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ARTICLE INFO ABSTRACT

Editor: G.F. Giudice In a pure inverse seesaw framework, achieving a substantial lepton asymmetry that can be converted into the
observed baryon asymmetry of the Universe is extremely challenging. The difficulty arises primarily due to two
reasons, (i) partial cancellation of the lepton asymmetries associated with the components of a pseudo-Dirac
pair, and (ii) strong wash out caused by the inverse decays. In this work we offer two possible resolutions to
overcome the above mentioned challenges considering a (3,3) ISS framework. Our first proposal is based on
the assumption of a non-standard cosmological era in the pre-BBN epoch, that triggers a faster expansion of the
Universe, thereby reducing the washout by several orders of magnitude. The second proposition is an alternative
of first which considers a quasi-degenerate mass spectrum for the singlet heavy neutrinos, resulting into a larger
order of lepton asymmetry that survives the impact of strong washout to account for the observed BAU. The
viable parameters space, as obtained can be tested at present and future Lepton Flavour Violation experiments

e.g. MEG and MEG II.

1. Introduction

Seesaw mechanisms often provide a natural realisation of generating
Standard Model (SM) neutrino masses and can also explain the origin of
baryon asymmetry of the Universe (5 = (6.04 — 6.02) X 10719 [1]) via
leptogenesis. In type I seesaw, a lepton asymmetry is created as a re-
sult of the lepton number and CP-violating out-of-equilibrium decay of
the heavy right handed neutrinos (RHNs) [2,3] which subsequently gets
partially converted to baryon asymmetry through the (B + L) violating
sphaleron processes. On the other hand, the inverse seesaw mechanism
(ISS) mechanism [4] having a salient feature of offering the tiny neu-
trino mass at the cost of having a TeV scale heavy sterile states, makes a
way to get itself verified in the collider experiments. Additionally, from
theoretical perspective the ISS mechanism renders a large Yukawa cou-
pling for a smaller mass scale of the heavy sterile neutrinos [5] which
is in contrast to minimal type-I seesaw. Due to the TeV nature of these
heavy sterile neutrinos present in the (3,3) ISS', we are allowed to in-
vestigate the flavor effects in leptogenesis [7].

In a TeV scale seesaw (violating the Davidson-Ibarra bound [8]),
one has to resort to resonant leptogenesis mechanism [7,9] in gen-
erating sufficient amount of asymmetry within the lepton sector that
gets converted to the observed amount of baryon asymmetry via non-
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perturbative sphaleron processes before electroweak phase transition.
Note that, we are especially interested in the scenario of producing lep-
ton (baryon) asymmetry from heavy sterile neutrino decay in the TeV
scale seesaw. Other mechanisms e.g. heavy neutrino oscillations, that
offer a viable scenario of leptogenesis in ISS can be found in [10,11].
Leptogenesis in pure ISS? with democratic or hierarchical structure of
heavy sterile mass matrix encounters two serious challenges: (i) par-
tial cancellation of lepton asymmetries among the pseudo Dirac states
and (ii) huge wash out, predominantly induced by inverse decays. The
partial cancellation of lepton asymmetries between pseudo-Dirac (PD)
pairs kills the efficacy of resonant enhancement of individual flavor
asymmetries and along with that, the impact of huge washout always
make g a few order smaller than its desired value [1]. In fact, the
work in [12] explicitly states that despite considering resonance effects,
a pure inverse-seesaw scenario with either degenerate or hierarchical
heavy sterile neutrino mass spectrum, fails to generate the required lep-
ton (baryon) asymmetry. Motivated by this, in the present article we
propose two potential pathways to rescue ISS parameter space leading
to a successful leptogenesis (baryogenesis) in the pure (3,3) ISS set up.

An useful remedy to suppress the strong wash out of the produced
lepton asymmetry is to make the Universe expand faster than the one
with conventional radiation domination. This is possible if we assume
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1 (2,2) and (2,3) schemes of ISS are also possible, predicting vanishing lightest SM neutrino mass [6].
2 We use the term “pure” to highlight here the fact that, no other seesaw model has been considered in addition to the ISS.
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the early Universe to be dominated by some son-standard fluid # hav-
ing equation of state parameter w larger than of radiation [13]. Such
assumptions are legitimate since the dynamics of pre-BBN Universe is
vastly unknown which cannot be directly tested through experiments.
In general, the energy density of 7 is parametrised as p, o« a=+" with
n > 0. The case of n =2 is familiar as kinaton domination or kination
which is motivated by various cosmological events in the early Universe
[14]. For n > 2, the early Universe encounters a faster than kination
epoch. Earlier works on leptogenesis [15-18] in such specific kind of
non-standard cosmological background have reported significant drop
in the strength of washout and subsequently enhancement of relevant
parameter space to a large extent, suitable for addressing baryogenesis.
In the first part of our work, we intend to examine the validity of these
non-standard cosmological models in order to rescue the ISS parameter
space for leptogenesis. In another attempt, we consider a deviation from
the democratic structure of the heavy sterile singlet neutrino mass ma-
trix, which simply assumes a quasi degeneracy among its elements. This
choice reduces the severity of partial cancellation of the lepton asym-
metries between the pseudo-Dirac pairs and can successfully lead to
adequate amount of baryon asymmetry, surviving the impact of strong
washout. The two proposed solutions in order to restore the ISS pa-
rameter space for leptogenesis are independent and infact the second
approach does not require the involvement of non-standard cosmology.
Finally we discuss the testability of the obtained parameter spaces cor-
responding to each cases in upcoming high precision experiments on
lepton flavour violation (LFV) searching for y — ey decay [19-22] and
neutrino less double beta decay [23-30].

2. Inverse seesaw

The extended type-1 seesaw mechanism, whose new physics can be
essentially manifest at the TeV scale is familiar as the ISS mechanism
proposed in Ref. [31,32]. The key feature of this seesaw realization
comes through the soft explicit violation of lepton number which assists
in bringing down the new physics scale to TeV without unnatural tuning
of associated neutrino Yukawa couplings. The ISS mechanism offers a
sub-eV ordered neutrino mass at the cost of trading a set of SM gauge
singlet (denoting as .S') fermions along with the traditional three copies
of TeV scale RHN (Np). The following Lagrangian describes such mass
generation mechanism of SM neutrinos under the ISS mechanism.

—~ — 1 =
-Z22 L, H Ny, + Mg, Ng S;+ SHij SES; +h.c. €h)
with, H = io, H*. The ¢,i being respectively the flavor and generation
indices of leptons, RHNs and newly added SM gauge singlet fermions.

The complete mass matrix constructed from the basis (v, N g, F) with
the help of Eq. (1) can be written in the following texture:

0 mp 0
M, = mg 0 Mg |, @
0 MIT{ u
where, mp, Mp and 4 are 3 X 3 mass matrices. We have consid-
ered here M, and u to be diagonal having the structures My =
diag{ M|, M,, M3} and p = diag{y,, 5, pi3 }, indicating minimal lepton
number violation. A democratic structure of ISS implies M| = M, = M3
and y; = p» = p3. The light neutrino mass can be found by performing
a block diagonalization of M, matrix, which leads to the following,

mvsz(M};)_lyMElmlT). 3

The 6 X 6 heavy neutrino mass matrix in the basis (N, S) can be put
into the following form,

0 M
MO = R, 4
N <M]§ u )
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For a single generation of Ny and .S, the M would be a 2 X 2 matrix.
In that case, one can write the resulting pseudo-Dirac mass states having
the following form [12],

1
My =3 (ui\/u2+4M,i>, ®)

with y as the same lepton number violating scale which essentially acts
as the source of tiny non-degeneracy among the final pseudo-Dirac pairs
in the ISS model.

