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We investigate low-scale resonant leptogenesis in an SU(5) x 7 3 model where a single high-energy
phase in the complex tribimaximal seesaw mixing produces the yet to be observed low-energy Dirac and
Majorana CP phases. A fourth right-handed neutrino, required to generate viable light neutrino masses
within this scenario, also turns out to be necessary for successful resonant leptogenesis where CP
asymmetry is produced by the same high-energy phase. We derive a lower bound on the right-handed
neutrino mass spectrum in the GeV range, where part of the parameter space, although in tension with big
bang nucleosynthesis constraints, can be probed in planned high-intensity experiments like DUNE. We
also find the existence of a curious upper bound (TeV-scale) on the right-handed neutrino mass spectrum in
majority of the parameter space due to significant washout of the resonant asymmetry by lighter right-
handed neutrinos. While in most of the parameter space of our model classical Boltzmann equations are
sufficient, when right-handed neutrino masses are below the electroweak sphalerons freeze-out temperature
we resort to the more general density matrix formalism to take into account decays and oscillations of the

right-handed neutrinos as well as their helicities which are relevant when they are relativistic.
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I. INTRODUCTION

While leptonic mixing angles and neutrino mass-squared
differences have been measured rather precisely, the
mechanism behind them is still an open question. A
plausible explanation of the small neutrino mass scale
m, is through the seesaw mechanism [1-5] m, ~ cv?/A
where v = 174 GeV is the Higgs vacuum expectation
value (VEV), ¢ is a dimensionless number and A is a
new physics (seesaw) scale where the lepton number is
violated. This type of model also provides an opportunity to
explain the observed baryon asymmetry through lepto-
genesis [6]" at the cosmic temperature T ~ A. As long as a
lepton asymmetry is generated above the temperature
T, ~ 1317 GeV [16] when the electroweak-sphaleron
interactions are in thermal equilibrium, a baryon asymme-
try will also be induced.
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The scale of the neutrino mass m, ~ 0.1 eV imposes
A/c ~ 10" GeV; depending on the details of the ultra-
violet-complete model, leptogenesis can be viable for A
ranging from 1 GeV to 10'* GeV. In the simplest scenario,
one introduces some heavy right-handed neutrinos with
Majorana mass M ~ A and they are singlets under the
Standard Model (SM) gauge interactions. The CP asym-
metry from the decays of right-handed neutrinos can be
estimated to be € ~ m, M /(16zv?). A sufficiently large CP
asymmetry € 2 1077, which generates adequate baryon
asymmetry, imposes the so-called Davidson-Ibarra bound
M > 10° GeV [17]. Nevertheless, if a pair of right-handed
neutrinos are quasidegenerate in mass, the CP asymmetry
can be resonantly enhanced [18,19] and the lower bound on
M comes only from the requirement that sufficient baryon
asymmetry is induced at T > T ,,. These type of low-scale
seesaw models have the virtue of being directly probed in
experiments.

In the resonant leptogenesis scenario, leptogenesis can
proceed through oscillations [20] (see a recent review [21])
among the right-handed neutrinos or through their decays
[19] (see a recent review [22]). In the former scenario, the
typical mass scale is M ~ 0.1 GeV-1 GeV since oscilla-
tions take place at a higher scale 7 > M (see some recent
studies [23-25]), while in the latter scenario, the require-
ment that sufficient amount of the right-handed neutrinos
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should decay above T, imposes a lower bound on their
mass, M 2 T,,,. The lower bound can in fact be much
lower—down to the GeV scale for the case of zero initial
abundance of right-handed neutrinos—since baryon asym-
metry is generated at an earlier stage 7 > M through
inverse decays. This is confirmed in several recent studies
[26,27] and is also consistent with our finding in this work.
As shown in Ref. [27], there is some overlap in the
parameter space between resonant leptogenesis from oscil-
lation and from decay, though in the latter case the required
mass splitting of quasidegenerate right-handed neutrinos is
required to be much smaller. When M < Ty, relativistic
effects [28], and in particular, the effect from the helicities
of N; [23,27,29-35] become relevant. In this regime, we
resort to using the density matrix equations [23] which take
into account the oscillations among families of right-
handed neutrinos of respective helicities.

In this work, we focus on the regime where resonant
leptogenesis predominantly occurs through decays (though
the effects of oscillation are also taken into account) of the
right-handed neutrinos within a specific model based on
SU(5) grand unified theory” (GUT) supplemented by a
discrete family symmetry 7 ;3 [42-45]. With the family
symmetry broken by the familon VEVs around the GUT
scale, this model is able to explain the observed hierarchical
mass spectra in the charged fermion sector from symmetry
arguments [42-44]. Large mixing angles observed in the
lepton sector, unlike the quark sector, may also be directly
linked with the family symmetry.3 The large atmospheric
and solar angles in the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix can be naturally explained via the well-
motivated tribimaximal (TBM) mixing matrix [50-56], and
T |5 is a suitable family symmetry group to produce this
TBM structure.’ In this framework, TBM neutrino mixing
arises from the alignment of the vacuum structure of a
minimal number of familons that give rise to the Dirac-
Yukawa and the Majorana matrices in the seesaw formula.
In order to explain the neutrino observables, a total of four
right-handed neutrinos are needed in this SU(5) setup
[44,45], which has nontrivial consequences on the resonant
leptogenesis process we study in this work.

This model contains very few free parameters, which set
the scale of the Dirac-Yukawa and Majorana matrices. In
particular, the seesaw scale remains arbitrary since one has
the freedom to adjust the scale of Dirac-Yukawa couplings
accordingly such that the light neutrino mass matrix
remains unchanged [44]. Since the mass scale of the
right-handed neutrinos is not fixed, it is interesting to
explore the implication of both the high-scale and the

Grand  unified
Refs. [36-41].

For recent reviews on flavor puzzle, see for example
Refs. [46-49].

*For studies of the Standard Model supplemented by 7 3
group, see Refs. [57-60].

theories were initially proposed in

low-scale masses on leptogenesis. In Ref. [45], high-scale
masses of O(10''712) GeV have been shown to generate
successful flavored leptogenesis. The goal of this paper is
to explore if the mass scale can be low, preferably of
O(GeV-TeV), and baryon asymmetry can still be
explained via resonant leptogenesis. This opens up the
possibility to test the model at low-energy experiments to
be detailed later in the text.

As shown in Ref. [45], the total CP asymmetry is always
vanishing in unflavored leptogenesis and leptogenesis can
only proceed when the lepton-flavor effects are relevant, i.e.,
T <10'2 GeV. Ref. [45] also shows that a symmetric
familon VEV configuration to generate the Majorana mass
entries of the right-handed neutrinos cannot lead to a
successful leptogenesis. Hence, we focus on the next simplest
scenario where one component of the familon VEV is lifted
by a factor f # 1. Since the masses of all the right-handed
neutrinos are related, this allows us to identify a unique
quasidegenerate mass pair consisting of the heaviest right-
handed neutrinos in the spectrum, for which resonant lepto-
genesis is viable. It turns out that the fourth right-handed
neutrino warranted to explain the neutrino observables is also
crucial for viable resonant leptogenesis within this scenario.

Imposing the resonance condition that the mass differ-
ence between the resonant pairs is of the order of their
average decay width, we derive lower bounds on the right-
handed neutrino mass spectrum as a function of the factor
f. Nontrivially, we also obtain upper bounds on right-
handed neutrino mass spectrum for large f. This upper
bound appears due to the existence of lighter right-handed
neutrinos which can wash out the asymmetry generated by
the heavier quasidegenerate pair. Since all the parameters
are related at resonance, we are able to plot the mixing
elements of right-handed neutrinos with active neutrinos as
function of their masses. Interestingly, some of the param-
eter space is constrained by the big bang nucleosynthesis
(BBN) observables while the rest would be interesting for
experiments searching for heavy neutral leptons {such as
search for hidden particles (SHiP) [61-63] and deep
underground neutrino experiment (DUNE) [64,65]}.

This paper is organized as follows. In Sec. II, we review
the motivation for and the key features of the SU(5) x 7 13
model. Conditions for resonant leptogenesis are discussed
in Sec. IIl, and further specifications of resonant lepto-
genesis in the context of the SU(5) x 7 |5 framework are
detailed in Sec. IV. Our results and experimental constraints
are presented in Sec. V, and finally we conclude in Sec. VI.
In Appendix A, we discuss other possible choices of flavor
VEV configurations of the model while in Appendix B, we
collect the density matrix equations that we use in the
regime when M < T),.

