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Lepton flavor violation and 6,3 in minimal resonant leptogenesis
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We study the impact of minimal nonsupersymmetric models of resonant leptogenesis on charged-lepton
flavor violation and the neutrino-mixing angle €;5. Possible low-scale flavor realizations of resonant 7-,
m- and e-leptogenesis provide very distinct and predictive frameworks to explain the observed baryon
asymmetry in the Universe by sphaleron conversion of an individual 7-, u- and e-lepton-number
asymmetry which gets resonantly enhanced via out-of-equilibrium decays of nearly degenerate heavy
Majorana neutrinos. Based on approximate flavor symmetries, we construct viable scenarios of resonant
7-, w- and e-leptogenesis compatible with universal right-handed neutrino masses at the grand unified
theory scale, where the required heavy-neutrino mass splittings are generated radiatively. The heavy
Majorana neutrinos in such scenarios can be as light as 100 GeV and their couplings to two of the charged
leptons may be large. In particular, we explicitly demonstrate the compelling role that the three heavy
Majorana neutrinos play, in order to obtain successful leptogenesis and experimentally testable rates for

lepton-flavor violating processes, such as u — ey and u — e conversion in nuclei.
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I. INTRODUCTION

The observed baryon asymmetry in the Universe (BAU),
which amounts to a baryon-to-photon ratio of number
densities 1z = 6.2 X 10710 [1,2], provides one of the
strongest pieces of evidence for physics beyond the stan-
dard model (SM) [3]. One interesting scenario for explain-
ing the BAU is leptogenesis [4]. Leptogenesis does have a
profound link to neutrinos and the origin of their extraor-
dinary small masses. In particular, the famous seesaw
mechanism [5] can give rise to their small observed masses
through the presence of superheavy Majorana neutrinos
close to the grand unified theory (GUT) scale, Mgyr =
2 X 10'® GeV. These GUT-scale heavy neutrinos, being
singlets under the SM gauge group, may possess large
Majorana masses that violate lepton number (L) by two
units. In an expanding Friedmann-Lemaitre—-Robertson—
Walker Universe, the heavy Majorana neutrinos can
decay out of equilibrium and produce a net leptonic asym-
metry. The so-produced leptonic asymmetry gets rapidly
reprocessed into the observed BAU [4] by equilibrated
(B + L)-violating sphaleron interactions [6].

A potentially interesting alternative to GUT-scale lepto-
genesis is the framework of low-scale resonant leptogene-
sis (RL) [7,8]. Within this framework, the lowering of the
scale may rely on a dynamical mechanism, in which
heavy-neutrino self-energy effects [9] on the leptonic
asymmetry become dominant [10] and get resonantly en-
hanced [7], when a pair of heavy Majorana neutrinos has a
mass difference comparable to the heavy-neutrino decay
widths. As a consequence of thermal RL, the heavy
Majorana-mass scale can be as low as ~100 GeV, while
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maintaining agreement with the solar and atmospheric
neutrino data [8]. One of the advantages of low-scale RL
is that the reheating temperature 7, resulting from
inflaton decays does not need to be very high, e.g. T, ~
1-10 TeV [11], thereby avoiding comfortably the over-
production of gravitinos in supersymmetric models whose
late decays may cause dissociation of the light elements
during the nucleosynthesis era [12].

Flavor effects due to heavy-neutrino Yukawa couplings
play an important role in models of RL [13,14]. In particu-
lar, in [13], a scenario was put forward, called resonant
7-leptogenesis (R7L ), in which the BAU originates from a
7-lepton asymmetry, resonantly produced by quasi-in-
equilibrium decays of heavy Majorana neutrinos. This
mechanism makes use of the property that sphalerons
preserve the individual quantum numbers %B L,y
[15-18]. In a R7L model, the generated excess in the L,
number will be converted into the observed BAU, provided
the L.-violating reactions are not strong enough to wash
out such an excess. In such a scenario, the heavy Majorana
neutrinos can be as light as 100 GeV and have sizeable
couplings to two of the charged leptons, specifically to
electrons and muons. Consequently, depending on the
flavor dynamics of heavy-neutrino Yukawa-coupling ef-
fects, phenomenologically testable models of RL can be
built that could be probed at the LHC or in low-energy
experiments of lepton-number violation and lepton-flavor
violation (LFV). For instance, observables of particular
interest are the neutrinoless double-beta (Ov33) decay of
heavy nuclei [19], the photonic decay . — e’y analyzed by
the MEG experiment [20] and the coherent . — e conver-
sion in nuclei to be looked for in the planned COMET/
PRISM experiment [21].

