. With
matter and Higgs field introduced, Yukawa couplings consistent with the GUT symmetry

can be constructed. The charged fermions masses in particular arise via the following

®Note that a recent paper on flipped SU(5) leptogenesis generates RH neutrino masses via a two loop
mechanism [9]. However such a mechanism is not consistent with SUSY as assumed here.
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Table 1: SU(5) x U(1), representations for matter and Higgs fields of our SU(5) x U(1),
GUT model and their role in symmetry breaking. Standard Model hypercharge is identified
as Y = —1(y + 2x), where y is the generator associated with the U(1), C SU(5).

superpotential terms

We = (Ya)), (10,—%)1.(10,—%)3-.(5,1) S (Vo) Qi By,
W = (V)35 (10~ )i~ (5,5); (5, ~1) = (Y5 [@uuS + 5 L] .
) -3
Wi = (05 (L —0); (50 (8,1) = (V)i Lihy. (1)

Here Y,, Y; and Y, are 3 x 3 Yukawa matrices and Y is symmetric. These coefficient
matrices are introduced with a complex conjugation to match with the SM left-right
non-SUSY convention. The field arrangement requires the Yukawa coupling matrices
satisfying

Y=Y, Y,=Y]. (2)

In particular, the Dirac Yukawa coupling matrix Y, is correlated with the up-quark
Yukawa coupling, inheriting the hierarchical structure of the latter. Majorana masses
for the RH neutrinos can be obtained via a higher order term

ve 1 1 *
Wye = (A )lijHFF —>2(MR)2] Vg (3)

where (Mg);; = (\")y; l;\f The light neutrinos gain masses via the usual type-1 seesaw
mechanism,

M, ==Y, Mz'Yv?2, (4)
where we takes the Higgs VEV v, = (h,) ~ 175 GeV for tan 8 > 1.

All Yukawa mass matrices, can be diagonalised as

U}YfU]/‘ = ?f = dlag{yfla Yra, ny} 5
UjMVU: = MV = diag{mla m27m3} )
UIT%MRUE = My, = diag{ M, My, M3}, (5)



where f = u,d, e, and (Y1, Yu2, Yuz) = (Yu, Ye, Y1), and etc. After the diagonalisation, we
obtain the quark and lepton flavour mixing matrices as Vg = UJUd and Upyng = U, ZTUV.
In particular, the lepton flavour mixing matrix, i.e., the PMNS matrix, up to three
unphysical phases on the left hand side, is parametrised as follows

—1id

C12C13 S12€13 S13€
_ is i6
Upnins = Bi | —519C93 — C19513593€ C12C23 — 5125135236 C13593 | Do, (6)
is is
812823 = C12513C23€ —C12823 — 512513C93€ C13Ca3

where 6;; (for ij = 12,13,23) are three mixing angles, ¢ is the Dirac CP phase, P, =
diag{1, e?@21/2 ¢i@31/2} i5 the Majorana phase matrix and P, = diag{e’™, e’ %} is a
diagonal phase matrix without physical correspondence at low energy. The CKM matrix
can be parameterised similarly to Eq. @ with a 3 x 3 matrix in the middle, involving
three mixing angles Gf’j and a Dirac CP phase §9, accompanied with two diagonal phase
matrices P, and P, on both sides. However, as quarks are all Dirac fermions, the two
phase matrices are unphysical at low energy.

Without loss of generality, we make a basis rotation to the basis where U, = U, = U] = 1.
This is done by performing 3 x 3 unitary transformations for (10, —3), (5, 2), (1,—2) in
their flavour space, respectively. Since Y is symmetric, U, = U is satisfied. Then, we
arrive at

Yu - Yu:Yua
Yy = VCKMYchTKM,

i = U0 IJLMNS Yl J
Ml/ = UVMVUZT )
Mp = Y, U:M;'UI v, . (7)
In this basis, f/f and MV are fixed by the corresponding quark masses, Ucky and Upnins

are determined by experimental data of quark mixing and lepton mixing (up to the two
unknown Majorana phases). The main undetermined part is the unitary matrix U,.