IL. THE SU(5) x T ;; MODEL

The SU(5) x 7,3 model constructs the “asymmetric
texture” [42] aiming to generate the required “Cabibbo
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haze” [66-71] in order to supplement the TBM seesaw
mixing to reproduce the observed PMINS mixing angles. Its
structure is inspired by the SU(5) Georgi-Jarlskog texture
[72] where the down-type quark and charged-lepton

1

Yukawa matrices Y(=3) and Y-, respectively, are gener-

ated by coupling of the 5 and 45 Higgs to the fermions in 5
and 10 representations of SU(5), and are related by

Y = Y5 + Yo,

YU =yl -3rL
Assuming a diagonal hierarchical up-type quark Yukawa
matrix Y, a bottom-up approach finds that symmetric
Yukawa textures fall short in explaining the nonzero reactor
angle [42,70]. The minimal required asymmetry results in
the following set of Yukawas [42]

Y6 ~ diag(48,2%,1),

2Vt L AR R

Y= ~ £ 2 AR ,
2z AR 1
TN
Y=l ~ £ -2 An . (1)
AP+ A2 ]

Here A ~0.81, 1~0.225, p ~0.135, and 5 ~0.35 are
the Wolfenstein parameters [73]. The only 45 coupling is in
the (22) element of Y(=%) and Y(-!). Unitary diagonalization
of the Yukawa matrices give Y@ = ({(@D@V@" where
U = Ucgy and

= (G + )4 3 &
— 2
U= = -4 1-4 AA?
-% (A= 13
+O3). (2)

The matrices in Eq. (1) yield the GUT-scale mass ratios
of quarks and charged leptons and Cabibbo-Kobayashi-
Maskawa (CKM) mixing angles of quarks. The lepton
mixing PMNS matrix is an overlap between /(-!) and the
TBM seesaw mixing with a single phase o,

Upnns IU(_WUTBM@)’

2 Loy
30V3
where, Urpm(6) =diag(1,1,e%) _% % % (3)
1 L
Ve V32

The phase ¢ is crucial to reproduce the experimentally
observed PMNS angles. We note that its placement in
Eq. (3) is minimal (only one phase is required) and it is
unique in the sense that if it were placed in any other entry
of the diagonal phase matrix and/or if the phase matrix were
placed to the right of the real TBM matrix, the values of the
PMNS angles would no longer be consistent with PDG
data [74].

The TBM phase & generates both the Dirac € P phase 5¢p
and the Majorana phases in the PMNS matrix (to be
discussed later in the text). For 66° < |5| < 85° [42,45],
all the PMNS mixing angles are generated within 3¢ of
corresponding PDG values [74] and Dirac CP phase d¢p is
predicted to be 1.277 < |5¢p| < 1.357 [42,45], consistent
with the PDG fit 672¢ = 1.36 £ 0.17x [74]. The sign of &
remains unresolved at this stage and a negative sign of §
corresponds to a positive sign of d-p in the above range.

Seeking to motivate the asymmetry in the texture from a
discrete family symmetry, the order 39 subgroup 7 5 =
Z 3% 25 [715-82] of SU(3) appears to be the best candidate
[43]. This group has two different complex-triplet repre-
sentations, required to generate an asymmetric term natu-
rally. In Refs. [43,44], the structure and key features of the
Yukawas of Eq. (1) and the complex TBM mixing of
Eq. (3) are explained by constructing an SU(5) x 7 |3
model augmented by a Z;, ‘shaping’ symmetry.
Introducing four right-handed neutrinos—the fourth
required to resolve the discrepancy with oscillation data
[74]—this model predicts normal ordering of the light
neutrino masses through the seesaw mechanism.

The seesaw sector of the model which is relevant to our
discussion is described by the following Lagrangian [44],

‘Css D yAFAH5 —l—y;\N/_\(pA —l—yBNN(pB +MA/_\A
+ YuNsAg, + MN4N,. 4)

The charged leptons contained in the field F couple to the
right-handed neutrinos N and N, through a heavy vector-
like messenger A and familons ¢4, ¢g, and ¢,. yy are
dimensionless Yukawa couplings; M, and M are masses of
A and N,. We assume that the messenger A is heavier than
the family symmetry-breaking scale and can be integrated
out. The Lagrangian in Eq. (4) then becomes

1 _ 1 -
LD M—)’A)"AFNHsfﬂA + M—)’A)’ZFN4H5(PU
A A

+ 8N N @p + MN,N,. (5)

SRef. [44] also discusses a slightly different model with a Z,,
‘shaping’ symmetry, which will remain beyond the scope of this
paper. Also, see Ref. [83] for a different realization of the TBM
phase from residual and generalized CP symmetries.
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TABLE 1. Transformation properties of matter, Higgs, mes-
senger and familon fields in the seesaw sector. Here @'?> = 1. The
Z, ‘shaping’ symmetry prevents unwanted tree-level operators.

F N Ny Hs AN 94 95 ¢
sus) 5 1 1 5 1 1 1 1
T 3, 3 1 1 3 3 3 3
A o o 1 o o o' o @?

The transformation properties of the fields under SU(S5),
T 15, and Z,, symmetries are given in Table I.

The 7,3 X Z,, symmetry is spontaneously broken by
the following chosen VEVs of the familons (for details, see
Ref. [44])

—&/m b bybs(=b5" e, b, b3,
ya{es)o = (bl,bz’ba)

—A/Mm (2, -1, ),

YAyA

(6)

y.Ayl (pv

where by, by, by, M # 0, and v = 174 GeV is the VEV of
the Standard Model Higgs. Notice that in Eq. (6), the VEV
of the familon ¢ 4 is related to the VEV of ¢5. Alignment of
these VEVs are assumed [44] to ensure that the seesaw
matrix is diagonalized by the complex TBM matrix, and the
TBM phase 6 which eventually generates both the Dirac
and Majorana phases in the PMNS matrix, arises from the
vacuum structure of the familons. The last two terms of
Eq. (5) give the following Majorana matrix,

0 b, by 0
b, 0 b O
M= 2 1 ’ (7)
by by 0 O
0 0 0 M

whereas the first two terms generate the operators FNHs
and FN,Hs that yield the following Yukawa matrix,

C12C13
_ is
Uppns = | —C23812 — C12513523€"¢7

is
S12823 — C12C238513€ 7"

1 Mm,
0 b3 0 bibybym,
Y(O) = 7'171172[93’/"” b—l 0 0 _ Mm,
- v 1 bibybym,
_isp—1 is M,
0 0 e’by’ e N

(8)

Correspondingly, the seesaw matrix is defined in terms

of the Yukawa and Majorana matrices and its diagonaliza-

tion with the complex TBM matrix of Eq. (3) yields the
light neutrino masses,

S = YO A1y O

= UTBM(5)diag(m s My, My, )U%BM(é)v 9)

where [44]

1

my, =-—m,+6m,, — m, = S My, ==, (10)

1
We note that with only the three right-handed neutrinos N,
one gets m) =0 and m, is degenerate with m, , in
contradiction with the oscillation data [74]. Adding the
fourth right-handed neutrino breaks this degeneracy.
Using |m,,| = 3|m,,| together with oscillation data, we
determine [44]

|m,|=57.8meV, |m)|=5.03 or 142meV, (11)
so that the light neutrino masses are given by [44]
|m,, | =27.6 meV, |m,,| = 28.9 meV,
lm,,| = 57.8 meV, (12)

nearly saturating the upper limit on their sum ), |m, | <
120 meV set by the Planck Collaboration [84] (see
also [85]).

Notice that this model can only accommodate normal
mass ordering spectrum |m,, | <|m,,|<|m,,| which implies
both m, and m/, must have the same sign in Eq. (11). The
ambiguity in the magnitude of m/, corresponds to two
possible relative signs between m,, and, m,, and m,, (m,,
and m,, always have the opposite signs). Expressing the
PMNS matrlx in terms of the mixing angles 6;; j Dirac phase
Ocp and Majorana phases a,; and @3 in the PDG
convention [86],

—is
C13512 e CPs 3 1
is 2L
C12C23 — 812813837 C13523 e 2
. i5, 5L
—C12823 — €238512813€ 7" C13C3 e
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where s;; =sin;; and c¢;; =cos6;
Majorana invariants are given by

j» the Jarlskog and

Asind  A2%siné

0120%3023512513523 sinécp = 0A  27A +0(2),
s 4 o 42siné  22%sin5(A —2cosd)
CIoC13STasinay = oA A2
+0(2),
c}yc3ys3ysin (a3 — 28¢p) = 44 sin 55; A+2 20059)
+O(F), (13)

and 6 = F78° yields [44]

sin 6cp = +0.854, sina,; = +0.515,
Sin((l31 — 25CP) = £0.809. (14)

Moreover, the effective Majorana mass parameter in
neutrinoless double-beta decay [87]

20 2 2 ia 2 i(a3 =25
Imgp| = |etscymy, + cizsTe' ™ my, —|—s13m,,3e( a1=2c )|,

(15)

assuming the contribution of the right-handed neutrinos is
negligible.’ is given by

|mgs| = 10.70 meV  or 27.12 meV, (16)

depending on the two different values of m/, as mentioned
above. Both of these values are below the upper limit
61 meV—165 meV set by the KamLAND-Zen experiment
[88,89]. Note that the sign ambiguity in J, and therefore in
Eq. (14), has no implication on |m;g|. The set of equations
given in Eq. (13) explicitly show how the Dirac phase, as
well as two Majorana phases, are related to the only phase,
0, of the theory.