The extraction of the ISS Yukawa coupling through the CI para-
metrization is obtained as [12],

n

1 _
A= ;UPMNSml/zRM 2 My, (6)

where m, is the 3 X 3 mass matrices having definitions m, = diag(m,,
my,m3). Without loss of generality, we assume p also to be diagonal.
Here Upyys is the standard PMNS matrix and v = 174 GeV represents
the SM Higgs vacuum expectation value (VEV). In general, R is a com-
plex orthogonal matrix i.e. RR” = . However, one can choose a real R
in order to proceed with minimal number of CP violating sources. Here
we have worked with the conventional form of R as given by,

Cyl, —S,8,0,—CS, 8,5, C.8,C,
R=]c,s, cc,—5:8,85;, —5,¢, =¢85, | 7
sy 55Cy cy

where ¢, s represent cosine and sine of the rotational angles x,y and
z, which can be both real or complex. Considering the normal hierar-
chical scenario, we write the mass eigenvalues of SM active neutrinos

as my = /m? + Am? . and my = 1/m2 + Am?,__ where we have used the
1 sol 2 atm

best fit values for Am%1 and Amg2 [33] with m,, stands for the lightest
active neutrino mass. We have also set the neutrino mixing angles at
their corresponding central values [33]. In the Upyg We have set the
neutrino mixing angles at their central values as well.®

2.1. Deviation from unitarity of the Uppys

In general, non-unitarity (NU) appears whenever additional heavy
sterile states mix with the light SM neutrinos similar to the current
scenario. Note that, the diagonalization of m, by Upyyg does not di-
agonalize the My and p. One can express the diagonalising matrix of
M as,

v, V.
V= 3%3 3x6 > (8)
< Vexs  Vexs

with, M3 = VT M V. The V matrix in the above equation takes the
following conventional form [34-36],

V= (g3 +¢*¢NT2 0 Hlgge +ET¢H712 Upmns O
_gT(13x3+€V*§T)_l/2 (16x6+CT§*)_1/2 0 V!
9

where Véx6 is the unitary matrix that diagonalise the heavy neutrino
submatrix in M, and { = (03,3,m DMEI) is a 3 x 6 matrix. With the
assumption of a minimal flavor violation implying My and yu to be
diagonal, V' can be evaluated as,

—il3ys > + ﬁ(MMEI) (10)

V' = L < 13><3

V2 \lsa  ilsg
Next we derive the analytical form of each components of V" in Eq. (8).
The sub-block V3,5 is found to be,

3 For the case A we fix Dirac phase (appearing in Upyys) as 6¢p = 37/2,
whereas we choose a varying 6¢p from 7 /6 — 3z /2 for the case B.
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/
Upmns = (133 = MUpmns an

~12
Vixs = (13><3 +C*CT)

in the |{| < 1 limit. The V3,5 is the matrix that includes the correction
of NU over the original PMNS matrix that exactly diagonalises m,. The
quantity 77 = 13,3 — (13,3 +¢*¢7)71/2 in Eq. (11) measures the deviation
from Unitarity. Experimental bound on the elements of # can be found
from [37] as given below.

1.3-1073 1.2-107° 14-1073
ln;1<]1.2-10° 22-107% 6.0-107% |. (12)
14-107% 6.0-107% 2.8-1073

Thus the emergence of NU in the present set up holds the potential to
directly serve as a viable tool of testing the relevant model parameter
space. Also, the non-unitarity matrix elements may leave non-trivial
roles in the branching of LFV decays.

3. Leptogenesis

In the ISS model the decay of the pseudo-Dirac neutral states trigger
the generation of lepton asymmetry. These pseudo-Dirac neutral states
(denoted by N, ) undergo CP violating decay into the SM lepton (L)
and the Higgs doublet (H) as,

, (N> Ly +HY, v+ H)~T(Ny—> L, + H™,v5 + H”)

€, =—

Ni Zr(Nk—)Lf+H+,vf+H0)+r(Nk =L, +H™ v+ H")
as

As evident from the above expression, the CP-asymmetry is a measure
of the difference in decay widths of N, to a process and its conjugate
process. At tree level, these two are the same resulting into vanishing
CP-asymmetry. Taking into account the one loop vertex and self energy
diagrams, it is found that non-zero CP-asymmetry arises due to the in-
terference between the tree level and the one loop diagrams. For the
decaying pseudo-Dirac mass falling in the TeV regime, lepton asym-
metry gets maximum contribution from the self-energy diagram [38].
In such scenario, the individual lepton asymmetries are resonantly en-
hanced and can reach even &(1).

In order to compute the ¢ and 7y from the decay of pseudo-Dirac
eigenstates, one must pursue change-of-basis exercise for the Yukawa
couplings such that heavy neutrino mass matrix (M,?]><6 in Eq. (2)) is
diagonal real and positive. We write the modified Yukawa couplings as
YV’, , appearing in the complete structure for 9 X 9 neutrino mass matrix
after the sub-block diagonalisation of M, in Eq. (2),

0 m 0

M =ml My 0 |, )
0 0 Mg,
y _ Yo . .
where m'), = 75 The Mg and M, are two 3 x 3 diagonal matrices

with the elements representing the eigenvalues of the physical eigen-
states and their pseudo Dirac partners respectively. As mentioned ear-
lier, flavor-dependent effects of leptogenesis are relevant at low enough
temperatures (set by the RHN mass) such that at least one charged
leptons is in thermal equilibrium. When this condition is met, flavor-
dependent effects are not avoidable as the efficiency factors differ sig-
nificantly for the distinguishable flavors. We use the following standard
expression for the lepton asymmetry parameter [39],*

oo Ym|(Yv,), (%), (%),

' 87 (YT ) J#i
i

4 In our work we do not consider the finite temperature effect in the com-
putation of CP asymmetry parameter. In appendix A, we have shown that
temperature correction leaves very minimal impact on the final baryon asym-
metry, even in case of resonant leptogenesis.
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V(1= x;)
2,
(1—)‘[1) 642<YY),
1 (1= x;))m [(YJYV% (Yj)if (Yv)f’]
+ b ’
8 (Yv Yv)ﬁ J#i (1 —xij)2 + 64# (YVTYV>,-,-

with the following definition for the loop function f(x;;) = /x;; [1 -

2
1-x;; My,
1 +xij)ln< xl/j )] where, x;; = (szi > .

The set of Boltzmann equations that governs the dynamics of decay
of the heavy pseudo-Dirac states and yield of lepton asymmetries are
the following [38]:

%:; Z Pk _
dz H(z=1) B B

x [P (k) ] , 16)

x| f(x)+

2y

k=eu,t

2
d}’]f z ¢ NN, D
v ____ 2 1 P Gk
iz = A=) ,Z:I G\ ﬁ;&”,,

2
2 ~n
-5 2 B F"W)] , a7)
i=1

@. The quantities N, and 7, are the
number densities of i pseudo-Dirac state, and created lepton asym-
metry normalised to the photon number density, such that one can
write 7,(z) = n,(2)/n,(z) with n,(z) = 2m§\]] /n? x 1/23. The R.H.S. of
Egs. (16) and (17) in principle should involve various 2 — 2 processes
in addition to 1 — 2 processes, which are calculated in Ref. [38]. We
have chosen to neglect the contributions from all 2 — 2 scattering pro-
cesses since their impact on erasing the generated lepton asymmetry
is negligible compared to the inverse decays [3,38,40,41]. The Hubble
parameter of the Universe is represented by % in Eq. (16). The total
decay width I'y of the RHNs is given by

where we have defined z =

3

3 MN
- ¢ _ N
= ;rm - PR IR (18)

I=1

The rate for a generic process X — Y and its conjugate counterpart X -
Y is defined as y;' . For the 1 — 2 process, N; > L® or N; — LC®7, y¥
is given by [38]

My M2 T
N, UNMYINT N,
TLo = a3, Ki(z\/a;), 19

in terms of the re-scaled variables of Eq. (20) where K, (z) is an nth

order modified Bessel function.

2
My, My,
z=—2L, a=( —) ., (20)
T My,

with s being the Mandelstam variable [42]. The following definitions
are implemented in the aforementioned coupled BEQs. For a detailed
description one may look into [38].

ey _ 1
r = n, "L,0

N 1 4 NaL N;
poan - L[ 4 N
n, 21 npp, ) Ee®
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~Di 1 4 NaL N;
o = = 14 2 i 21
n, 21 nyp, Lo 1)

In a standard radiation dominated Universe, the analytically approx-
imated solution of baryon to photon ratio is given by [9,43,44],

€ir

np~—-3x1072 ,
77 KeTmin [zc, 125Log (251(5;“)]

(22)

where z, = %’ and T,
low which the sphalerons freeze out [45,46]. Here, K;ff =k, 2, KBz,
with K; =T N /£(3)5(z = 1), denoting the washout factor. Here, B;,’s
are the branching ratios of the N, decay to leptons of #* flavor:

~ 149 GeV, [44] is the critical temperature, be-

_ IWI
it —

. Including the Real Intermediate State (RIS) subtracted

collision terms one can write the factor k, as,

Re [(Yv)if»(m;; (vr) ] +Im [((Yv),-f <Yv>;>)2]

ijj#i Re[(Y, Y, (Y, Y, + (YVYf) Rl
JJ

| M, — M\
X< i F,-+Fj > . 23)
Leptogenesis in the ISS model suffers from it’s incapacity to explain
the observed BAU primarily due to two reasons. One is the impact of
huge washout and the second one is inadequate amount of flavor lepton
asymmetry, generated from a pseudo-Dirac pair (see e.g. [12]). Authors,
in [12] show that even after encountering resonance it is impossible to
obtain adequate amount of lepton asymmetry required for achieving
the observed BAU. As mentioned in the introduction, here we particu-
larly deal with these two challenges in order to evade the competition
between lepton asymmetry and washout, by two different approaches.
The first approach we adopt here, in order to make the ISS frame-
work viable for leptogenesis involves the modification of the Hubble ex-
pansion rate during lepton asymmetry creation and subsequent washout
process. The washout factor is mainly determined by comparing the de-
cay rate with the Hubble expansion rate of the Universe at a certain
temperature T as defined by the parameter K; earlier. The Hubble ex-
pansion rate in a radiation dominated universe fails to compete against
the larger decay width of the heavier pseudo-Dirac states of the ISS
framework and hence a modification of the standard description of cos-
mology resulting into a faster expansion of the Universe could be useful
in this regard. In the second approach, the partial cancellation of lepton
asymmetries between pseudo Dirac pairs can be undone by considering
non-degenerate diagonal entries of M z matrix. For analytic understand-
ing one has to look into the Yukawa texture of the ISS model which
determines the overall order of lepton asymmetry contributed by the
decay of the final pseudo-Dirac states.