We have discussed two extreme cases with regard to U, in the former paper [6], namely:

S1) U, = Upuns, ie., U = U,,UPT)MNS = 1. The Yukawa mass matrices are simplified to

~

Y, = Y,
Mu — UPMNSMZ/UIZMNS )
Mr = Y, UpynsM,, 1UPT>MNSYW§ . (8)

82) Uu = 17 i'e'a Ul = UVU}T’MNS = UIJLMNS'

~

Y, = UPT’MNSYlv

Ml/ = M,j,
Mg = Y, M;'V02. (9)

Both cases give too hierarchical mass spectrum of RH Neutrinos, M; : My : M3

m?2 : m? : m?. In particular, the lightest one acquires a mass M; ~ m?/m, < 10° GeV,
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which cannot provide a source to generate enough lepton-antilepton asymmetry to address
the matter-antimatter problem. The second case S2), which is even worse as we have
confirmed, gives no CP violation for the RH neutrino decay.

In the following sections, we will discuss how to use leptogenesis as a criterion to pick up
leptogenesis-favoured U, and the corresponding flavour patterns.

3 The flavour pattern

We make the following assumptions for the RH neutrino mass matrix Mg:
e The two light RH neutrinos are assumed to have nearly degenerate masses, and
much lighter than the heaviest one, i.e.,
M, ~ My < M;. (10)
This allows us to perform the following parametrisation
Myo=MAF0y), M;=DM/k. (11)

Then we can approximate the inverse of My as

i 100 S 0 0
Myt ~ 7 Ur| 010 Up+Ur| 0 —6x 0 |ULG, (12)
000 0 0 =

where Upg is the unitary matrix to diagonalise Mg, i.e.,
U MgUg = diag{ My, My, M3} . (13)
e In the following analysis we take Mg to be real, and we assume that no CP violation

is induced in the superpotential term W,.. Then, Ug is a real orthogonal matrix,
parametrised by three angles as

R R R R R

C12C13 $12€13 513

_ R R R .R .R R R R .R .R R R

Ur = | —815C93 — (13813893 C13Co3 — S12513593 (13523 (14)

R R R .R .R R R R_.R .R R .R

812523 = C12513C23  —C12523 = S12513C23  C13Ca3
R _ R R _ o nR
where ¢;; = cos6;; and s;; = sin 6.

We discuss the flavour texture of M, which can be compatible with the current oscillation
data.

We first check in the simplified case with vanishing 65, and . Using the seesaw formula,
we obtain MY

b2 [ va 00 02 YvaUka YuYeUr31Urs2 Yu¥tUr31Ur 33
MB = Mu 0 y? 0 - Mu yuchR,:ﬂ UR,32 y? U]%732 YeYr UR,32 UR,33 (15)
0 0 ¥ YuYtUr31Ur33  YcYtUr32UR 33 Yr U 33
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where Ug;; is the (4, j) entry of Ug. This matrix predicts a vanishing neutrino mass and
two heavier ones proportional to y? and y?, respectively. The heavier masses are too
hierarchical and conflict with neutrino oscillation data. To reproduce the correct mass
hierarchy for light neutrinos, we must assume Ug 31, Ug 32 >~ O(y./yt), i.€

015, 035 = Olye/yr) = O(107°). (16)
It is convenient to introduce two O(1) parameters
2 2
a= <% sin (9{%) , b= <% sin 6%) : (17)
Ye Ye

Then, the size of each entry of M? is estimated to be
2 O(107% 0(107%) O(1073)
MO ~ a7 | oo™ 1 Vb : (18)
01073 Vb a+b
where m,. = y.v,. We refer to Eq. in the appendix for the detailed expression of M?.

Then, assuming that the LH neutrino mass spectrum takes normal hierarchy (NH), the
three neutrino eigenmasses are given by

2
2M

In the inverted hierarchy (IH), the replacement (mj,ma, mg) — (mg, my, my) is under-
stood and will not be repeated in the following. We further find that a and b are related

via the equation
_\/a(,/@+,/@)—a—1 (20)
ms mo

while the following restrictions hold on a and b

M ca<™  ggb< (,/ 1/ —2) (21)
ms mo

where the maximal value of b is taken at a = 4 + e+ 2)2. As m; = 0, we can take
mg = /Am3, and m3 = /Am3, explicitly. The unltary matrix which diagonalises M,

is approximately expressed as

my =0, My~ [1+a+b¢\/1+a+b) 4a]. (19)