For concreteness, in this paper we will adopt 6 = —78°
(which yields all PMNS angles close to their central PDG
values [74]), m, = 57.8 meV, and m/, = 5.03 meV. This
leaves four undetermined mass parameters by, b,, b3, and
M. The first three are related to the scale of family
symmetry breaking. Although M is treated as an indepen-
dent bare mass parameter, it could originate from the VEV
of a singlet familon and thus be linked to the family
symmetry-breaking scale. Note that the light neutrino
masses and the lepton mixing angles are derived irrespec-
tive of the values of by, b,, b3, and M [44]. An important
objective of the present work is to relate these unresolved
parameters in the context of leptogenesis.

®At the end of Sec. V, we will show that the contributions from
the right-handed neutrinos with their masses determined by
resonant leptogenesis can have considerable impact on this.

We now express the matrices relevant for leptogenesis in
the so-called weak basis, where the charged-lepton Yukawa
matrix and the right-handed Majorana matrix are diagonal
with real, positive entries [90]. After spontaneously break-
ing the GUT and family symmetry to the Standard Model
gauge group, the lepton sector of the Lagrangian contains
the terms

LOYEVeH + £ YONH + NTMN
= AUEIDEDYEDTeH 4+ YO NE*
+NTU, D, Ur'N. (17)

In Eq. (17) we have expressed the charged-lepton Yukawa
matrix and the Majorana mass matrix in terms of unitary
and diagonal matrices,

YD =y pEDYEDT M=U,D,U~. (18)
Applying the transformations # — U(~1¢, e — V(=De, and
N — U:,N, they become

L2 DVeH + AUy Oys NH* + NTD,,N.  (19)

The first and third terms contain the real and positive
diagonal mass matrices of the charged leptons and the
right-handed neutrinos, respectively. From the second term,
we identify the light neutrino Yukawa matrix,

Y, =U=iyOys. (20)

Here we briefly revisit the result of Ref. [45] that the total
CP violation vanishes for unflavored leptogenesis when
T > 10'"> GeV, and leptogenesis has to proceed when
lepton flavor effects are relevant, ie., T < 10'2 GeV. If
M is real (all the familon VEVs are real), U, is real and
orthogonal up to a possible right-diagonal matrix with
some entries of i (the eigenvalues must be real, but some
can be negative and they can be made positive by
multiplying U/, with right diagonal matrix with corre-
sponding entries of i). Next, notice that Y07y is real.
Hence Y)Y, = U7 Y@ y(©f% can only have off-diagonal
terms which are purely real or imaginary. Since the total
CP violation in unflavored leptogenesis is proportional
to Im[(Y]Y V)5l [71, it is identically zero and unflavored
leptogenesis fails. We conclude that, in this model, lepto-
genesis must proceed taking into account the lepton flavor
effects. In the next section we briefly review the formalism
of flavored leptogenesis in the resonant regime.

III. BOLTZMANN EQUATIONS FOR
RESONANT LEPTOGENESIS

Since we are focusing on the resonant leptogenesis
scenario which occurs at a relatively low temperature

095028-5
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(T < 10* GeV) where the interactions mediated by all the
charged-lepton Yukawa couplings are in thermal equilib-
rium, we will consider the Boltzmann equations in the
three-flavor regime [14,91—98]7

dNy,

:—DZ(NN_N?\?)’ l: 17273747 (21)
dZ 1 I3
dN
dZa = _ZgiaDi(NNi - N‘;’Vq,) - NA“ZPiaWi’
i i
a=e,ur, (22)
where z = M, /T and M,;, = min(M;). Ny is the

number density of the Majorana neutrino N; and N,, is
the B/3 — L, asymmetry, both normalized by the photon
density. Introducing the notation x; = M? /Mmln and
Z; = z4/%;, the equilibrium number denszty can be
expressed in terms of the modified Bessel functions of

the second kind

The decay factor D; and the washout term W, are
respectively given by

Ki(zi)

D; =K;x;z ,
Ky(zi)

1
and W[EZKi\/)T[ICl(zi)z?, (24)

where we have defined the decay parameter K; = H(r 5=

& with T';, the total decay width of N;, given by
(Y ! Y,)iM;

= ,
! 8

(25)

and the equilibrium neutrino mass m, ~1.08 meV. The
branching ratio for N; decaying into 7, is given by

|(Y))ail?
ST

For resonant leptogenesis, we consider the CP asym-

Pia (26)

3 i ixi d oscillation among the
N9 (7)) =2 2200 (2.). 23 metry parameter from mixing an g
v (@) g i 2(z) (23) right-handed neutrinos [100-102]
|
Im[(yi)ai<Yv)aj(YZYu)ij] +%Im[(Yﬁ)ai(Yy)aj(YzYu)ﬁ]( mix | posc) 27)
Eig — p s

J#i (Yiyv)ii(yzyu)jj Y Y

where the self-energy regulators are given by M, = M| = % <Fi ;L Fj>7 (1)

2 2
wix _ (M7 — MO)MT,
Yo (M= M3 4 M

(28)

(M} -~ M)MT;
ose
L

(29)

zdet[Re([Y Y] I’

2 2\2
(M2 = M3)2 4+ (ML, + M)

and [Y Ty B
submatrix

J;; in the denominator of Eq. (29) is the 2 x 2

+ (YZYv)ii
YY), = <(YZYU)

YiY,):
( I; l/)l ] > . ( 3 O)
i (Y)y

The CP asymmetry can be resonantly enhanced when at
least two of the right-handed neutrino masses are nearly
degenerate and their mass difference is of the order of their
average decay width [103]. In this paper we will employ the
condition

"Here, order of one spectator effects [99] have been neglected.

for resonant leptogenesis. Approximating M; +M ;~2M,
the regulators can be expressed as

l]’

mix 21—1/(Fl + F/) (32)
Yo )R 440
2
el ! : (33)

ij det[Rc([Y:Yu]ij)]
(4 0) (145 )

For Ii~T, Eq. (32) attains the maximum value

le — 1/2

It is important to note that we have included the
contribution from the oscillation among the heavy neu-
trinos in Eq. (33) which is relevant when the mass splitting
is small |[M; - M;| < M; as the oscillations cannot be
averaged over [104-106]. The approximate expression in
Eq. (33) is derived in Ref. [100] starting from the density
matrix formalism and is shown to be accurate for
|M; — M ;| < M; and when the decay rates of N; are faster
than the Hubble rate (see the discussion in the next
section about Fig. 1). When M < T, since the relevant
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asymmetry is produced at T > M 2 T,,;, relativistic
effects [23,27-35] should be taken into account and we
use the density matrix equations as collected in the
Appendix B

Solving the system of equations, (21) with the initial
condition (i) “zero initial abundance”: Ny (z = 0) =0 or
(ii) “thermal initial abundance”: Ny (z=0) :N%{(ZZO),S
and (22) with the initial condition N,,(z =0) =0, the
final value of the B — L asymmetry is evaluated at
Ty=T,,,~131.7 GeV [16] when electroweak sphaleron
processes freeze out,

N = ZNAa(Zf = Muin/Ty), (34)

and is related to the baryon asymmetry by

g = }Z’W{; L~ 128 x 102N _, | (35)

where the sphaleron conversion coefficient is a,,;, = 28/79
[107-109] and the dilution factor is f;=N}*/N; =
2387/86, calculated assuming photon production from
the beginning of leptogenesis to recombination [7].
Successful leptogenesis requires #p to match the mea-
sured value from cosmic microwave background (CMB)
data [110],

nSMB = (6.12 + 0.04) x 1071°. (36)

IV. RESONANT LEPTOGENESIS IN THE
SU(5) x T3 MODEL

In this section we discuss resonant leptogenesis in the
context of the SU(5) x 73 model. We analyze the mass
spectrum of the right-handed neutrinos for a simple choice
of VEV of the seesaw familons and identify a unique case
of quasidegeneracy relevant for resonant leptogenesis.

In the SU(5) x 73 model there are four undetermined
parameters from the VEV of the familon (@g),=
(b1, by, b3) and the bare mass of the fourth right-handed
neutrino M. For simplicity as well as minimality (this
choice is minimal with respect to the number of undeter-
mined parameters introduced in the theory), we choose the
following VEV structure’

®Heavy neutrinos are gauge singlets in this model and so the
most appropriate initial condition is the zero initial abundance
where they will be populated only from the neutrino Yukawa
interactions. We also consider the case for thermal initial
abundance to take into account the possibility that they could
be in thermal equilibrium due to additional interactions beyond
the current model (new gauge interactions, interactions with
inflatons, etc.).

*The simplest choice (b;, by, b3) = b(1,1, 1) does not generate
resonant enhancement to CP asymmetry, as we will discuss later in
this section. In App. A we discuss two other variants of the VEV
structure: (by, by, b3) = b(f,1,1) and (by, by, b3) = b(1, 1, f),
and argue that they yield qualitatively similar phenomenology.