Ky =2

4. Constraints from u — ey

In this work, we have focused only on the study of the particu-
lar branching ratio (BR) for u — ey decay process, which presently
provides the strongest bound in comparison to other variants of LFV
decay. In the ISS scenario, one can naturally obtain a large branching
of these LFV decays in comparison to what one obtains in the type-
I seesaw mechanism.® This large BR (here in particular, BR(u — ey))
is in practice resulted from the large light-heavy mixing (denoted by

Viis and V) mentioned in the Eq. (24). The conventional form of
BR(u — ey)) is given by [6,34],

5 As we have seen, the rates of the LFV processes in the canonical type-I
seesaw model with massive right handed neutrinos are so strongly suppressed
that these processes are not observable in practice, and one has e.g. BR(y —
ey) $ 1077 [19,47] in a high scale type-I seesaw scenario.
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a3
BR(y —ey)=

2567 2M4 [‘ 2 ui elG(yl)) (24)

where, a,, = gw/47r and sw =1-(My, /M ,)? along with the loop func-
tion G(y) having the following form,

2
Iny, withy, = _ (25)
My,

2 +50° -y 3y
4(1-yy? 2(1=yy

Here, My, and M, imply the masses of the W and Z bosons that
participate in the loop diagrams of the flavor violating decay of our
interest. One denotes I, as the decay width of the relevant decay. In the
above equation m; stands for both the active and all the sterile neutrino
mass states and V' being the NU mixing matrix as defined earlier. We
would like to refer the reader to Sec. 2.1 for the construction of such
mixing matrix.

G(y)=-

5. Results and analysis

In this section, we present our claims regarding the possibilities that
we have explored in finding the viable parameter space for leptogenesis
in ISS. As mentioned in the introduction, we have proposed two differ-
ent kinds of resolutions to the issue of not having successful leptogenesis
in a generic ISS framework. In particular, the two case studies are based
on (i) reducing the washout effects by a considerable amount, and (ii)
increasing the total lepton asymmetry contributed by all the pseudo-
Dirac pairs of the ISS framework, to the possible maximum order (£/(1)).
These two approaches involve two sub cases resulted from two different
choices of the rotational matrix used to extract the Yukawa coupling in
the CI formalism. One is considering a complex R and the other is with
a real R matrix, both of which satisfy RR” = I. A complex R assists in
raising the order of the Yukawa coupling (¥, ) as it involves hyperbolic
function of the rotational angles in the CI parametrisation. Such rise in
the order of Y, is not expected in case of the real R. On the other hand
a larger Yukawa generally leads to large values of light-heavy mixing,
which in turn influences the order of magnitude of branching ratios of
the LFV channels. As mentioned in Sec. 4 an indirect probe of the lep-
togenesis parameter space is possible in the LFV experiments.

5.1. Case I: reducing the strength of wash-out

The Hubble parameter ./#, being connected to the total energy den-
sity of the Universe through standard Friedmann equation sets the ex-
pansion rate of the Universe as function of temperature. In conventional
standard cosmology, it is assumed that the Universe remains radiation
dominated from the end of reheating epoch till BBN. Non-standard sce-
narios appear due to the presence of a non-trivial fluid that dominates
the energy density of the Universe having equation of state parameter
w# > atan intermediate stage. For example, an early matter dominated
epoch arises in the early Universe if the additional fluid has w =0 and
exceeds the radiation energy density of the Universe at some point of
time. Alternatively the pre-BBN era could be occupied by a species with
> % besides the conventional radiation component. The later scenario
is of our interest in the present analysis which is usually dubbed as fast
expanding Universe.

For convenience we mark the new species with # and write the cor-
responding energy density as p, ~ a~*1*", where a(7) is the scale factor
of the Universe. In the limit of entropy conservation per comoving vol-
ume ie., sa’ = const., one can define Prad(t) a(f)~*. Now, in case of a
faster expansion of the Universe the energy density of # field is antic-
ipated to be red-shifted more rapidly than the radiation as realized by
n> 0. Utilizing the energy conservation principle, a general form of p,
can be constructed as:

~ g, (T) (44n)/3 T (4+n)
py(T)=p,(T}) (g*s (Tr)> <F> . (26)

r
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BP |, Standard Case BPI,n=2,T,=5MeV
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BP |, Standard Case BPI,n=2,T,=5MeV
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Fig. 1. In the first two columns, the evolution of lepton asymmetry yield, #; is shown as a function of temperature for BP I considering standard RD Universe and
nonstandard cosmological scenario respectively. The last two columns show the evolutions of the ratio (I'”! /) with temperature for standard and nonstandard

cosmology respectively.

Table 1

Benchmark choices for the relevant parameters of leptogenesis and the corresponding washout amount (with 'l = 2,3:1 20 in Eq. (21))
which altogether yield the final baryon to photon ratio (#5), considering a real R. The 7, values for both the benchmark points are evaluated at
z =100 by solving the set of coupled Boltzmann equations. Note that in this case the Dirac CP phase is the only parameter that leads to the CP
violation. We also mention the estimates of Br(u — ey) and m;; for the two respective benchmark points. Here we have set M| = M, = M5 =1
TeV. The last column reveals whether a particular BP is allowed (v') or disallowed (X) by the NU constraints.

BP-CA  u (GeV) m; (eV) x y z n T, MeV) TPl/se (z=1) ng Br(u — ey) mgy (€V)  NU
I 265x107  594x10* 063 3.02 305 2 5 9.66 6.02x 1071 1.06x107°  0.0019 v
I 4x107° 3x107* 033 1.44 119 3 5 0.16 6.10x 10710 850x 10715 0.0017 v/

The temperature 7, is an unknown parameter (> Tygy) and can be
safely assumed as the point of equality of two respective energy den-
sities: p,(T,) = praq(T})- To keep the success of BBN intact, the energy
component p, must be subdominant compared to pg before BBN takes
place. This poses a bound on 7, as T, 2 (15.4)1/" [13].

Next, we specify the total energy density at any temperature (7" >
T,) as [13]

P(T) = prag (D) + py(T) @7)

g.(T,) < 84s(T) ><4+">/3 < T )
8.(T) \ 8.5(T}) T,
From the above equation, it is evident that the energy density of the
Universe at any arbitrary temperature (7' > 7,), is dominated by #

component. Now, the Friedmann equation, connecting the Hubble pa-

rameter with the energy density of the Universe is given by .#2 = 3 A‘; >
>Mpl

with Mp = 2.4 x 10'3 GeV being the reduced Planck mass. At tem-
perature higher than 7, with the condition g.(T) = g, which can be
considered to be some constant, the Hubble rate can approximately be
recasted into the following form

= 0a(T) [1 + (28)

12, n/2
Ty~ 2T <1> . (with T>T), (29)
3y/10 Me \ T,
/2
T n
=%(T) | = s
(%)
where 3 (T) ~0.33 gi/ 2 T—z, the standard Hubble rate for a radiation

dominated Universe. In case of SM, g, can be identified with the total
SM energy degrees of freedom g,(SM) ~ 106.75 at temperatures above
100 GeV. In the present analysis we anticipate that if non-trivial dom-
ination of 5 species persists till late time at early Universe, it might
be possible to delay the inverse decays and subsequently reduce the
amount of washout. It is worth to mention here, that for a non-standard
cosmology, the analytical expression of #p in Eq. (22) does not hold
and one needs to solve the full set of BEQs as given in Eq. (16) and
Eq. (16) in order to find a correct prediction of the final amount of lep-
ton asymmetry. Importantly, the Hubble parameter /#(T'), present in

Eq. (16) and Eq. (16) takes the form of Eq. (29) while we solve the
BEQs considering non-standard cosmology.