1 0 0
U,~| 0 cosf siné (22)
0 —sinf cosf

sin 260 = 2 (\/Z:z— \/Z:z)_l \/g (23)

Next, we include the correction induced by the parameters d,; and k. M, = MS + oM,
and M, is estimated to be

with

) O(1075)5,, O(103)8y  O(107%)5y + O(10%)k
SM, ~ Z} O(103)8,s O(1)dxs O(1)6yr + O(1)k (24)

O(1073)0p + 010k O(1)on + O(1)k KyZ [y
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Eq. in the appendix gives the detailed expression of d M,,. Most entries of d M, induce
only small corrections to the neutrino masses and flavour mixing due to the suppression of
dyr and k. The only exception is the (3,3) entry, which is enhanced by y?/y2. Including
this term leads to the modification of masses ms and ms by simply replacing a with
a' = a+ky?/y?. A non-zero k also leads to a non-zero lightest left-handed (LH) neutrino
mass. All light neutrino mass eigenvalues are approximately given by

2,2 2
me Yk Yy

240 0,27
M yza'y;
2
mc

2M

12

ma

12

mas [1 +ad +bF /(1 +d+0b)? —4a’] (25)

Again, a’ and b satisfy the relation

bgm(,/m,/@)_d_l (26)
ms mo
and the restriction
UCIPPCY Ogbgl(/@+ /@_2). (27)
ms mo 4 mo ms

The parameter k, referring to the hierarchy between the heaviest RH neutrino mass and
the other two, has to be very small, k = (¢’ — a)y?/y? < O(1079).

The existence of the non-zero x has two main implications on the LH neutrino masses and
mixing. The first one is to give a tiny mass to the lightest LH neutrino. From Eq. ,

we see that m; <

~

checked that m; < 1077 eV. Thus, we can still take my ~ \/Am3, and mz ~ /Am3,
approximately. The second implication is to modify the relation between msy and mjs from
Eq. to Eq. (26). The factor ky}/y? allows  to have an important contribution to the
masses mo and mg even if k is tiny. The other parameter €, referring to the mass splitting
between M; and Ms, has a negligible effect on M,,, however, is crucial for enhancing the
CP asymmetry in leptogenesis. The unitary matrix U, has approximately the same form

as that in Eq. but with 6 replaced by

sin 260 = 2 <\/Z:z - \/Z:z) B \/g (28)

By means of this analytical discussion, we are able to perform a very efficient numerical
scan by varying the input parameters in the derived intervals. In the numerical scan, we
follow the subsequent procedures:

2 . 2 . . .
z—gmm ~ 1075my 3 since % < O(1) is required. We have numerically

1) o' is treated as a free parameter in the interval shown in Eq. , k varies logarith-
mically in the interval [107%, a'|y?/y?, and a and b are respectively determined by
a = da —rky?/y? and Eq. (26)). Once a and b are obtained, {5 and 6%, are determined
via Eq. . Here, all quark Yukawa couplings and mixing parameters are fixed at
their best-fit values after RG running to the GUT scale [6,/14].
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Figure 1: Masses between M = (M; + M3)/2 and M3 in NH (left panel) and IH (right panel)
cases, with 6py = (Mo — M;)/(2M) logarithmically scanned in the range (1076, 1).

2) The third angle 0§, is assumed to vary randomly in the interval (0,2). Once these
parameters are introduced as inputs, My is obtained via Eq. up to an overall
mass scale.

3) Through the seesaw formula, M, is derived also up to an overall mass scale and U,
is calculated by the equation (7).

4) We do a simple x? analysis where x? < 10 values are considered, and experimental
data of three lepton mixing angles and two mass-squared differences are taken into
account. Free input parameters include: (d’, x,0%) which are discussed in the
above items, one overall mass scale for light neutrino, all oscillation parameters
(012,013, 093,0) in the PMNS matrix which we assume to vary in their 1o region,
two Majorana phases (aw1, a31), and three phases (51, 52, f3) in P.