<b17b27b3> Eb(Lf’l) (37)

for the remainder of the paper. Here f is a dimensionless
unknown parameter. We further define

M
a R
b

(38)

so that the undetermined parameters of the model are a, b,
and f. This results in the following Yukawa and Majorana
matrices,

- 0 1 0 2p
Y0 — vbfm, 1 0 0 -5 1. (39)
v . )
0 0 _f—leu‘i ﬂezé
where f = % and
0O f 1 0
f 0 1 0
M=b (40)
1 1 0 O
0 0 0 a

Since b is given by the Yukawa coupling yz and the scale of
the family symmetry breaking (¢g),, cf. Eq. (6), a small value
of b can be attributed to a small value of y; (a single Yukawa
coupling) rather than a small family symmetry-breaking
scale. The choice of small b, as required to realize low-scale
leptogenesis, involves somewhat fine tuning, which we
accept. Note however, that fine tuning is inherently present
in GUT models to successfully implement doublet-triplet
mass splitting to build a realistic model. M on the other hand is
a bare-mass parameter, which a priori, cannot be determined.

M is asymmetric matrix and its Takagi factorization [111]
M=U,D,Ul, where D, =diag(M;,M,, M5, M,),

yields
(i)
=2 (VP +s+s),

Mlzbf, M2:

M, = ab, (41)

=i i1 /
& A7 2\/”@ 0
gz L1
and U, =| V2 2\/1 V48 2\/ 0
i f 1
0 ﬁ\/1+\/f2_ f\/
0 0
(42)
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The CP asymmetry parameter is determined by the imaginary parts of (Y,’j)ai(Yy)aj(YZY )ij and (Y7),(Y,), (YZ Y,)

ji

cf. Eq. (27). Explicitly calculating, we get the Hermitian matrix

1 0 0 %
: bfm, 2 N f2 / 24 f /17+8
ViY== . (43)
1 P=f+V P+ 2f
* * 5 <1 + N/ ) ( \/ \/2 - \/f2—+3)
* * *

where * denotes the complex conjugate of the correspond-
ing transposed element.
In this model, the decay parameters K; are given by

Ko K_fn_f(l—fz)ﬂL(f2 +1)Vf?+38
w8
P wo Ml - 2+ 1)/ f?+38
T ST R

(44)

In Fig. 1, we see that in all relevant parameter space,
K; > 1 indicating that in this model, N; always achieves
thermal equilibrium before decaying at 7 < M. For the case
M > T, the final asymmetry is determined at the moment
T <« M; when the inverse decay is sufficiently Boltzmann
suppressed. Hence in this regime, the asymmetry generated
isnot sensitive to the physicsat 7 > M, and can be described
accurately with the classical Boltzmann equations [Egs. (21)
and (22)].10 For the case M <T,,;, we use the density
matrix equations in Appendix B taking into account the
relativistic effects [23,27-35].

Let us first focus on the case with the symmetric VEV
(pg)o=b(1,1,1) setting f = 1. In this case the only
nonzero off-diagonal entries are (Y}Y,),, and (Y}Y,),,.
Hence CP violation can only arise from the interference
between N and N4, and N, and N,, respectively. For all
other cases, the CP asymmetry vanishes identically, for

any flavor. Since both (Y;Y,),, and (Y}Y,),, are purely
imaginary, the CP violation from N, decay is proportional
to the real part of (Y}),4(Y;), and (Y;),4(Y}),, Which are
equal in magnitude and opposite in sign (see Appendix B of
Ref. [45] for details) and as a result, CP violation for each
flavor vanishes identically. Due to the same reason, for the
decays of the degenerate pairs N; and N,, their CP

ORef. [112] showed that altogether thermal corrections and
scatterings give rise to a less than 10% effect in the strong
washout regime.

asymmetry parameters are also equal in magnitude and
opposite in sign and cancel exactly when one considers
both their contributions.

Since the simplest case with f =1 fails to yield
successful leptogenesis, we now move to the more general
scenario f # 1. The mass spectrum of the right-handed
neutrinos in Eq. (41) show that there can be six cases in
general for different values of f and a, when at least two of
the masses are quasidegenerate:

(i) M; ~M,: for f~1 and any value of a,

(i) M, ~Mjy: for f > 2+/2 and any value of a,

(ili) M, ~ Mj: for f ~0 and any value of a,
iv) M| ~M,: forfNa

(V) My=My: for a=L(\/f*+8-f),

(vi) My~ M,: foraz§ W+ —|—f.

The first three cases specify f only while a remains
unconstrained, whereas the last three cases relate f with a.
We will argue below that CP asymmetry is not necessarily
enhanced for all of the above cases and it depends on the
structure of the neutrino-Yukawa matrix Y, dictated by the
T 3 family symmetry.

— K — Ky — K3 — Ky
100
801
4 60f
401
20 L L L
0.1 0.5 1 5 10
f
FIG. 1. Decay parameters are large implying N; always

achieves thermal equilibrium before decaying (see text for
detailed discussion).
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A qualitative understanding of the above six cases can be
achieved from analyzing the structure of the matrix in
Eq. (43) in the context of the CP asymmetry parameter.
Introducing the notation (Y;),(Y,),; = p +iq and

(YlY,);; = r+is, which implies (Y]Y, ) =r—is, the
numerator of Eq. (27) can be written as

Im[(Y:;)m‘(Yv)aj(YZle)ij} + Im[(Y:)ai(le)aj(YIYU)ji]

M, M,
= 1+ 1-——L). 45
qr( +Mj>+ps< Mj) (45)

In Eq. (43), the off-diagonal elements are either real (s = 0)
or imaginary (r = 0). In the latter case, the numerator of the
CP asymmetry is proportional to

(1-3)
ps|{l——) =
M;
after applying the resonance condition in Eq. (31). Even
for p,s SO(1), the other factor is suppressed by
O(m,/v*) ~O(107'7); hence the CP asymmetry cannot
account for the observed baryon asymmetry. From Eq. (43),
this situation arises for (i) M;~M,, (i) M|~ Ms,
(iv) My ~M,, and (v) M, ~M,, and these cases can be

ruled out.

The case for (iii) M, ~ M3, occurring for f ~ 0, is more
subtle. In this case r =0, hence the CP asymmetry is
suppressed by O(m,/v?). However, if the CP asymmetry
were dependent on 1/f" for n > 0, this suppression could
be overcome by choosing an appropriately small f.

We discuss the case i =2, j = 3, in Eq. (27) for f — 0
(i =3, j = 2, would yield similar conclusion). In this limit,
the terms in the denominator of the CP asymmetry, i.e.,
(Y)Y,)s, and (Y}Y,)s5, both depend on 1/, cf. Eq. (43),

(YiY,)i + (ViY.);

(40)

bm,
2fv?’

thus the denominator has an 1/f? dependence. Since r = 0

for (Y]Y,),;, the numerator of the CP asymmetry is
given by

(YIYy)zz = (YiYu)33 - (47)

Im[(Y;)aZ(Yy)af%(YzYv)B] + Im[(Y:)aZ(YD)aE»(YZYU)Z»Z}

(M- M)
_ps—’
M,
where
b M,—M
=Im[(Y)Y,)y] = mg, and M2=Msl S (48)
2fU M2 \/E

To see how p = Re[(Y,
Eq. (20) we write

)52 (Y,) 3] depends on f, following

( (13 Zu a/)’u - T YO)
Pkl
x Y0 )yl(um)kz(ufn)m- (49)

From Eq. (42), (U,,)»(U},) 3 18 zero when either k or [ is
4, and is imaginary otherwise. For f — 0, the nonzero
elements are independent of f. Since U~!) is real,
cf. Eq. (2), we extract p from the imaginary part of
y©2 v(© . Since k and [ cannot be 4, Y5, v(©) ; can
have a nonzero imaginary part only when the (33) element
of Y© (or its complex conjugate) is multiplied with the
(12) or (21) element, cf. Eq. (39). In either case, the f
dependence gets canceled,

bm, sin 6

’UZ

Im[Y @5, 7©),,] = Im[Y©3,v©),,] =

Hence p is independent of f for f — 0. Combining this
with Eq. (48), the numerator is independent of f.

The CP asymmetry is proportional to 2, due to the 1/f>
dependence of the denominator, and is suppressed as
f — 0. Therefore the case (iii) M, ~ M5 also fails to yield
successful leptogenesis.

For the remaining case (vi) M5 ~ M,, (Y,T, Y, )34 is real
and the numerator of the CP asymmetry is given by
qr(1 +M;3/M,). In this case the CP asymmetry can be
quite large, as shown in Fig. 2.

We will concentrate on the only viable N;—N,
resonant leptogenesis scenario in the rest of paper.
The resonance condition in Eq. (31) translates into
M3 — M4 = (I's +T'y)/4, from which we can express
the parameter a in terms of b and f. This reduces the
number of undetermined parameters to two.