In this paper we study all possible alternatives to R7L,
including the minimal models of resonant w-leptogenesis
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(RuL) and resonant e-leptogenesis (ReL). Collectively, we
refer to these three different lepton-flavor realizations of
RL as R¢L. We assume that the R€L models have an SO
(3)-symmetric heavy-neutrino mass spectrum at the GUT
scale, with all heavy Majorana neutrinos being exactly
degenerate at this scale. We consider a minimal nonsuper-
symmetric framework, in which the heavy-neutrino mass
splittings required for successful RL are generated radia-
tively [22] and can therefore be naturally comparable to the
decay widths of the heavy neutrinos. Since all charged-
lepton Yukawa couplings are in thermal equilibrium at
temperatures 7 =< 10 TeV [23], we consider a flavor di-
agonal basis for these couplings, while setting up the
Boltzmann equations (BEs). In addition, we include the
flavor effects due to individual heavy-neutrino Yukawa
couplings [13,24], which can have a dramatic impact on
the predictions for the BAU in RL models [13,14].

The layout of the paper is as follows. Section II describes
the basic structure of the minimal SM with three heavy
Majorana neutrinos and introduces the flavor symmetries
needed to realize the different lepton-flavor scenarios asso-
ciated with R€L. As mentioned above, we assume a SO(3)
symmetric heavy-neutrino sector at the GUT scale and
calculate the renormalization-group (RG) effects on the
mass spectrum of the electroweak-scale heavy Majorana
neutrinos and their Yukawa couplings to charged leptons.
Taking the light-neutrino oscillation data into account, we
are able to determine most of the theoretical parameters of
the R€L models. In Sec. III, we present analytic results and
predictions for LFV observables in the three different R€L
models. Section IV briefly reviews the basic framework of
RL and presents the BEs, upon which our numerical analy-
sis is based. We also clarify the necessity of having at least
three heavy Majorana neutrinos in RL. models in order to
obtain experimentally testable LFV. Section V presents
numerical estimates of representative R€L models and their
impact on the neutrino-mixing angle 6,5. Finally, Sec. VI
summarizes our conclusions.

II. FLAVOR MODELS OF MINIMAL
RESONANT LEPTOGENESIS

In this section, we describe the basic theoretical frame-
work underlying the different flavor models of minimal
RL. In particular, our interest is in scenarios in which the
BAU is generated by the production of an individual
lepton-number [13]. For definiteness, we first consider a
minimal model for R7L in Sec. I A, and then generalize to
the other two cases RuL and ReL in Secs. II B and I1C,
respectively.

The leptonic Yukawa and Majorana sectors of the SM
symmetrically extended with one singlet right-handed neu-
trino v;p per i family (withi = 1,2, 3 = e, u, 7) are given
by the Lagrangian

- £Y,M :E(I)helR +[4ci)hVVR + TjgmMVR +H.C., (21)
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where @ is the SM Higgs doublet and ® = ir,®* its
isospin conjugate. Moreover, we have suppressed the gen-
eration index i from the left-handed doublets L; =
(i, l;1)T, the right-handed charged leptons /;z and the
right-handed neutrinos v,, while ordinary multiplication
between vectors and matrices is implied.'

To obtain a phenomenologically relevant model in this
minimal setup, at least three singlet heavy Majorana neu-
trinos v , 3z are needed and these have to be nearly degen-
erate in mass [13]. To ensure the latter, we assume that to
leading order, the singlet Majorana sector is SO(3) sym-
metric, i.e.

where 15 is the 3 X 3 identity matrix and Am; is a general
SO(3)-breaking matrix induced by renormalization group
(RG) effects. As we will discuss below, compatibility with
the observed light-neutrino masses and mixings requires
that  (Amy);;/my <1077, for electroweak-mass
Majorana neutrinos, i.e. for my = 0.1-1 TeV. We will
explicitly demonstrate, how such an SO(3)-breaking ma-
trix Am,,, of the required order, can be generated radia-
tively via the RG evolution of the right-handed neutrino
mass matrix m,, from the GUT-scale My =~ 2 X 10'6¢ GeV
to the mass scale of the right-handed neutrinos m,;.