First, in Table 1, we tabulate two benchmark points (for real R) that
successfully yield the observed baryon asymmetry of the Universe, sat-
isfying the neutrino oscillation data at the same time. For BP-CA I, we
have assumed the presence of kination domination (n = 2) prior to BBN
era while in BP-CA II, presence of a fluid (n = 3) in early Universe is
considered which redshifts faster than kinaton. In first two columns of
Figs. 1 and 2, we have shown the evolution of n_; as a function of tem-
perature for both the benchmark points considering standard and non-
standard cosmology respectively. In standard case (n ~ 0), the produced
lepton-asymmetry gets substantially suppressed due to strong wash out
effects, predominantly from inverse decay. The impact of huge wash-
out in reducing the produced lepton asymmetry is evident from bottom
last two columns of Figs. 1 and 2 where the ratio of thermally averaged
decay (inverse decay) rate and Hubble parameter is plotted as a func-
tion of temperature. Interestingly, the strength of wash-out gets heavily
diluted (see bottom right panel of Figs. 1 and 2) when we consider the
presence of non-standard cosmology in form of kinaton or faster than ki-
naton dominated Universe. Such suppression in the amount of washout
owing to the presence of non-standard cosmology assists in obtaining
the right order of baryon asymmetry abundance. Considering a com-
plex R, we also provide two suitable benchmark points (BP-CA III and
BP-CA 1V, see Table 2) that obey the neutrino oscillation data. Similar
to the case with a real R, here also we have considered the presence
of # fluid at early Universe with different set of (n,7,) values. Despite
BP-CA III being consistent with the bounds from NU and Br(u — ey)
constraints, it falls short in providing the desired amount of 75 due to
insufficient suppression of washout strength. In fact, we have observed
that the n =2 case for a complex R does not work in rescuing the ISS
parameter space for leptogenesis regardless of the value of 7, and thus
we refrain from discussing this particular case further.

Next, we proceed to perform a random scan over the relevant param-
eters that are involved in controlling the value of #. For the purpose,
we fix the following ranges,

5%1077 GeV < 4 <1072 GeV,

107 eV<m <1072 eV,
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Fig. 2. In the first two columns, the evolution of lepton asymmetry yield, #; is shown as a function of temperature for BP II considering standard RD Universe and
nonstandard cosmological scenario respectively. The last two columns show the evolutions of the ratio (I'”! /) with temperature for standard and nonstandard
cosmology respectively.
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Fig. 3. In the left estimate of 7, is shown as a function of the lightest neutrino mass (m,) (first left) and u (second left) considering R real. Right column shows the
prediction for Br(y — ey) w.r.t. the same parameters as in the left. Here we have set (n,7,) = (2,5MeV). The grey horizontal line in left and right columns indicate
the experimentally observed value of #; and the present limit on Br(x — ey) by MEG [48] respectively. The red dots are viable points that give rise to correct amount
of baryon asymmetry, without violation of Br(u — ey) and non-Unitarity bounds.

Table 2

Benchmark choices for the relevant parameters of leptogenesis and the corresponding washout amount which altogether yield the final 7, considering a complex R.
Unlike the real R case of Table 1, here CP violation is driven by the phases present in R in addition to the Dirac CP phase. Here also, we have set M, = M, = M; =1
TeV.

BP-CA  u(GeV) my (eV) X y z n T, (MeV) % (z=1) 1 Br(u — ey) mg, (eV)  NU
i 7x1077 3x1073 093+ 026i -1.24022i -015+033i 2 5 1.23x 10° 246x1071%  147x1073 0.004 v
v 798x 1077 1.81x1073  —1.73+0.96i -1.84-0.31i  —1.45+0.75i 3 5 57.84 6.1x 10710 5.98x107"*  0.002 v
-8 n=3, Real R 58 n=3, Real R n=3, Real R n=3, Real R
o-12L MEG 121 MEG
10~9 PLANCK 2018 1 A 10
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=101
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Fig. 4. Same as in Fig. 3. Here we have set (n,T,) = (3,5MeV). The grey horizontal lines in the left and right columns indicate the observed value of 7 [1] and the
present sensitivity on Br(u — ey) set by MEG [22,47,49] respectively. The red dots are viable points that give rise to correct amount of baryon asymmetry, without
violation Br(s — ey) and non-unitarity bounds.

—4rz < x|, |yl, |z]| <4=, (30) the obtained values for #5 as function of m; and y respectively. In the

and set M, = M, = M, =1 TeV. last two columns c'>f Fig. 3 and Fig. 4 the predlc'tlons for Br(/f —ey)
We first consider R as real and attempt to find out the parameter are presented as with respect to m; and p respectively along with cur-
space that can generate adequate amount of baryon asymmetry in the rent sensitivity of MEG [22,47,49]. As earlier stated, a faster expansion
Universe. In the first two columns of Fig. 3 and Fig. 4, we have shown of the Universe, characterised by suitable choices of (n,7,) assists in
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Fig. 5. Viable parameter space for complex R when n = 3. In first two columns, we show the estimate of 7, as function of y and m, respectively. Last two columns
display the estimate of Br(y — ey) w.r.t. 4 and m; respectively. The cyan coloured points show the yield for baryon asymmetry and the branching ratio after
imposition of NU constraints. The red dots in the right columns show the relevant ranges of y and m; which satisfy the baryon asymmetry criteria.
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Fig. 6. The left two columns show baryon to photon ratio for real R as a function of the LNV scale (m,) and the lightest neutrino mass () when the heavy RHN
states are non-degenerate, keeping M, =1 TeV, M, =1.01 TeV, M; =3 TeV. Here we have varied 6-p from % to 37” The right columns correspond to the respective
branching ratio w.r.t. y and m;. For the real R the ISS parameter space offering leptogenesis is not restricted by non-Unitarity of lepton mixing. The gray band in
the left plots reports the PLANCK bound on 7, whereas the one in the RHN plots indicate the present sensitivity on the Br(y — ey) reported by MEG. The magenta

points in the right columns represent those which satisfy PLANCK bound on 7.

suppressing the strength of washout process. This feature facilitates
in rescuing part of the ISS parameter space where the PLANCK 2018
bound on the baryon asymmetry can be satisfied which is otherwise not
possible in a conventional radiation dominated Universe. In Fig. 3, the
non-standard cosmological parameters are set as (n,7,) = (2,5MeV).
Indeed there exists a few viable points (marked by red dots in last two
column of Fig. 3), that yield the expected amount of baryon asymme-
try with p ~ 0(1073) — 6(1072) keV. Note that for a real nature of
R, 6cp being the only source of CP violation, the non-Unitarity con-
strains does not restrict the parameter space. Also, the prediction for
Br(u — ey) comes out to be much smaller than the present sensitiv-
ity of MEG experiment. We repeat the same analysis in Fig. 4 for a
non-standard Universe (n = 3,7, = 5MeV) dominated by a fluid that
redshifts faster than kinaton. We notice that such choice of (n,7,) re-
sults into a somewhat enhanced parameter space preferring relatively
lower u ~ 0(1) — 0(10) keV. Due to the preference over smaller u, here
the estimate of Br(u — ey) turns out to be relatively closer to the MEG
experimental sensitivity compared to the earlier case.

We have clarified earlier that for a real R, the Dirac CP phase (6cp)
is the only CP violating parameter that leads to ample amount of rem-
nant baryon asymmetry in the Universe. When R is complex, one has
additional CP violating sources. We analyse the case for n =3 for a
complex R in Fig. 5. We notice that such choice of (n,7,) results into a
few allowed points (marked by red dots in last two columns of Fig. 5),
favoured for explaining the observed value of 7, surviving the strong
non-Unitarity and Br(y# — ey) bounds. We also observe that the satis-
faction of PLANCK 2018 bound prefers ¢(1)keV < u S €0(10)keV. Due
to the preference over smaller u, the estimate of Br(u — ey) for baryon
asymmetry satisfied points turns out to be closer to the MEG experi-
mental sensitivity.