We will treat b and f as input parameters, assuming that
a can be determined from them applying the resonance

— €3¢

€3y —— €31 ——— E4e Eqp ——— E4r

0.10p ~

0.05¢ S 1
. /\/_\
J  0.00

—-0.05¢ s

—0.10C

o
o
oL
o
-
3
-
o

FIG. 2. CP asymmetry parameters at the resonance Mz ~ M,.
The sum of the flavored CP asymmetries is zero, ) ., €, = 0, and
hence unflavored leptogenesis is not successful in this model
[45]. An extreme example of this occurs at f = 1, where the

individual flavor components vanish, since (Y}, ), = 0.
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condition. It would be interesting to enhance the symmetry
of the model that distinguishes the N;—N, quasidegeneracy,
i.e., the resonance condition. However, in this paper, we are
interested in the phenomenological study of the viable
parameter space of the model consistent with resonant
leptogenesis and remain agnostic about symmetry reasons
that can potentially explain the required degeneracy.

The mass spectrum of the right-handed neutrinos up to
the overall factor b at resonance is shown in Fig. 3 as a
function of f. Other than the M; ~ M, degeneracy, two
other degeneracies are approached for f < 1 and f > 1.
At f < 1, the mass spectrum can be approximated as

Ml :bf, Mzﬁ\/zb, M3 2M42\/§b, (50)

In this regime M, ~ M5~ M,. On the other hand, for
f> 1, we can express the masses as

2b
Mzz_,

M]be, f

and observe that M| ~ Mz ~ M.

Although the masses are directly proportional to b, the
CP asymmetry parameters at resonance do not have an
explicit dependence on b. For the dominant terms &3, and
€44 f. Eq. (27), the prefactors of VbinY , in the numerator
and denominator cancel out. » dependence also drops out
from the regulators fi* and f3 at resonance, as can be
seen from Egs. (32) and (33). The decay width I7; is
proportional to b%, but this dependence vanishes between
the denominator and numerator in these expressions.

In the next section, we determine the range of the
right-handed neutrino masses required for successful lepto-
genesis at the resonance M3 ~ M, and discuss the mixing
of the right-handed neutrinos with active neutrinos in
connection with various experimental and cosmological
bounds.

—Ml/b — Mg/b — Mg/bﬁ M4/b

0.1 0.5 1 5 10

f

FIG. 3. Mass spectrum of the right-handed neutrinos up to the
overall factor b at resonance Mz ~ M,.

V. RESULTS

In this section we discuss the numerical results of the
resonant leptogenesis for Mz ~M,. The degeneracy
between M; and M, can be approached either from the

M; > M, side [a 5%(\/]‘2 + 8+ f)] or from the M5 <

M, side [a 2 %(y/f*+8+ f)]. The CP asymmetry in
Eq. (27) flips sign as we move from one side to the other,
since Eqs. (28) and (29) contain the term M7 — M7 in the
numerator. It should be noted that the CP asymmetry is a
function of sin g, as showed in Ref. [45]; hence its sign can
also be overturned by inverting the sign of 6. However, in
the following discussion we will adopt 6 = —78° and
choose the appropriate side of the M3 ~ M, degeneracy
so that the generated baryon asymmetry is always positive
to match the observed value.

At this stage the model has three free parameters a, b,
and f. Our strategy for exploring the parameter space of the
model is as follows. We express a in terms of b and f using
the resonance condition in Eq. (31). We vary 0.1 < f < 10
and will argue later in this section that this captures the
essential physics of the model. For every value of f, we
determine b by demanding that the baryon asymmetry
calculated using (35) and (34) from the solution of the
Boltzmann equations (21) and (22) matches the measured
CMB value given in Eq. (36).

A. Lower bound on the right-handed neutrinos

For a particular choice of f, given that the resonance
condition is satisfied, there is a minimum value of b for
which the generated baryon asymmetry matches the CMB
value. The reason is as follows. All the masses of N; are
proportional to b as in Eq. (41). As b decreases, so do M;
and My, and this results in a longer lifetime of N3 and N,.
Since they decay late close to the electroweak sphaleron
freeze-out temperature T',,, the amount of B — L asym-
metry which is being converted to baryon asymmetry will
be limited by the decays which occur above T';,,. Hence,
the smaller the b, the fewer the decays above T';,;, and the
smaller the resulting baryon asymmetry. This puts a lower
bound on all the right-handed neutrino masses. In Fig. 4,
we show the minimum masses required for successful
leptogenesis at the resonance Mz ~ M,. The lowest degen-
erate mass is of O(1) GeV.

In this regime, M < T';,,, and we use the density matrix
equations in Appendix B. For comparison, we also show
the results obtained from using the classical Boltzmann
equations in Egs. (21) and (22). The results agree within
O(1) factors, except there is a sign flip of the produced
asymmetry near f ~0.74 when using the density matrix
equations. The sign flip occurs because in the vicinity of
f =0.74, electron- and tau-flavor contributions to the
asymmetry are close in magnitude but opposite in sign,
and their combined contribution has the opposite sign of the
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(a) Zero initial abundance
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(b) Thermal initial abundance

FIG. 4. Minimum value of the right-handed neutrino masses for (a) zero [Ny, (z=0) =0] and (b) thermal initial abundance
[Ny, (z=0) = N?\?,-] at the resonance M5 ~ M,. Darker lines represent the results obtained from solving the density matrix equations.
For comparison we also show the results obtained by solving the classical Boltzmann equations denoted by lighter lines. The results are
of the same order of magnitude in the region of interest. At f = 1, the CP asymmetry vanishes identically and leptogenesis fails. As one
approaches f = 1 from either direction, the minimum mass scale increases to compensate for the suppression in the CP asymmetry.
At f ~0.74, the total baryon asymmetry flips sign, an effect not seen when using the classical Boltzmann equations.

mu flavor contribution. For f < 0.74, the combined con-
tribution of the electron and tau flavors win over the mu
contribution. But for f 2 0.74, the mu flavor contribution
becomes dominant and flips the overall sign. No such sign
flip is observed in the solutions of the classical Boltzmann
equations, where similar signs of the three flavors is
observed, but the contribution of the mu flavor dominates
for f < 1.

From Fig. 4, the lower bound on the masses is higher in
the case of thermal initial abundance compared to the case
of zero initial abundance of N;. For the latter case, there is
an asymmetry generation during the population of N, from
the “inverse decay” /H — N, and thermal scatterings
(involving top quarks and gauge bosons) at high temper-
ature T 2 M;. As for the case of thermal initial abundance,
the asymmetry is only generated from N; decays which
predominantly occur much later at 7 < M;. Since substan-
tial B — L asymmetry is built up for the case of zero initial
abundance at 7 Z M;, N; can decay much later, resulting in
more relaxed lower bound on their masses.

We now look at the limiting behavior of the lower bound
for large and small f. Though we use the density matrix
equations where the CP asymmetry parameter is implicit,
as we will discuss below, the qualitative behavior of the
results can be easily understood using the CP asymmetry
parameter defined in Eq. (27) (except the additional sign
flip in baryon asymmetry around f =~ 0.74). For f > 1, the
right-handed neutrino masses are given by Eq. (51). In this
limit M| ~ Mz ~M,. At resonance, the CP asymmetry
parameters are independent of the mass scale b and mildly
dependent on f as shown in Fig. 2. Hence the lower bound
on M;, is determined mainly from the amount of B — L
asymmetry that is generated above T,;. As a result, the

lower bound on M3 4 will be approximately constant where
the mild dependence on f comes only from the mild
dependence of CP asymmetry parameters on f for f > 1.
On the other hand, M, being inversely proportional to f,
continue to decrease for increasing f.

For f <« 1, the right-handed neutrino masses are given
by Eq. (50). In this limit M, ~ M3 ~ M,. For the same
reason as in the case of f > 1, the lower bound on M3 4
which is fixed by T';,, will be approximately constant and
the mild dependence on f comes only from the dependence
of the CP asymmetry parameters on f for f < 1 as shown
in Fig. 2. Now M, being proportional to f will decrease
with decreasing f.

At f =1, the resonant CP asymmetries €3, and &g,
nearly vanish as (YY,)3, =0, cf. Eq. (43). As one
approaches f = 1 from both directions, the CP asymmetry
is getting more suppressed and to compensate for this,
higher mass scale is required.