In Fig. [I, we show the correlation between the heaviest RH neutrino mass Mz and the
average mass M = (M; + Ms)/2 of two lighter RH neutrinos. The lower bound of M,
which is close to the canonical seesaw scale ~ 10 GeV, is given by ry?/y? ~ a' and
a — 0. The upper bound of M3 refers to xy?/y> — 0 and a ~ a’. A cutoff for M3z should
be included as it is higher that the GUT scale Mgyt ~ 10'® GeV. The IH case gives
robust prediction for RH neutrino masses, M =~ 1.3 x 10° GeV and M5 ~ 1.8 x 10'* or >
2.5x 10 GeV. We explain these results below. Recall Egs. and with my, mo, ms
replaced by ms, mi, msy in the IH case. As mg almost vanishes, m; =~ \/—Am§2 — Am3,
and mgy &~ \/—AmZ,, the parameter o', which is restricted in the range [my/ma, ma/my],
has to take a value very close to one, and b ~ 0. Then, we obtain my o ~ m?2/M, leading
to the very restricted prediction for M. As for Mj, the two separated regions refer to
ky?/y? ~ a' ~ 1 and ky?/y? < 1, respectively.

Note that our numerical scan is performed explicitly without any approximation. The
analytical formulae between a, b, k, which are considered above, are treated as a guideline
to restrict the parameter space. In particular, they can be used to select points that give
successful leptogenesis, as discussed in the next section. We emphasise that once Mg is
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Figure 2: The CP asymmetry for decay between N; — h,L, and its CP conjugate process
with NH is assumed for illustration.

obtained, no approximation is used to derive the observables.

4 Leptogenesis

After having studied the flavour pattern of the neutrino sector, in this section we try to
determine whether we can have successful leptogenesis for some portion of the parameter
space. We denote the mass eigenstates for RH neutrinos as Ny, Ny and N3. We concen-
trate on the portion of the parameter space for which we have M; ~ M and where Mj is
very large and thus the contribution of the heaviest RH neutrino gets completely washed
out. We will include only N; and N, in the evolution of leptogenesis.

My — M, (GeV) | T (GeV) My — M, (GeV) | T (GeV)
BP1 1.5 x 10* 52 BP4 1.1 x 10* 118
BP2 2.5 x 107 1.18 BP5 1.7 x 107 440
BP3 4.1 x 108 32 BP6 6.9 x 108 99

Table 2: For resonant leptogenesis My — M7 ~ I is required. Above, in the left and right table
are the values for three benchmark points with different values of Aj; respectively for the NH
and IH scenarios. One can see that all of the points are outside the resonant condition.

We use the density matrix formalism to calculate the baryon-antibaryon asymmetry. The



density matrix equation for the asymmetry of the flavour B—L, (i.e., B/3— L,,) is |[15,16]

dNBL 2 1 4 ~

—r Zs i (Ny, — N3 — ;Wi {PO°O,NPY
100\ [/100 17

Im (A,

—m}EZ> 000 ]|,[[0o0o0]| NEE
00 0 00 0 1. (29)
00 0 00 0

—Imb({A“) o10].[lo1o0], NBT

= J\ooo/) [\oooO 1 s

Here, 5&% is the CP source term including both vertex and self-energy contributions [17]

2

O St [T )] 0o ) 1 [T T £ () 0
(V1Y ) i e YITAM? oI B BRI UAVA

where Y is the Dirac neutrino Yukawa coupling matrix in the mass basis of charged
leptons and RH neutrinos

Y = UV, Up = VeunsUJ YaUr, (31)

and the functions g and f are given by

o) = Vi1 e ios (2],

fa) = ——. (32)

r—1

Since we are focusing on the nearly-degenerate case, then My — M; < My + M. 1t is
worth mentioning that the above formula does not hold in the resonant case M; —M; ST,
ie., oy < (YTY),/(4m) [18,]19]. Fortunately, as we are going to discuss below, in the
parameter space we considered we have always My — M; > I'; o, and thus we are safe to
use just the density matrix formalism with the CP source in Eq. . In Fig. |2| we show

plots of the CP asymmetry ) for the decay N; — h,L, and its CP conjugate process.

We apply Universal LeptogeneSiS Equation Solver (ULYSSES) [22,123] in our numerical
calculation of leptogenesis. We have used 2-flavour density matrix equation (2DME) and
resonant leptogenesis (2RES) formulations to calculate the baryon asymmetry np for a
cross check. In general, results in both methods are consistent with each other if the
mass splitting is not too small. Indeed, the Yukawa couplings with N; and Ny are in
general of order 1073, and the resonant region, i.e., My — M; < T’y o, appears only for
o < (YTY)i/(47) ~ 1077, We have checked that thls region gives a huge value for np,
and thus the 2DME formulation is enough for us to do the scan. In Fig. [3] we show the

prediction of ng as a function of d;; and M3 with 2DME applied.