5.2. Case B: increasing lepton asymmetry

As mentioned in Sec. 3, the ISS parameter space for the survival
of final lepton asymmetry can be retrieved by lifting the degeneracy
among the elements in the My matrix. In this section we present
such investigation subject to both real and complex choices of R. For
the computation of lepton asymmetry we have considered two set of
choices, M|, =1 TeV, M, =1.01 TeV, M3 =3 TeV and M; =1 TeV,
M, =2 TeV, M5 =3 TeV respectively. Like the previous cases, we have
varied here the LNV scale of ISS model as y = 107% — 10~2 GeV and
the lightest neutrino mass (m;) from 10~5 — 1072 eV. We have shown
the corresponding results in Figs. 6, 7, 8, and 9 respectively associ-
ated with the real and complex R cases and the two choices made for
(M, M,, M3) as earlier specified. Inclusion of non-degeneracy in Mpg,
corresponding to different generations of heavy sterile states helps to
avoid the partial cancellation between the lepton asymmetries associ-
ated with the pseudo-Dirac states forming a pair. This in turn leads to a
sufficient yield of total lepton asymmetry contributed by all the pseudo-
Dirac states. The reason behind the aforementioned choice of two sets
of (M| ,3) is to see the influence of the appropriate amount of degener-
acy in saving the ISS parameter space. For a better clarity on this issue,
in Table 3 and 4 we mention the benchmark points and the correspond-
ing outcomes, relevant to the case B. The respective Yukawa coupling
matrices obtained for each individual benchmark points mentioned in
Table 3 have been presented in Table 4. The corresponding mass inputs
for the pseudo-Dirac states are M; =1 TeV, M, = 1.01 TeV, M; =3
TeV. Considering a real R, in the left columns of Fig. 6 we show baryon
to photon ratio as a function of y and m; for the first set of RHN mass
states mentioned above. In the right columns we present the branching
ratio for y — ey w.r.t. y and m,.
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Fig. 7. Same as in Fig. 6 with exception complex R. For complex R, a part of the ISS parameter space is ruled out by simultaneous imposition of baryon asymmetry
and NU criteria. The viable parameter space satisfying these two constraints is shown by green points. The magenta coloured points in the right columns indicate

those which satisfy both 7, and NU constraints simultaneously.

Table 3

Benchmark points (I) and (II) representing the parameter space subject to Fig. 7 and Benchmark points (III) and (IV) Fig. 6.

BP-CB  u (GeV) m (eV)  x y z Il >0 el O e np Br(u—ey)  mp;(eV)  NU
I 0.0098 0.006 3924434 1942 285+0.1i  —0.001 0.004 -0.003 59x 10710 8.59%x 1071 0.006 v
I 0.009 0.006 3.49+4.2i 3.542i 2.740.1i —6.4x 1077 1.4x107 -13x1073 2.12x 10710 3.97x 10713 0.006 v
111 6.4x107  0.0059  3.55 2.44 3.82 2.6x107° -2.19%1075  -47x10°% 527x1071°  13x107" 0.006 4
v 22x107°%  0.0078 3.2 2.89 2.66 -82x107%  35x10°° 4.6x 1070 5.7%10710 1.17x107'*  0.007 v
Fig. 7 represents the baryon to photon ratio (left) and branching Table 4

ratio for y — ey (right) same for the complex R with the first choice Yukawa coupling matrices associated with BPs mentioned in

of RHN mass states. For this case we notice that the some of the green Table 3.

points which satisfy NU constraints along with the desired baryon asym- BP-CB YO

metry, also yield the Br(s — ey) which is close to the present and future -

sensitivity. However, the final points allow only larger value of y and 007 -0.12i  -045-0.58i —0.089 - 0.86

the lightest neutrino mass. On the other hand we show these results for —0.12-0.074; -0.58+045/ —0.86+0.089i

the second choice of RHN masses in Fig. 8 and Fig. 9 respectively for I o3| ~196+296i 268140971 269 +22.72

the real and complex R. From these four figures it is clearly evident -29-196i —0.97+26.8i —22.7+269i

that an adequate degeneracy among the RHN mass states are crucial 592 +3.92i 196 —53.5i 454 -538i

to retrieve the ISS parameter space for successful leptogenesis. From 392 -592i —53.5-196i -53.8-—454i

Fig. 8 and Fig. 9 we learn that, a larger hierarchy among the RHN

mass states can change the leptogenesis prediction of ISS model signif- 0.012 —0.026i —0.52+0.58 —0.87+0.16i

icantly. Similar conclusion can also be drawn from Fig. 6 and Fig. 9. 0.026 +0.012i —0.58—0.52i —0.16—0.87i

For a hierarchical spectrum of RHNs the number of points crossing | 27455 1974520 —s4542770

L D I 10-3

the PLANCK bound on baryon to photon ratio is very less, as it is evi- S53-27i 520 4+197i 277 45450

dent in the respecFiv.e ﬁgu%‘es. The reason being, for strictly hierarchical 8294 411i _794-207i —41.6—81.8i

RHN mass statfes it is d}fﬁcult to generate.adequate amount of lept.0n 4148201 —207 47941 —818+41.621

asymmetry which can finally compete against the huge washout (with

K ~ ©0(107)). While investigating this case we imposed relevant con-

straints associated with the non-Unitarity of the lepton mixing. This is ~033 =11 ~0d =168~ = 15

evinced especially in Fig. 7 and Fig. 9, by the orange points, which are ~110+0330 ~1.68+0.1i - —1.5+0.117

excluded by the bounds on non-Unitary mixing. The NU mixing matrix I 03] 013 —0260 —0.02+16f —0.03-0.02i

elements are controlled by several electro-weak interaction observables -0.26-0.15 1.6+002i —0.025+0.03

mentioned in [37]. The exclusion of ISS parameter space, in terms of =072+ 148 0.15-2.1i  0.17 —4.82i

u has taken place even through the NU constraint, in addition to the -148-0.72i 2.17+0.15 4.8 +0.17

baryon asymmetry criteria. It is because of the complex R structure

which has hyperbolic dependency on the mixing angles, thus making 0.68 +0.25; —0.02+0.027i  —0.027 - 6.19i

the light-heavy mixing very large. Which, however is not the case for 0.25 —0.68i 0.027 +0.024i  —6.19 +0.027i

real R. For the real case, thus NU does not restrict the ISS parameter W Jg3| 0349611 094 -9.56i 1.06 +5.42i

space, whether complex R does as evident in Fig. 7 and Fig. 9. There- 9.61 +0.34i  9.56 +0.94i —5.42 + 1.06i

fore the green points are the final representative parameter space of ISS 824 +0.70i —0.069 —38.38i —0.078 — 40.06i

offering successful leptogenesis which can be indirectly probed through 070 —8.24i —38.38 +0.069i —40.06 + 0.078i

LFV search.

It is important to note here that, in all the sub cases of case B the
branching ratio obtained here is of very much improved order which is
pretty close to the present sensitivity set by MEG [22] on Br(y — ey).
For complex R and first choice of RHN mass values one can notice the

green points, allowed by NU lepton mixing restricts the LNV scale from
1073 — 1072 GeV. We also notice a lower bound on the lightest neu-
trino mass for NH to be around 10~* eV. However for real R, a large
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Fig. 8. Same as in Fig. 6 with hierarchical RHN masses, e.g. M| =1 TeV, M, =2 TeV, M, =3 TeV. The magenta coloured points in the right columns indicate those

which satisfy both 5, and NU constraints simultaneously.
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Fig. 9. Same as the caption of Fig. 7 with hierarchical RHN masses, e.g. M, =1 TeV, M, =2 TeV, M; =3 TeV. Here, we do not get any points which simultaneously
satisfy the constraints from baryon asymmetry and NU. The green points which respect the NU bounds do not yield the observed baryon to photon ratio.

branching for (4 — ey) demands a smaller u scale which is close to
the traditional u scale of ISS. Also we do not get such lower bound on
the lightest neutrino mass for the consideration of real R. From the re-
sults of this section it is quite understandable that, the ISS parameter
space yielding an order smaller Br(u — ey) than the present bound can
be probed by MEG II [50] with an improved sensitivity. Neutrino-less-
double-beta decay (NDBD) is potentially connected to baryon asymme-
try. Since the baryon asymmetry criteria has imposed restriction on the
range of lightest neutrino mass, it is instructive to study the effective
neutrino mass parameter space which influences the half-life of NDBD
amplitude [51]. The effective neutrino mass governing the NDBD [52]
can be computed using the following prescription.

mﬂﬁ=z

i

(B

2
Ueimi| >

where, i =1, 2,3, U being the lepton mixing matrix. In this frame-
work, the effective mass would not receive any contribution from the
Majorana phases as they are assumed to conserve the CP symmetry. In
Fig. 10 we have shown the variation of effective neutrino mass with the
lightest neutrino mass. The figure demonstrates that the suggested sen-
sitivity established by nEXO [53] has the capability to explore a certain
region of the parameter space for leptogenesis that is associated with
the lightest neutrino mass.

The angle of light-heavy mixing serves as a crucial factor that im-
pacts both the generation of the baryon asymmetry of the universe
(BAU) and the control of production rates for Right-Handed Neutrinos
(RHNs) at colliders. Unlike the Standard Model (SM) particles, these
RHNs are not electrically charged and therefore exhibit highly sup-
pressed direct interactions with SM fields. Their production can only
occur through mixing with SM neutrinos [54,55]. We have determined
the magnitude of the light-heavy mixing element, denoted as |V, v, , 12,

to be approximately 10~7 to 10~* within the parameter space that
corresponds to the observed BAU. This range of |V, NLZl2 values can
potentially be explored in forthcoming muon collider experiments, as
discussed in a recent publication [56] and its references. Several dis-
tinct signatures of heavy RHNs, dependent on the extent of light-heavy
mixing, can be found in references [55-58] in the context of future
lepton colliders, and in references [59-61] with regards to LHC exper-
iments. At this stage we can be a little optimistic about the validity of
our results for ISS parameter space for leptogenesis w.r.t. two comple-
mentary searches namely the rare leptonic decay u — ey and searches
at Muon Collider.