B. Upper bound on the right-handed neutrinos

Next, we will discuss a rather unexpected result, namely,
the existence of upper bound on the right-handed neutrino
masses. This is due to the specific mass spectrum of the
right-handed neutrinos as given in Eq. (41), which is unique
to the model under consideration. In general, there exists
lighter N, , than the resonant pairs N; 4 that can result in a
substantial washout of asymmetry and hence limit the
amount on the final asymmetry. At resonance, the CP
asymmetry parameters are independent of the mass scale b.
As b increases, all N34 can decay much before T, and
hence the asymmetry generated from the resonant pair will
be independent of b. Now, it is possible to have additional
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FIG. 5. Maximum value of the right-handed neutrino masses

for both thermal and zero initial abundance near the resonance
My ~ M,. There is no upper bound on the masses for f < 2.
Positive baryon asymmetry is generated for M3 2 M, when 2 <
f <6.20 and for M3 < M, when f > 6.20. There is a sudden
change of the mass values at f = 6.20.

washout of asymmetry from lighter N ,. If this washout is
significant, this will give an upper bound on how heavy
Ny, can be. This in turns will translate to an upper bound
on b and hence an upper bound on the masses of all the
right-handed neutrinos.

Due to the flavor structure of Y, and mass spectrum of
N, it turns out we only have an upper bound for f = 2 as
shown in Fig. 5.

Let us first consider the case with f > 1. In this case, we
have M| ~ M5~ M, > M, as shown in Eq. (51). The
washout of the asymmetry from N, at T = M, is exponen-
tial, e="2K2 and could result in large suppression of final
asymmetry if P,,K, is large. As can be seen in Fig. 6(b), it
turns out that P,,K, = 10 for all flavors and hence the
suppression of final asymmetry is very large. An explicit
example of this is illustrated in Figs. 7(c) and 7(d) for the
case of f = 10. We would need to have M, < T, such that

_PleKl Pl,u,Kl _Pl‘rKl

100¢
50
< 1o}
S
1,
0.5
0.1 0.5 1 5 10
f
(a)

the washout is not effective until the baryon asymmetry is
frozen. Equation (51) then implies that M| ~ M5 ~ M, must
increase with f. This can be seen in Fig. 5 for f > 1.
Interestingly, there is a discontinuity on the upper bound at
f = 6.2.1tis due to the specific flavor structure of the model
as illustrated in Fig. 8. In general Ny, < Ny, Na, at T,
and N,, has a different sign than N,,. At f < 6.2, the final
asymmetry is dominated by N .. At f > 6.2, the washout of
N, becomes so strong that N,, takes over the final
asymmetry and flips its sign. Figure 5 also shows that as
[ decreases, the upper bound on M, relaxes. This is because
as M, is getting closer to M5, (with decreasing f), the
washout effect is no longer exponential [but goes as
1/(Py,K>)] during the asymmetry generation. In fact, the
upper bound disappears at f < 2.

To understand the absence of the upper bound for small
f, letus focus on f < 1. In this case, we have M, ~ M5 ~
M, > M, as shown in Eq. (50). Now the washout of the
asymmetry from N, at T = M, is exponential, e~"1«K1 and
could result in large suppression of final asymmetry if
P,K, is large. From Fig. 6(a), it turns out that
P.K;,P,K; 2 10 while P, .K; < 1. Hence the washout
of asymmetry in N, is not efficient. As shown in Figs. 7(a)
and 7(b) for the case of f = 0.1, the final asymmetry
dominated by N,, is saved from washout and is always
larger than the observed value. In fact, we can see from the
figure that this feature is independent of f. Hence there is
an absence of upper bound until f =2 when the N,
washout takes over.

It should be noted that the constraints on the parameters
a, b, and f determined in this section are valid for the low
scale of resonant leptogenesis. Their values at the GUT
scale can be determined by renormalization group running
[113]. However, these parameters have no effect in deter-
mining the mass spectrum of either the charged or the
neutral fermion sector; furthermore, they are also not
determined by any GUT boundary conditions in our setup.

- P26K2 PZ}LK2 - PZTKZ

100¢
50F
[a]
< |
Q 5\_/ ]
1k
0.5¢
0.1 0.5 1 5 10
f
(b)

FIG. 6. Decay parameter times branching ratio as a function of f at resonance. The asymmetry generated by N3 and N, is partially

washed out by N and N,, and for M, , < M3, is proportional to e

—PiaK;
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(d) f =10, without N2 washout

Maximum B — L asymmetry at the resonance M5 ~ M4 for (a) f = 0.1, (b) f = 0.1 without considering N, washout, (c) f = 10,

and (d) f = 10 without considering N, washout. Thick (thin) lines represent positive baryon asymmetry for M3 = M, (M5 < M,). For
large b, the B — L asymmetry saturates at a value higher than the CMB value in case (a) and (b), thus indicating that there is no upper limit on
b. N, washout decreases the final asymmetry by only a factor of 10, and is not very efficient. In case (c), however, the maximum B — L
asymmetry saturates below the CMB value for large b, thus setting an upper limit above which successful resonant leptogenesis is not
feasible. If the N, washout is disregarded, the final asymmetry is O(10'?) times large, as shown in case (d), thus implying that N, washout is
efficient for f = 10. In either case, whenever the maximum B — L asymmetry is larger than the CMB value, successful resonant
leptogenesis can be achieved by moving a slightly away from the resonance condition given by Eq. (31). We have performed this analysis
for the whole range 0.1 < f < 10 solving the Boltzmann equations and determining the range of b that can yield the observed baryon
asymmetry. The case for these two particular values of f have been illustrated here to explain why and when an upper bound on b can arise.

Hence, their evolution under the renormalization group
equations are not expected to impact the results obtained in
this work.

C. Experimental constraints

In this section we discuss the experimental constraints on
the light-sterile neutrinos as well as the possibilities to
detect them in accelerator experiments. The right-handed
neutrinos are typically difficult to probe in experiments due
to their extremely feeble interactions. However, experi-
mental searches of particles of these types can be efficiently
done in the intensity frontier rather than the energy frontier.
SHiP [61-63] and DUNE [64,65] are the two most
sensitive upcoming intensity frontier experiments that are

relevant to our study. If kinematically allowed, the sterile
neutrinos can be produced in the final states from decays
of heavy mesons. Subsequently, two-body (three-body)
decays of the sterile neutrinos into a lighter meson and a
charged lepton (a pair of charged leptons and active
neutrino) have the potential to be probed in SHiP as well
as in DUNE. These processes are possible due to the
mixing of sterile neutrinos with active neutrinos. Decays of
the types N = e~ (u7)n" and N — e~ (u~)p™ are the most
promising (corresponding decays involving kaons in the
final state are less promising due to low branching
fractions) for searches from D-meson decays, and among
them, the p~z" final state is the cleanest signature.

In the SHiP facility, 400 GeV proton beam extracted
from CERN'’s Super Proton Synchrotron accelerator will be
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B — L asymmetry for (a) f = 6.1 and (b) f = 6.3. In both cases, Np, < Ny, Na;, and N, has a different sign than N .. Ny,

is greater than N, in (a) and smaller in (b) at z; ), thus flipping the sign of the B — L asymmetry. The positive sign of the asymmetry is

achieved for M3 2 M, in (a) and M3 < M, in (b).

dumped on a high density target which aims to accumulate
about 2 x 10%° protons during five years of operation.
Whereas D-meson decays provide stringent bounds for
sterile neutrinos with masses of <2 GeV, SHiP has the
sensitivity up to about ~5 GeV associated to decays
involving B-mesons. Both the two-body and three-body
decays of the sterile neutrinos from B- and D-meson decays
will also be probed at DUNE with high sensitivity.
Considering the expected 120 GeV primary proton beams
and 1.1 x 10?' protons on target per year, expected sensi-
tivity at 90% confidence level over seven years of data
taking [114] are shown as a function of the right-handed
neutrino masses in Fig. 9 (green dashed line). For masses
below 0.5 GeV, kaon decays are sensitive to even smaller
mixings [63]. These severe bounds on the masses of the
sterile neutrinos and their mixings with active neutrinos
arising from the projected SHiP sensitivity are presented in
Fig. 9 (red dashed line). In this same Fig. 9, the upper
hatched region represents excluded regions of the param-
eter space from previous searches that include accelerator
experiments (for details see Ref. [115]) such as TRIUMF
[116,117], PS 191 [118], CHARM [119], and recent kaon-
decay results of NA62 [120,121].

For comparison, we also show the sensitivities of some
other proposed experiments [129]. The blue dashed line
shows the sensitivity of the NA62 experiment which is
being considered for LHC run 3 assuming 10'® POT in a
beam dump mode [124]. MATHUSLA (cyan dashed line)
for the HL-LHC era is proposed to be a large detector
(200 m x 200 m x 200 m) on the surface above the CMS
or ATLAS collecting full 3 ab~! of integrated luminosity
[125]. The brown and pink solid lines show the sensitivities
of FASER at LHC Run 3 with 150 fb~! and FASER?2 at
HL-LHC with 3 ab~! [127,128]. For the mixing with Vys
we also show the projected sensitivity of the FCC-ee (light
green dashed line) [126].