We found out that there is a region of the parameter space for which we achieve successful
leptogenesis. There is a strong correlation between the quantity d,, and the predicted n,

10
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Figure 3: The dependence of the baryon-antibaryon asymmetry 7, on d5; and M3 in both NH
(left panel) and IH (right panel) cases. On green are the points for which 7,/nEBN is of order
O(1). The black solid line refers to the GUT scale around 10'¢ GeV. The RH neutrino mass
M3 above this line has the non-perturbative problem and should not be considered.
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Figure 4: The dependence of 7, on § and age = az; — aw; in the NH case (left panel), and §
and ag; in the IH case (right panel). Only points within the 3¢ range (in green) are shown.

as one can see from Fig.[3] Moreover, in Fig[] we notice that in this model there is a sharp
prediction for the Dirac phase; in the NH case it is far from the maximum CP violating
case but it still contributes to generate the lepton asymmetry, while in the IH scenario
the major contribution to the asymmetry is always given by the Majorana phase. Finally,
in Fig. [5| we show the predictions for m.. in comparison with the mass of the lightest
active neutrino m;. The IH scenario can be tested with future Ov33 experiments ,
while the NH cannot. For both scenarios due to what we discussed above, m; is very
small, several orders of magnitude smaller than the reach of next generations laboratory
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Figure 5: m.. against the lightest active neutrino mass m; for NH and IH. m; is predicted to
be very light in both scenarios and the results are showed in the left panel. Only points within
the 30 range (in green) are shown. Current best experimental limit from KamLAND-Zen [21]
and future sensitivities in KamLAND2-Zen and nEXO [20] are shown.

and cosmological experiments.

5 Conclusion

Flipped SU(5) provides an attractive alternative grand unified model to the well-known
SU(5) and SO(10) GUTs. A distinct feature of this model is the prediction of very long
proton lifetimes. Therefore, in the absence of proton decay in next-generation neutrino
experiments, the model cannot be ruled out. In the flavour space, this model predicts
a correlation between Dirac neutrino and up-quark Yukawa couplings, thus it is natural
to expect right-handed (RH) neutrinos to have a very hierarchical mass spectrum to fit
the low-energy neutrino data via the seesaw mechanism. As a consequence, a successful
leptogenesis may be hard to achieve, since 1) the lightest RH neutrino is too light to
generate enough baryon-antibaryon asymmetry and 2) any baryon-antibaryon asymmetry
generated by the heavier RH neutrinos might be washed out by the lightest one, unless
special flavour textures are included to suppress the washout effect.

In this paper, we provided another option to apply thermal leptogenesis to explain
baryon-antibaryon asymmetry in the observed Universe. The key point for a success-
ful leptogenesis in flipped SU(5) is the assumption that the two lighter RH neutrinos are
approximately equal. We found, through analytical approximations and straightforward
numerical calculations, that these two RH neutrinos have masses slightly above 10° GeV
and the heaviest one is between the classical seesaw scale ~ 10'* GeV and the GUT scale
> 10% GeV. As a consequence, the lightest left-handed neutrino, regardless of the normal
or inverted hierarchy, has a very tiny mass miightest S 107 eV, though not exactly zero.
The two lighter RH neutrino masses are heavy enough for thermal leptogenesis to apply.
The small mass-splitting between them provides an enhancement of the CP asymmetry

12



of RH neutrino decay. We found that the best region for the mass splitting should be
around two to four orders of magnitude smaller than the mass scale. However this is not
the resonant regime, which would require the mass splitting to be the same order as the
decay width, and would overproduce the lepton asymmetry. For a normal neutrino mass
hierarchy the model makes a sharp prediction for the CP violating Dirac phase with the
bulk of the points in the range 6 = 160° ~ 165°.
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A Derivation of leptogenesis-favoured flavour textures

In this appendix, we show how to find the parameter space of fermion flavour structures
in flipped SU(5) with our analytical approximation. This analytical approach is very
helpful for us to restrict the parameter space in the multi-dimensional scan, and thus
makes the numerical scan more efficient. However, since the analytical approach applies
only to a specified region, we do not use it directly in the numerical calculations. We
just get random points around the region suggested by the analytical approach and do
the explicit numerical calculation without any approximation.