6. Conclusion

We have proposed the possible scenarios which can account for the
observed baryon asymmetry of the Universe in a pure ISS framework.
This proposal is based on two independent methods, one by minimiz-
ing the huge washout and the other by increasing the order of lepton
asymmetry. In both of these cases our conclusion on the success of ISS
leptogenesis remains the same. We want to emphasize that ISS param-
eter space alone can yield the observed baryon to photon ratio through
leptogenesis. In order to execute the first approach we have considered
non-standard thermal history of the Universe, so that the Hubble ex-
pansion rate during leptogenesis can well compete with the large decay
rate for leptogenesis. In this case we noticed that, the parameters (n, T,)
representing the non-standard thermal history of the Universe are able
to rescue the ISS parameter space (in terms of u) which offers suc-
cessful leptogenesis. Next, we consider the second approach where we
assume degeneracy among the RHN mass states associated with each
generation. This assumption helps us avoid potential cancellations be-
tween the lepton asymmetries associated with the PD states of each
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Fig. 10. Shows the effective neutrino mass predicted w.r.t. the constrained lightest neutrino mass. The figures provide explanations of the implications associated
with various colour codes, enabling a clear differentiation between each case. The lightest neutrino mass gets restriction from the criteria #; = (6 —6.18) X 10719, The
grey band indicates the limit on mg, set by the KamLAND-ZEN experiment [62], which falls in the range 61 — 165 MeV. The black dashed horizontal line indicates

the future sensitivity set by nEXO [53] on m;; = 0.007 eV.

generation. In most of the cases studied here we have obtained testable
parameter space of leptogenesis w.r.t. the LFV search e.g. y — ey. To
the best of our knowledge, these results are novel and have not been
reported earlier. We have found a favourable case for the case A, as-
signed with n = 3 both for real and complex rotational matrix R. We
have also noticed in case B that, an adequate amount of the aforemen-
tioned degeneracy is crucial for the final baryon asymmetry to survive.
An important research endeavour would involve exploring the uncon-
ventional leptogenesis in ISS framework which can be found elsewhere.
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Appendix A. Finite temperature effects on resonant leptogenesis

We revisit here a generic case of resonant leptogenesis by including
finite temperature correction in a type I seesaw framework with &/(1)
TeV RHN masses. We introduce three RHNs and consider the mass ma-
trix of the same as diagonal with entries {M|, M, = M| + A, M5}. We
assume quasi degeneracy (MAI < 1) among the first two RHNs and make
the third one substantially heavier for simplicity. This allows to check
for any possible finite temperature effects on resonant leptogenesis sce-
nario from both N and N, decays.

A detailed discussion on the influence of thermal effects on the final
baryon asymmetry for low and high scale leptogenesis can be found in
refs. [63-65]. The Flavoured CP asymmetry ([66,67]) in presence of
thermal effects is given by [64,65],

2xOy(z
e = sen(M; = M)) ;40 — 7@ —, (A1)
i#] 4%()6(0) +xp(2))2 + l#yz(z)
J 22
where,
T M; T +
Im [YiaYaj (YTY);j] + ﬁjlm [YiaYaj (Y Y)ji]
lijaa = (A.2)

(i), (),

In Eq. (A.1) the quantity x© = AM©/T,, AM© being the N, —
N, mass splitting at zero temperature. Thermal corrections to the N, —
N, mass splitting, AMy, with the total mass splitting given by AM =

10

and are accounted

AM© 4+ AMy, is present in the expression for ez)

for by the term x4(z) [65]:

(A.3)

xT(z)EM:L2 (1

r 2 [isl2
11 4| 12| )
122 4z

2
T2 5,
The function y(z) in Eq. (A.1) determines the thermal effects to the N, 2

H
self-energy cut [64] and can be expressed as y(z) = <I;“ zv > For further

details, see ref. [63].

The following set of coupled differential equations (taken from ref.
[65]) have been numerically solved to find the evolution of temperature
dependent asymmetry.

dNy, w
=—(D;)(Ny, = N3, (A.4)
dz i i
INa, _ “D(Ny — N —WPp N A5
= 2 | DNy, = Ny = WPp Ny, | (A5)
-

In the above p;, = %, with i, = (Y1Y),;0?/2M,. p,, is the flavour
dependent projectionlpll“obabilities with p;,, i =1,2, a = e, u,7. The
quantity VVI.D implies the contribution of inverse decay to the final
amount of wash out and D; = denotes the decay term. Importantly,
both D; and W,.D contain thermal masses of RHNs and final state lep-
tons and Higgs boson (taken from Ref. [68]). Here, N; and N, A, are

1
respectively the number density of i" RHN and the value of the asym-
metry, both scaled by n, .
We present a benchmark scenario to show the impact of thermal
effects in the CP asymmetry parameter and final amount of baryon
asymmetry. We set,

M, =1TeV, AM =107 GeV

x=4.18 +1.68i, y=1.95 +1.68i, z=4.0 + 1.45i, (A.6)

where x, y and z are the elements of R in Eq. (7).

Next, we compute the CP asymmetry (e{) associated with the elec-
tron flavor from N; decay and show the same as a function of tempera-
ture in the left panel of Fig. 11 using Eq. (A.1). In the relativistic (z > 1)
limit, the CP asymmetry is found to be a decreasing function of temper-
ature while it almost merges with the zero temperature value (Eq. (15))
at z > 1 with very negligible difference not exceeding more than 1%.
Similar behaviour of the CP asymmetry with temperature has been also
observed in ref. [63].

In the right panel of Fig. 11, we estimate the 5, incorporating the
temperature correction (Eq. (A.1)) and compare it with evolution of the
same without including temperature effect. We utilise the benchmark
point as listed in Eq. (A.6). We notice that the final amount of baryon
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Fig. 11. Shows the evolution of CP asymmetry (left) and #, (right) with (blue) and without (orange) temperature correction with respect to z= M /T.

asymmetry remains more or less the same with or without the inclu-
sion of temperature corrections. Although at high temperature regime
(z < 1), the 5 evolution for both the cases seem to be largely differ-
ent, the final baryon asymmetry is mainly determined only by the later
stages of the evolution at relatively small temperatures when the decay-
ing RHN is non-relativistic and thus the corresponding CP asymmetry
parameters (with and without temperature corrections) almost matches.
Temperature effect might turn crucial for a framework where the RHN
mass scale is lower than the EWPT temperature as can be found in [65].
In that case, without temperature correction to the RHN mass, it is not
possible to generate lepton asymmetry that can be converted to the ob-
served baryon asymmetry via standard sphaleron process.