Furthermore, due to sterile-active neutrino mixing, right-
handed neutrinos are produced in the early Universe and
their decays can significantly affect the BBN. If the decays
into mesons are kinematically allowed, their presence in the
primordial plasma can lead to overproduction of light
elements due to meson driven p <> n conversion. This
provides a stringent bound on the lifetime (7 ) of the right-
handed neutrinos, since the primordial abundances of
helium and deuterium are measured with high accuracy.
If the sterile neutrinos are produced thermally in the early
Universe and frozen out before the onset of nuclear
reactions, the corresponding strong bound on their lifetime
has been derived just recently in Ref. [122] (relevant earlier
references can also be found therein), which gives
7y < 0.02 s. These bounds for different mixing angles as
a function of sterile neutrino masses are presented in Fig. 9
(purple shaded area). From Fig. 9, it can be inferred that the
interesting regions of the parameter space, where DUNE
has the potential to detect new physics signals, however, are
in tension with the BBN constraints.

In our model, for f <1 (f > 1), the lightest right-
handed neutrino is N; (N,). In all cases, their mixing
elements with active neutrinos |U,|* as a function their
mass M; follow the seesaw expectation line |U,|> ~
m,/M; where m, ~ 50 meV is some representative scale
of light neutrino mass (black dashed line in Fig. 9).1!

"t might seem surprising that the mixing parameter predic-
tions of the model shown in Fig. 9 are always below the seesaw
line. This figure only shows the mixing parameters for the lowest
sterile neutrino, since the relevant experimental bounds are below
6 GeV and such low masses of heavy neutrinos are allowed in the
model only for the lightest one. Although its mixings with active
neutrinos are below the seesaw line, the mixings of other three
heavy neutrinos can be larger than the naive seesaw expectation.
For example, for f < 1, the mixing with M, is an order of
magnitude larger than the seesaw expectation.
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FIG. 9. Sterile-active neutrino mixings \U,JN[\Z with particular flavors at resonance for 0.1 < f < 1 (upper panel) and 1 < f < 10
(lower panel) are plotted (the orange region) for the model under investigation. For comparison we also show bounds from different
experiments and cosmological data analysis and sensitivity of some proposed detectors and experiments. The purple region is excluded
by analyzing the BBN data when the right-handed neutrinos are produced thermally and are short lived so that their meson-decay
products do not alter the nuclear reactor framework [25,122] (also see [123] for a similar analysis without considering the meson decay).
The upper hatched region represents excluded regions of the parameter space from previous searches that include accelerator
experiments (for details see Ref. [115]) such as TRIUMF [116,117], PS 191 [118], CHARM [119], and recent kaon-decay results from
NAG62 [120,121]. The green, red, blue, cyan, light green, brown and pink lines represent the sensitivity of upcoming experiments/
detectors SHiP [61-63], DUNE [64,65], NA62 [124], MATHUSLA [125], FCC-ee [126], FASER, and FASER?2 [127,128], respectively.
The black dashed line represents the seesaw bound for the minimal seesaw scenario assuming m, ~ 50 meV. The bottom gray area
denotes the region where the right-handed neutrinos are produced out of thermal equilibrium and the BBN analysis of Refs. [25,122] are
not applicable. Note that the upper and lower panels have different lower limits set by the minimum allowed mass of the respective sterile
neutrino predicted by the model (M| > 0.25 GeV for f > 0.1 in the upper panel and M, > 0.14 GeV for f < 10 in the lower panel; see
Fig. 4 for zero initial condition). This is why the experimental limits in the upper panel are slightly truncated from the left compared to
the lower panel.

In Fig. 9, the mixing parameters of the SU(5) x 7 3 1 GOVM§D|
Mpp

model are shown for 0.1 < f <1 in the upper panel T\, T oom?
and for 1 < f < 10 in the lower panel with the orange
shaded region. Note that the lower limit of M| ~ 0.25 GeV  here Go, ~ O(10™) yr~! is a phase-space factor, and M,

in the upper panel (M, ~0.14 GeV in the lower panel) is  j5 4 puclear matrix element whose value as a function of
determined by the minimum mass at f = 0.1 (f =10).  peutrino masses can be obtained from Ref. [131]. Sterile
In either case, Ny or N, will always be thermalized  peytrinos mixing with active neutrinos may have nontrivial
(mixing with at least one of the active neutrino flavors  contribution to the effective mass parameter |myg,| in

lying above the regime “produced out of equilibrium™)  peyrinoless double beta decay. It is given by the second
and hence will be subject to the BBN bound which (o in the following expression [130]

gives a lower bound on their mass M = 2 GeV. In order
to satisfy this bound, from Fig. 4, we conclude that there is 3 4 M

no gain to consider further the regimes with f <0.15 |mpp| = vaiu%Mmu + ZWQ/IQU%N,
and > 5. =l =1 !

Before concluding this section, we briefly comment on ~ whereas the first term describes the contribution from the
the effects of the sterile neutrinos to the neutrinoless double  standard model neutrinos. The first term can be expressed
beta-decay parameter. The half life for the neutrinoless by Eq. (15), where there are four possible combinations
double beta decay for a given nucleus is [130] (two possible magnitudes 27.12 meV and 10.70 meV with

% (52)

. (53)
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FIG. 10. Effective mass parameter || given by Eq. (53). The
superscripts (a) and (a + s) denote the contribution coming from
only active, and both active and sterile neutrinos, respectively. The
former has an ambiguity in magnitude and sign (see text for
details), thus yielding four cases. The upper (lower) horizontal line
corresponds to |my;| @ =27.12 meV (|mgsl@ = 10.70 meV).
For f > 4, the contribution from the sterile neutrinos become
important, and can become as large as O(10) meV near f = 10.

two possible overall signs) which come from four possible
sign combinations of the two model parameters in Eq. (11).
For the second term, the value of the nuclear momentum
exchange p?> can be roughly estimated to be p?>~
—(0.1-0.2 GeV)? [130,132]. The second term also depends
on the model parameters b and f. In general, since |U,y |
increases with decreasing M;, we will consider the lower
bound of the sterile neutrino masses shown in Fig. 4 where
the contribution is expected to be the largest. Using this, and
putting p* = —(0.1 GeV)?, we show |mj] as a function of f
in Fig. 10. The prefactor multiplying U?N, in Eq. (53) is
maximum when M? =~ —p?, and is suppressed otherwise.
For 0.1 < f < 10, since M? > —p?, the prefactor can be
approximated as —p?/M, and the contributions become
more important with decreasing M; as we move away from
f =1 in both directions (see Fig. 4). Since the mixing
parameter |U,y, | corresponding to f > 1 is much larger than
the mixing parameter |U,y,| corresponding to f <1,
cf. Figs. 9(a) and 9(d), the contribution of the sterile
neutrinos to |mg| is more substantial for f > 1 than for
f < 1.Note that the results in Fig. 10 are still within the most
stringent experimental upper limit set by the KamLAND-
Zen experiment, |mﬂ/j| < 61-165 meV [88,89].

VI. CONCLUSION AND OUTLOOK

We have considered the possibility of realizing low-scale
resonant leptogenesis in a specific model based on the
SU(5) GUT with the 73 family symmetry. This model
explains the GUT-scale mass ratios and mixing angles of
both quarks and leptons with a complex TBM seesaw
mixing and four right-handed neutrinos. It predicts the light

neutrino masses without specifying the seesaw scale, thus
prompting the investigation of both high-scale [45] and low-
scale leptogenesis (present work). Though we have focused
on the resonant regime where leptogenesis through decays is
dominant over through oscillations, in the relevant regime,
using density matrix equations, we have also taken into
account oscillations as well as relativistic effects (helicities
of right-handed neutrinos and thermal scatterings) when the
baryon asymmetry freezes out while the right-handed
neutrinos are still relativistic. The study where leptogenesis
proceeds predominantly through oscillations can be fully
explored with the same density matrix equations and will be
left for future study. One expects to be able to extend the
viable parameter space to a lower seesaw scale though this
regime will be in tension with the BBN constraints.

The single phase in TBM mixing, which predicts both
low-energy Dirac and Majorana CP phases, is shown to be
responsible also for CP violation in resonant leptogenesis.
We have studied resonant leptogenesis in the three flavor
regime and identified a particular pair of right-handed
neutrinos capable of producing resonant enhancement to
the CP asymmetry. We have found that the fourth right-
handed neutrino, essential to generate viable mass spectrum
for the light neutrinos, is also indispensable for low-scale
resonant leptogenesis. We have determined lower bounds
on the right-handed neutrino mass spectrum for successful
leptogenesis. Considering the constraints from BBN analy-
sis, the lowest bound on the lightest right-handed neutrino
is shown to be around 2 GeV. We have also found nontrivial
upper bounds on the right-handed neutrino masses because
of the presence of lighter neutrinos below the resonant mass
which partially wash out the asymmetry generated by the
resonant pair. The mixing of the sterile and active neutrinos
lies within the seesaw expectation; although the regime
within the sensitivity of DUNE is in tension with the BBN
constraints. Future experiments designed to reach the
seesaw line would be able to verify our model.
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APPENDIX A: OTHER VARIANTS OF THE VEV
(®5)o = (by.by.b3)

The seesaw parameters relevant for leptogenesis are the
right-handed neutrino masses M; and the neutrino Yukawa
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matrix Y,. In this section we discuss how these parameters
vary as we consider the three following VEVs:
(i) (b1, by, by) =b(1, f,1), (i) (by.by,by) =b(f.1,1),
and (iil) (by, by, by) = b(1, 1, f).