The left-handed neutrino mass matrix, derived via the seesaw formula, is given by

M, = M? + 6M, (33)
with M? in Eq. and 0 M, given by
2 by 0 0
M, = “Y,Up| 0 —6u 0 |ULY,. (34)
M 0 0 =

It is obvious that det(M?) = 0 and thus one of the eigenvalues vanishes (we denote this
eigenvalue as A}). The other two eigenvalues (denoted as A\J and \3) can be obtained by
solving the equations

A+ A = tr(M) = [(1 - Ué,lg)yi +(1— U12%,23)yg + (1 - UI2%,33>yt2} ;

=[S
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1 2
040 012 0)2

AgAg = 5[(U"MV) —tr((M)?)] = i % (U s3yave + Uk sy + Up 139297 ] - (35)
Here A\ and A\J give the two non-vanishing light neutrino masses, i.e., my and mj3 in the
NH. One cannot assume all U R entries Up 13, Ug2s and Uggss of order O(1), otherwise
)+ A ~ g2 and MN\) ~ y?y?, leading to very large hierarchical neutrino mass ratio
~ y2/y?, which is inconsistent with the neutrino data. Instead, one has to assume U3 Ri13T
Uf g3 =1 — Up 33 < 1. We consider the scenario

Uris ~ Uras ~ /1 — Uk 33 ~ Ye /Yt - (36)

In this case, we introduce the order-one parameters a = U 147 /yZ and b = U 5317/ ygﬂ
which are helpful to simplify the analytical formulae. Then we obtain two eigenvalues as

/\373_ [1+a+b¢ V(I +a+b)? 4a+@(%)}, (37)

2M

with m. = y.v,. Ignoring terms suppressed by v, /y., we obtain Eq. and the corre-
lation in Eq. . M? after introducing parameters a and b is written explicitly as

%_%a yuyc\/— \/ Y (q + b))

2 Ye Y
M) = e /ab 1 —ﬁ (38)

y—‘f\/a(l—ﬁ(a—%b)) —vb a+b

We then include the contribution of dM,. We write it in the form

2
m? ZyJ—’Cﬁ(Sn 5—2512 y“
(SMV = ﬁc Z—Z&lz 522 yt 623 + \/[_9:‘41 (39)

Z—: ar %523 + \/l_)li yt 533 +

where 0;; = (UpaUgrj1 — Ugri2Ugj2)0m refer to contributions from the mass splitting
between M; and M,. This parametrisation is helpful for us to estimate the size of each
entry of 6M,. We will not assume any hierarchy among Ug 11, Ug12 and Ug 21 and Ug 2.
Namely these parameters can maximally reach order one, and thus 11,012,029 < (5

~

013 = (Urniva—Ug 12\/_)y‘5 and 093 = (Ug21v/a — Ur 22\/_)y dm, leading to y"yt(5
y“é and yt 093 S 0. In the last entry, 033 = Z: (@ — b)d,,, leading to yt L033 < O, Thus,
We estlmated that the size of contribution of mass splitting between M1 and M, to M,
can maximally reach the order d,,. In the preferred regime, as we discussed in the main
text, the lightest two RH neutrinos are nearly degenerate, 6,, < 1, contribution of ¢,
does not have to be included in the analytical approximation. Eventually, we are left
with a mainly contribution of &,

0
U] +0(6m) (40)

K

0 0
M, = —< 0 0
003—2

6This is consistent with definitions in Eq. in the case of small #7% and 6%.
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The x term is important if k > y?/y?. Estimation of relative sizes for each entry of x,
or equivalently M, is summarised in Eq. . Approximately, it has little difference,
just only replacing a by @’ = a + ky?/y?. The eigenvalues of Ay and A3 can be approxi-
mately calculated by replaced a by @’. The main difference between M, and M? is that
the smallest eigenvalue \; is no longer exactly zero, although still highly suppressed by
y2/y2 ~ O(107%) following the analytical approximate solution in Eq. (25). Thus the
lightest light neutrino mass Mmiightest is six orders of magnitude lighter than the heaviest
light neutrino mass, i.e., Migest < 1077 V.
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