References

[1] P.A. Ade, N. Aghanim, M. Arnaud, M. Ashdown, J. Aumont, C. Baccigalupi, A. Ban-
day, R. Barreiro, J. Bartlett, N. Bartolo, et al., Astron. Astrophys. 594 (2016) A13.
[2] M. Fukugita, T. Yanagida, Phys. Lett. B 174 (1986) 45.
[3] W. Buchmuller, P. Di Bari, M. Plumacher, Ann. Phys. 315 (2005) 305, arXiv:hep-
ph/0401240.
[4] F. Deppisch, J.W.F. Valle, Phys. Rev. D 72 (2005) 036001, arXiv:hep-ph/0406040.
[5] A.G. Dias, C.A. de, S. Pires, P.S. Rodrigues da Silva, A. Sampieri, Phys. Rev. D 86
(2012) 035007, arXiv:1206.2590 [hep-ph].
[6] A. Abada, M. Lucente, Nucl. Phys. B 885 (2014) 651, arXiv:1401.1507 [hep-ph].
[7]1 S. Blanchet, P. Di Bari, J. Cosmol. Astropart. Phys. 03 (2007) 018, arXiv:hep-ph/
0607330.
[8] S. Davidson, A. Ibarra, Phys. Lett. B 535 (2002) 25, arXiv:hep-ph/0202239.
[9] F.F. Deppisch, A. Pilaftsis, Phys. Rev. D 83 (2011) 076007, arXiv:1012.1834 [hep-
phl.
[10] A. Abada, G. Arcadi, V. Domcke, M. Lucente, J. Cosmol. Astropart. Phys. 11 (2015)
041, arXiv:1507.06215 [hep-ph].
[11] A. Abada, G. Arcadi, V. Domcke, M. Lucente, J. Cosmol. Astropart. Phys. 12 (2017)
024, arXiv:1709.00415 [hep-ph].
[12] M.J. Dolan, T.P. Dutka, R.R. Volkas, J. Cosmol. Astropart. Phys. 06 (2018) 012,
arXiv:1802.08373 [hep-ph].
[13] F. D’Eramo, N. Fernandez, S. Profumo, J. Cosmol. Astropart. Phys. 05 (2017) 012,
arXiv:1703.04793 [hep-ph].
[14] Y. Gouttenoire, G. Servant, P. Simakachorn, arXiv:2111.01150 [hep-ph], 2021.
[15] Z.-F. Chang, Z.-X. Chen, J.-S. Xu, Z.-L. Han, J. Cosmol. Astropart. Phys. 06 (2021)
006, arXiv:2104.02364 [hep-ph].
[16] S.-L. Chen, A. Dutta Banik, Z.-K. Liu, J. Cosmol. Astropart. Phys. 03 (2020) 009,
arXiv:1912.07185 [hep-ph].
[17] P. Konar, A. Mukherjee, A.K. Saha, S. Show, arXiv:2007.15608 [hep-ph], 2020.
[18] M. Chakraborty, S. Roy, J. Cosmol. Astropart. Phys. 11 (2022) 053, arXiv:2208.
04046 [hep-ph].
[19] T.P. Cheng, L.-F. Li, Phys. Rev. Lett. 45 (1980) 1908.
[20] B. Aubert, et al., BaBar, Phys. Rev. Lett. 104 (2010) 021802, arXiv:0908.2381 [hep-
ex].
[21] J. Adam, et al., MEG, Phys. Rev. Lett. 110 (2013) 201801, arXiv:1303.0754 [hep-
ex].
[22] A.M. Baldini, et al., MEG, Eur. Phys. J. C 76 (2016) 434, arXiv:1605.05081 [hep-ex].
[23] E. Andreotti, et al., Astropart. Phys. 34 (2011) 822, arXiv:1012.3266 [nucl-ex].
[24] K. Alfonso, et al., CUORE, Phys. Rev. Lett. 115 (2015) 102502, arXiv:1504.02454
[nucl-ex].
[25] H.V. Klapdor-Kleingrothaus, et al., Eur. Phys. J. A 12 (2001) 147, arXiv:hep-ph/
0103062.
[26] M. Agostini, et al., GERDA, Phys. Rev. Lett. 111 (2013) 122503, arXiv:1307.4720
[nucl-ex].

11

[27] J.B. Albert, et al., EXO-200, Nature 510 (2014) 229, arXiv:1402.6956 [nucl-ex].

[28] A. Gando, et al., KamLAND-Zen, Phys. Rev. Lett. 110 (2013) 062502, arXiv:1211.
3863 [hep-ex].

[29] S.M. Bilenky, C. Giunti, Int. J. Mod. Phys. A 30 (2015) 1530001, arXiv:1411.4791
[hep-ph].

[30] D.-L. Fang, Y.-F. Li, Y.-Y. Zhang, Phys. Lett. B 833 (2022) 137346, arXiv:2112.12779
[hep-ph].

[31] R.N. Mohapatra, Phys. Rev. Lett. 56 (1986) 561.

[32] R.N. Mohapatra, J.W.F. Valle, Phys. Rev. D 34 (1986) 1642.

[33] R.L. Workman, et al., Particle Data Group, PTEP 2022 (2022) 083CO01.

[34] J.G. Korner, A. Pilaftsis, K. Schilcher, Phys. Rev. D 47 (1993) 1080, arXiv:hep-ph/
9301289.

[35] A. Das, P.S. Bhupal Dev, N. Okada, Phys. Lett. B 735 (2014) 364, arXiv:1405.0177
[hep-ph].

[36] P.S.B. Dev, A. Pilaftsis, Phys. Rev. D 86 (2012) 113001, arXiv:1209.4051 [hep-ph].

[37] E. Fernandez-Martinez, J. Hernandez-Garcia, J. Lopez-Pavon, J. High Energy Phys.
08 (2016) 033, arXiv:1605.08774 [hep-ph].

[38] A. Pilaftsis, T.E.J. Underwood, Phys. Rev. D 72 (2005) 113001, arXiv:hep-ph/
0506107.

[39] B. Adhikary, M. Chakraborty, A. Ghosal, Phys. Rev. D 93 (2016) 113001, arXiv:
1407.6173 [hep-ph].

[40] K. Deka, T. Mandal, A. Mukherjee, S. Sadhukhan, Nucl. Phys. B 991 (2023) 116213,
arXiv:2105.15088 [hep-ph].

[41] UK. Dey, T. Jha, A. Mukherjee, N. Sahoo, J. Phys. G 50 (2023) 015004, arXiv:
2102.04494 [hep-ph].

[42] M.A. Luty, Phys. Rev. D 45 (1992) 455.

[43] A. Pilaftsis, T.E. Underwood, Nucl. Phys. B 692 (2004) 303, arXiv:hep-ph/0309342.

[44] G. Bambhaniya, P.S. Bhupal Dev, S. Goswami, S. Khan, W. Rodejohann, Phys. Rev.
D 95 (2017) 095016, arXiv:1611.03827 [hep-ph].

[45] J.M. Cline, K. Kainulainen, K.A. Olive, Phys. Rev. D 49 (1994) 6394.

[46] M. D’Onofrio, K. Rummukainen, A. Tranberg, J. High Energy Phys. 08 (2012) 123,
arXiv:1207.0685 [hep-ph].

[47] B. Aubert, et al., BaBar, Phys. Rev. Lett. 104 (2010) 021802, arXiv:0908.2381 [hep-
ex].

[48] A.M. Baldini, et al., MEG II, Eur. Phys. J. C 78 (2018) 380, arXiv:1801.04688
[physics.ins-det].

[49] J. Adam, et al., MEG, Phys. Rev. Lett. 110 (2013) 201801, arXiv:1303.0754 [hep-
ex].

[50] P.W. Cattaneo, MEG II, J. Instrum. 12 (2017) C06022, arXiv:1705.10224 [physics.
ins-det].

[51] R.N. Mohapatra, Nucl. Phys. B, Proc. Suppl. 77 (1999) 376, arXiv:hep-ph/9808284.

[52] S.M. Bilenky, S.T. Petcov, Rev. Mod. Phys. 59 (1987) 671.

[53] S.A. Kharusi, et al., nEXO, arXiv:1805.11142 [physics.ins-det], 2018.

[54] F.F. Deppisch, P.S. Bhupal Dev, A. Pilaftsis, New J. Phys. 17 (2015) 075019, arXiv:
1502.06541 [hep-ph].

[55] S. Banerjee, P.S.B. Dev, A. Ibarra, T. Mandal, M. Mitra, Phys. Rev. D 92 (2015)
075002, arXiv:1503.05491 [hep-ph].

[56] P. Li, Z. Liu, K.-F. Lyu, J. High Energy Phys. 03 (2023) 231, arXiv:2301.07117
[hep-ph].

[57] L. Basso, A. Belyaev, S. Moretti, G.M. Pruna, J. High Energy Phys. 10 (2009) 006,
arXiv:0903.4777 [hep-ph].

[58] S. Chakraborty, M. Mitra, S. Shil, Phys. Rev. D 100 (2019) 015012, arXiv:1810.
08970 [hep-ph].

[59] F. del Aguila, J.A. Aguilar-Saavedra, R. Pittau, J. High Energy Phys. 10 (2007) 047,
arXiv:hep-ph/0703261.

[60] D. Alva, T. Han, R. Ruiz, J. High Energy Phys. 02 (2015) 072, arXiv:1411.7305
[hep-ph].