In Sec. IV we discussed case (i). For the Majorana matrix

M in Eq. (7), case (ii) and (iii) are related to case (i) in the
following way,
M(ii> - P13M(i)Pl3, M(iii) - P23M(i)P23, (Al)
where the superscript with M denotes the Majorana matrix
for the three cases mentioned above, and Pj; are the
permutation matrices that exchanges row j with row &,

From the Takagi factorization M = U,,D,,U%, this implies
that the eigenvalues of the Majorana matrix in Eq. (41)
remain the same, but the unitary matrix ¢/, in Eq. (42) is
transformed as

U =P, Ul =P (A3)

The superscript with £, indicate which of the three cases it
represents.

The neutrino-Yukawa matrix Y, is defined in Eq. (20),
where U, should be the appropriate unitary matrix for

0010 1 000 each case and Y© is calculated from Eq. (39) with
0100 0010 the corresponding VEV. Explicitly calculating the
Pi3= ) Py = (A2) Hermitian matrix Y, Y,, we find that cases (i) and (ii) yield
1 000 0100 . e T
the same result as in Eq. (43), but case (iii) is slightly
0001 0001 different,
y iy — y(0 i) (A4)
1 0 0 0
« 1(1 _ PP/ —iv2(f2-1) ip LT) +f 1= f
ot bfm ’ PP IRV P\ Vs 748
Yl(,”l) Yz(/”l) _ 5 v , (AS)
2 fz\/fz—_Hg f £2+8 12+8
* * * 6>

where * denotes the complex conjugate of corresponding
transposed elements. Equation (AS5) for case (iii) is iden-
tical to Eq. (43) for cases (i) and (ii), except for the off-
diagonal elements in the fourth row and fourth column.
However, the only real off-diagonal element is still the (34)
element, similar to Eq. (43). Hence, the only relevant
quasidegeneracy for resonant leptogenesis remains to be
My~ M,. .

Due to the changes in Y, and Y,Y,, leptogenesis
parameters like CP asymmetry, branching ratios, decay
parameters, etc. are quantitatively different in cases (ii) and
(iii) compared to case (i) discussed in Secs. V and IV. In
Figs. 11 and 12 we show the parameters &s,, €4,, and
P,K, Py,K, for cases (ii) and (iii).

Qualitatively, from Fig. 11, we see that the dominant CP
asymmetry parameters for cases (ii) and (iii) are in the e
and 7 flavors similar to case (i) as shown in Fig. 2.
Regarding the decay parameters, for f > 1 where
M, < M 34, the relevant washout effects are from N,
as shown in Figs. 12(b) and 12(d). From these plots, we see

|

that washout effects are strong in all the flavors P,,K, > 1
for all a for cases (ii) and (iii); similar to Fig. 6 for case (i).
Hence, one will obtain an upper bound on the right-handed
neutrino mass spectrum.

For f <1 where M; < M,;,, the relevant washout
effects are from N, . In this case, we see there is always one
flavor asymmetry N,, in which the washout is not
effective. For case (ii) [Fig. 12(a)], N,, does not suffer
washout while for case (iii) [Fig. 12(c)], N, suffers very
mild washout. Compared to case (i) [Fig. 6(a)], it is Nu,
which survives. Hence there will not be upper bound on the
right-handed neutrino mass spectrum.

Regarding the active neutrino-N, mixing for cases (ii)
and (iii), they are similar to those of case (i) as presented in
Fig. 9. As for active neutrino-N; mixing, there is an
interesting correlation where the largest mixing is for those
with smallest P; K. For case (i), the one with the largest
mixing is with the tau flavor neutrino, for case (ii) it is with
the muon-flavor neutrino, while for case (iii) it is with the
electron neutrino.
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FIG. 11. CP asymmetry parameters at the resonance M;~M, for the plots (a) (by,by,b3)=b(f,1,1) and
(b) (b1, by, b3) =b(1,1,f). The sum of the flavored CP asymmetries is zero, »_, &, = 0, and hence unflavored leptogenesis is
not successful in this model [45]. At f = 1, the individual flavor components vanish.
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APPENDIX B: DENSITY MATRIX EQUATIONS
FOR LEPTOGENESIS

At T > M,;, the effects from distinguishing between the
two helicity states N and N as well as scatterings could be
relevant. This could be the case when we consider the mass

|

scale of N smaller than the EW sphalerons freeze-out
temperature M; < T,;, ~131.7 GeV. In this regime, we
use the density matrix equations adapted from Ref. [23] in
the basis where the Majorana mass matrix D, =
diag(M, M,, M5, M) is real and diagonal.

B = i), Ny] = 5 (/O (VL Ny = BT} = 3 (POND YYD Ny = A
+ UGV Y, = (FO)NSID, VIRV LDy + 3 (1) {YiRY, Ny
— S NPV IRV Dy N, (B1)
Ny . 1 . » ce
TR = i{(H) Ny = 3 O VIV Ny = W51} =3 (FO) (D, Y17, D, Ny = W51
= (PNSYIAY + GUOND Y Y, Dy = 5 () (YT N}
2 (FND, YWY, D, Ny}, (82)
zHN““dZ—ZA“ = [/ (Y NyY] = YiNgY]) + (7O)(Y;D, Ny D, Y] ~ ¥, D, Ny D, Y})
= 2(M)NYuY, Y] = 27N NYuY DY ] = () u(Y Ny YD + YINRY])
~(7 N (Y DuN DY, + Y, DNy D Y1) (B3)

where H = Hy+ V is the Hamiltonian including the
potential from Yukawa interactions V, z = my;/T with

Mg an arbitrary mass scale, N = #(23) and the Hubble
rate in a radiation-dominated universe is given by

= 1.66,/g, 21(;*1 (B4)

with Mp = 1.22 x 10" GeV, and we will consider the
effective relativistic degrees of freedom as fixed to be g, =
106.75 (including the four relativistic N, g, = 113.75 which
gives only negligible effect) since we only consider T > T ..
We have also defined y = —diag(ua,. Ha,. #a,) Where the
Hao 18 the chemical potential related to B/3 — L, charge
normalized by temperature 7" (order of one spectator effects
[99] have been neglected). Both Ny and Ny are 4 x 4
symmetric matrices of their respective number densities
normalized by the photon density in the family space of N.

Since the equations will be applied in the regime where
M; < Ty, we will take Ny = 3/8 assuming relativistic N
with one degree of freedom (in the classical Boltzmann
equations in Sec. III, there is an additional factor of two
since we have summed over the two spin degrees of
freedom). Nevertheless, the decays of the resonant pairs
are crucial for generating asymmetry (in the case of thermal

|
initial abundance of N;) and in order to describe this effect,
we take Nyl = diag(Ny' . Nyl N NY) with

1 ©
Ny =——— [ dE\/E* - M2Ef}},
N ae)r /v[ By

where ' = (exp (E/T) + 1)7! is the equilibrium phase-
space distribution of N and we have approximated the N
mass basis to be that of the vacuum (this is reasonable for
our model where neutrino-Yukawa couplings are small). In
our model, asymmetry from decay of the nonresonant pairs
N, and N, are subdominant and this is confirmed by taking
Ny = Ny = 3/8 without changing the results.

The thelmal averaged rate is defined as
S &Eprfy
[&pfy

In the regime where M < T, N is relativistic T > M and
we obtain

(BS)

(r) = (B6)

(Ho) = 5 diag(M3. M3 M3 M3), (BT
T2
(V) = %YTY (BS)
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i)y — (i) B
(r') el (B9)
where r = ﬁ and
71 = aifei iy +y7el) + (32 +g7) (el —n 3% + 92))].
(B10)
|

oy =422, ) =257,
ol =3.56, b =3.10,
clpn =477, Y =227,

The SM gauge couplings run as

1 19 A\ 172
) , (B13)

A)=(—+—sIn—
g( ) <g(2)+48ﬂ’2 nmz

-1/
J(A) = <@+%ln’%> 1 2, (B14)

where at A = 72T = m, the couplings are given by g, =
0.652 and g, = 0.357.

Cy

AP =289, ") =204/72,

70 = a;cl! (B11)

with ay = 2a;, = 4a;, = 1. For the coefficients, we
will ignore the mild temperature dependence and fix
them as Ref. [23] using ¢! (T = 10* GeV) as the
reference value,

=317, Y =086/T2

la la
00 =383 ') =204/72,
(B12)

The final B — L asymmetry is given by
NQ—L = NnorZﬂAa(Zf = mref/Tsph)’ (BIS)
[e4

and is related to the present day baryon asymmetry
normalized by photon density as in Eq. (35),

np~1.28 x 1072N4,_, . (B16)
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