[61] S. Pascoli, R. Ruiz, C. Weiland, J. High Energy Phys. 06 (2019) 049, arXiv:1812.
08750 [hep-ph].


http://refhub.elsevier.com/S0370-2693(24)00033-9/bib8325F4DD910B47C4353122002FA07949s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib8325F4DD910B47C4353122002FA07949s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib654E1CF8D16D30855CCC736EBFFAD418s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibF83B8CE48E2069AAF9DEB7D95DBC9451s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibF83B8CE48E2069AAF9DEB7D95DBC9451s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib561A1ACBD95E6301D0E5B316F22AC68Ds1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib93CAB195B631653A08D732168FB9113Bs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib93CAB195B631653A08D732168FB9113Bs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibAD515F01CFEEEEC8955B689165E9CEDEs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibDC34BA72D7ADECCB1BAC8DBCFB0C46DBs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibDC34BA72D7ADECCB1BAC8DBCFB0C46DBs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib9F9EFD0B214B5C85D2591169B8A607CAs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib7631D0E1E5B9C67A743B4324859EE366s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib7631D0E1E5B9C67A743B4324859EE366s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibEE9AC481C153B20FA2D9E7B8874EB1ECs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibEE9AC481C153B20FA2D9E7B8874EB1ECs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibB0F481A7AAE2AC62DC94F71D0A877135s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibB0F481A7AAE2AC62DC94F71D0A877135s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibD9B8710DB7405376519498528505BB49s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibD9B8710DB7405376519498528505BB49s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib1C97025CB087E124EBFEF558A413A93As1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib1C97025CB087E124EBFEF558A413A93As1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib7FBFFC25870E758C2376C0984CFE6A3As1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib12A98CCBD12A92D760BD3DB2F20B93EBs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib12A98CCBD12A92D760BD3DB2F20B93EBs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibFADEA50BA311E2A8BFB86D1F28011CEBs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibFADEA50BA311E2A8BFB86D1F28011CEBs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib6D24B24CB0114FD3B9D6C6D897A92A22s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibE6FC88465E963A23421DADFB269A3C76s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibE6FC88465E963A23421DADFB269A3C76s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibDC9D3CDDA686D4D1A10FA225A7D44C0Bs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib5DAD209350DD2E4C88F87F3AD097E8D3s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib5DAD209350DD2E4C88F87F3AD097E8D3s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib85F9CF0C3E8630C5F9AE700EE0702D55s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib85F9CF0C3E8630C5F9AE700EE0702D55s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibBF75739E92488AD62193D75662FA4CC8s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibC9270EC7C4026E6EABC0AD3487F65819s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib208D93461021C01E303E625130393124s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib208D93461021C01E303E625130393124s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibD7831E158D5FD75390F72536C065170Ds1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibD7831E158D5FD75390F72536C065170Ds1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib68E6DF5AF09E46C65ED563DD91C7A9B4s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib68E6DF5AF09E46C65ED563DD91C7A9B4s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib12DBC075CDD2D872612835FDD8B85C19s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib109AC31EB1356D81894D44D7006E4335s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib109AC31EB1356D81894D44D7006E4335s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib6AA062E608A1DEB428D0F1BF7F851D85s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib6AA062E608A1DEB428D0F1BF7F851D85s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibB9DEED374E4A40DFE6BE204CB5D0420Es1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibB9DEED374E4A40DFE6BE204CB5D0420Es1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib15E1988F96C6462A7A693D74AF38384Cs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib71DF4D5ECD61BAB56E7C63E207A8F8CCs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib98712B5A0F97E44C6A6E62FF85560CE8s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibF26EED4CF4B1733E43C2F105ECCB4DC3s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibF26EED4CF4B1733E43C2F105ECCB4DC3s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib3B6571FF51A7E03A5836994E58DAA1A3s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib3B6571FF51A7E03A5836994E58DAA1A3s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibED62723F989BF755223DADD1B67CFA67s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibD4D9F464890D7441C83244082FFBEAC5s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibD4D9F464890D7441C83244082FFBEAC5s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib3E184DE8F37659B3B202C516449890D2s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib3E184DE8F37659B3B202C516449890D2s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib090D9CA0C1D117302533D8224BE1C9ADs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib090D9CA0C1D117302533D8224BE1C9ADs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibDF58D0A5BCFFE7D092045C5574390C73s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibDF58D0A5BCFFE7D092045C5574390C73s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibD02E79D00DAB9388268705171D63BCEFs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibD02E79D00DAB9388268705171D63BCEFs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibBCE7BE05C389ED92769B8575246F4EB7s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibB64AF4DFDA08AB06740A52DB5261D4DDs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib1DB935C2D38246EDDF0649EE0A24B52As1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib1DB935C2D38246EDDF0649EE0A24B52As1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib9889F0A7554D282C2424E4D9CBED43C8s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib31877B66F051F840D26FB6D7F40468C5s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib31877B66F051F840D26FB6D7F40468C5s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib6E82821D0AF3EAEF262F543A4B1D8078s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib6E82821D0AF3EAEF262F543A4B1D8078s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib23B0A68E40E0FBD885034FF3046F3E00s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib23B0A68E40E0FBD885034FF3046F3E00s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibB17B3060E2924B8D61C05A11C0F9B6E9s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibB17B3060E2924B8D61C05A11C0F9B6E9s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib86BBC5889016C82C2AEF052BBF7245DAs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib86BBC5889016C82C2AEF052BBF7245DAs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib8DB601E4E4017B2D22B2212EEAD8C274s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibFCCE1BEE25174847C559674146DFB989s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib6B8DBDD47D1D6C8CEB747A23E5E2AA54s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib7BFF61E9CDF809A4B4F4D36EDF7722DDs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib7BFF61E9CDF809A4B4F4D36EDF7722DDs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibFFA0D7AEC975406B5D54F9C60E5BE774s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibFFA0D7AEC975406B5D54F9C60E5BE774s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib259E95FC6E30FB7810CBC0C23E164209s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib259E95FC6E30FB7810CBC0C23E164209s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibEBC41A5BCB0A0CDD0417AA14B1C9B6D3s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibEBC41A5BCB0A0CDD0417AA14B1C9B6D3s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibC6AB3008E3BDFFEB5165D755B5EC9737s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibC6AB3008E3BDFFEB5165D755B5EC9737s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib7F4EC155C0BA2ACD40CF3AC7C3470FCBs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib7F4EC155C0BA2ACD40CF3AC7C3470FCBs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib8EB5A7921949B39BD6C3E700A52B29AAs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib8EB5A7921949B39BD6C3E700A52B29AAs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib84599D9143162CD48B393681486D4ED4s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib84599D9143162CD48B393681486D4ED4s1

A. Mukherjee and A.K. Saha

[62] A. Gando, et al., KamLAND-Zen, Phys. Rev. Lett. 117 (2016) 082503;
A. Gando, et al., KamLAND-Zen, Addendum, Phys. Rev. Lett. 117 (2016) 109903,
arXiv:1605.02889 [hep-ex].

[63] G. Giudice, A. Notari, M. Raidal, A. Riotto, A. Strumia, Nucl. Phys. B 685 (2004) 89,
arXiv:hep-ph/0310123.

[64] T. Hambye, D. Teresi, Phys. Rev. Lett. 117 (2016) 091801, arXiv:1606.00017 [hep-
phl.

12

Physics Letters B 849 (2024) 138474

[65] A. Granelli, K. Moffat, S.T. Petcov, arXiv:2009.03166 [hep-ph], 2020.

[66] P.S. Bhupal Dev, P. Millington, A. Pilaftsis, D. Teresi, Nucl. Phys. B 886 (2014) 569,
arXiv:1404.1003 [hep-ph].

[67] P.S. Bhupal Dev, P. Millington, A. Pilaftsis, D. Teresi, Nucl. Phys. B 891 (2015) 128,
arXiv:1410.6434 [hep-ph].

[68] D. Besak, D. Bodeker, J. Cosmol. Astropart. Phys. 03 (2012) 029, arXiv:1202.1288
[hep-ph].


http://refhub.elsevier.com/S0370-2693(24)00033-9/bib931F0E90C6BD719DB8050DD2ECBB0ED7s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib931F0E90C6BD719DB8050DD2ECBB0ED7s2
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib931F0E90C6BD719DB8050DD2ECBB0ED7s2
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib4DF963235DEE81CD3AD0493857B82C2Cs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib4DF963235DEE81CD3AD0493857B82C2Cs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib70CE93C32F730FFCF9D073395AA688AEs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib70CE93C32F730FFCF9D073395AA688AEs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibDE495BA6842F2D47223D9574F4DFED94s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibA09CF715C1AD3914974194440A775512s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bibA09CF715C1AD3914974194440A775512s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib62082B41A380583E9E772FADF9081C6Bs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib62082B41A380583E9E772FADF9081C6Bs1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib64E14A524559CFA7152F2494DF79E439s1
http://refhub.elsevier.com/S0370-2693(24)00033-9/bib64E14A524559CFA7152F2494DF79E439s1

	Rescuing leptogenesis parameter space of inverse seesaw
	1 Introduction
	2 Inverse seesaw
	2.1 Deviation from unitarity of the UPMNS

	3 Leptogenesis
	4 Constraints from μ→eγ
	5 Results and analysis
	5.1 Case I: reducing the strength of wash-out
	5.2 Case B: increasing lepton asymmetry

	6 Conclusion
	Declaration of competing interest
	Data availability
	Appendix A Finite temperature effects on resonant leptogenesis
	References