To one-loop order, the RG equations governing the
3 X 3 matrices of the neutrino Yukawa couplings h”, the
charged-lepton Yukawa couplings h® and the singlet
Majorana-neutrino masses mj, are given by [25]

dh” 1 9 3 3
ar 16”2[(18% +18% - T)13 _i(hyh"f - heh”)]h”,

(2.3)

dh’ 1 79, 15 3
D I + = 2 _ +Z(h? vt _ it ¢
d 16772[<4g2 48 T)13 5" —h'h ):Ih’

(2.4)

dmy, 1

M= h’th”)m,, + m, (h*"h")] (2.5
a7 1672 [( Jm, + my,( ) (2.5)
where r = In(My/u) and w is the RG evolution scale.
Moreover, g; and g, are the gauge couplings of the
U(l)y and SU(2); gauge groups, respectively, and T is
the shorthand notation for the trace

T = Tr(3h*h*t + 3h9h?t + h”h?t + h'h).

(2.6)

Here, h* and h¢ are the 3 X 3 matrices for the up- and
down-type Yukawa couplings, respectively. At the GUT
scale My, we impose the universal boundary condition:
m,(My) = my15. The corresponding boundary values for

1Occasionally, we will also denote the individual lepton num-
bers with L, , ,, but hopefully the precise meaning of L, , . can

be easily inferred from the context, without causing confusion.
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the neutrino Yukawa couplings h” depend on the particular
model of R€L, which we now discuss in detail.

A. Resonant 7-leptogenesis

In the physical charged-lepton mass basis, the SO(3)
symmetry imposed on the singlet Majorana sector
at the GUT scale My gets explicitly broken by a set of
neutrino Yukawa couplings to the subgroup of lepton
symmetries: U(1),+,, X U(1), . The flavor charge as-
signments that give rise to such a breaking are presented
in Table L.

As a consequence of the U(1),, +, X U(1), symmetry,
the neutrino Yukawa-coupling matrix takes on the general
form:

0 ae—iw/4 aei?T/4
h"=|o
0 0 0

be~ /4 peim/4 | + 8h?, (2.7)

and Sh” vanishes, if the symmetry is exact. In this
symmetric limit, the light neutrinos remain massless
to all orders in perturbation theory, while a and b are
free unconstrained complex parameters. The phases
accompanying these parameters in (2.7) are simply chosen
for convenience to maximize the lepton asymmetry in
leptogenesis (see Sec. IVA) when a and b are real. In order
to give masses to the light neutrinos, the following minimal

My
my
e +e +e

— _ Iy
AmM = _W 1n<

m

X %(aee + be,) + €,k siny,

715(aee + be,) + €.k, 5iny,

) Re[h”T (My)h*(My)] = — 8_7:2 ln(%)

a* + b* + K3

K1 Ky sin(yy + y,)
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TABLE I. Flavor charge assignments for
SO(3) — U(1)y, 41, X U(D),..

the breaking

L,, ep L, pr L., 7p vy vy, X iy,
U(I)L€+LH +1 +1 0 0 +1
Uu(l),, 0 0 +1 0 0

departure 8h” from the flavor symmetric limit is
considered:

€, 0 0

oh” =1 €, 0 0

€, Kle—i(7/4_71)

. (23
Kzei(7/4—72)

where |e,,, .|, k1, < |al, |b| and the phases y,, are
unrestricted. A more precise determination of the range
of parameter values can be obtained from the low-energy
neutrino data and successful leptogenesis.

It is important to notice that the flavor structure of the
neutrino Yukawa couplings h” is preserved through the RG
evolution, as long as 8h” remains a small perturbation. In
detail, RG effects violate the SO(3)-invariant form
of the Majorana-mass matrix m,;(My) = my1; by the
3 X 3 matrix Amy,. In the leading-log approximation,
the SO(3)-breaking matrix Am,, reads:

N

715(‘16e + be,) + €.k siny, 71§(afe + be,) + €k, 5inY,

K1 Ky sin(y; + ;) ,
a’ +b* + K3

(2.9)

with ¥, = vy, + 7. Correspondingly, the neutrino and charged-lepton Yukawa couplings modify via RG running from

My to my as follows:

InMxy (U — 3a> —3ab 0
h”(my) = |:13 + 16’7’;”2 —3ab U —3b% 0 ]hV(MX), (2.10)
0 0 U+ %h%
In(Mx) U' + 3a? 3ab 0
h ‘(my) = |:13 + 16’"N2 3ab U + 3b? 0 i|h€(MX), 2.11)
7 0 0 U —3n?
where U and U’ stand for the shorthand expressions
_9..3, 2 2_ g2 2 2 222,15 5 2 2_p2 2 2
U=Zg2+zgl—3hb—3h,—hr—2a —2b7, U=Zg2+Zgl—3hh—3ht—hT—2a —2b-. (2.12)
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Observe that the universal contributions U and U’ are
dominated by the top-quark Yukawa coupling 4, and are
approximately equal, i.e. U = U’ ~ —3. For the models of
interest to us, we have a, b, h, ~ 1072 « h,, so the RG
effects give rise to an overall rescaling of the charged and
neutrino Yukawa couplings, h? and h”. Without loss of
generality, we may assume that the charged-lepton
Yukawa-coupling matrix h¢ is positive and diagonal at
the scale my, i.e. close to the electroweak scale. Given
the form invariance of h” under RG effects, we may there-
fore define all input parameters at the right-handed
neutrino mass scale my, where the matching with the
light-neutrino data is performed.

We may now determine the Yukawa parameters
(a,b, €, € w €,), in terms of the light-neutrino mass matrix
m” in the positive and diagonal charged-lepton Yukawa
basis. To do so, we first notice that the chosen symmetry
U1+, X U(1),_ is sufficient to ensure the vanishing of
the light-neutrino mass matrix m”. In fact, if it is an exact
symmetry of the theory, the light-neutrino mass matrix will
vanish to all orders in perturbation theory [26]. To leading
order in the symmetry-breaking parameters Am,,
and Sh”, the tree-level light-neutrino mass matrix m” is
given by

2 2 v vT
v B v (h”Am,h
m”=——h"m,'h"T = ( —h?”h*T
2 ZmN my
Amy 2 2 Am o o
, TNNa €; m—N”ab €.€, —E.€;
v
=_—__ | Amy _ Amyp2 2 _
2y | v ab—e€.€, iy b”— €, €€ |
_ _ )
€,€, €,€; €
(2.13)

where v = 2My,/g,, = 245 GeV is the vacuum expecta-
tion value of the SM Higgs field ®. In deriving the last

equation in (2.13), we have also assumed that A’;';’VK,,Z <
€,,,,,-» Where Amy stands for the expression
Amy = 2(Amy )3 + i[(Amy)s3 — (Amy)x]
M
= — m—Nz ln<—X)[2K1K2 Sin(’yl + ')/2)
8 my
+i(k3 — k3)]. (2.14)

As a consequence of the flavor symmetry U(1)g, 4z, X
U(1),, the symmetry-violating parameters €, , , and & ,
enter the tree-level light-neutrino mass matrix m” in (2.13)
quadratically. This in turn implies that for electroweak-
scale heavy neutrinos my ~ v, the symmetry-breaking
Yukawa couplings 8h” in (2.8) need not be much smaller
than the electron Yukawa coupling h, ~ 10~%. Moreover,
one should observe that only a particular combination of
SO(3)-violating terms (Am,,);; appears in m” through
Amy,. Nevertheless, for electroweak-scale heavy neutrinos
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with mass differences |Amy|/my < 1077, one should
have |al, |b] = 1072 to avoid getting too large light-
neutrino masses much above 0.5 eV.

Given the analytic form (2.13) of the light-neutrino mass
matrix, we may directly compute the neutrino Yukawa
couplings (a, b, €,, €,,, €,), as functions of my, the phe-
nomenologically constrained neutrino mass matrix m” and
the symmetry-breaking parameters «; , and vy :

vy _ (mf3)2)

11 v
ms33

[\S]

2my 8’ <
al =
v? In(Mx/my)

X [2K Ky sin(y; + o) +i(k3 — &7,
2my 87?2 ( , (m2”3)2)
mt —
'U2 ln(Mx/mN) 22 m§’3

X [2k Ky sin(y; + y,) +i(k3 — &D)] 7,

b =

(2.15)

_ 2my (ml,)?

2 v
v m33

N

i

_ 2my (m5,)?

2 v
vt g

i

W

_ 2mN m?
v2 33

EYN)

Since the approximate light-neutrino mass matrix m” in
(2.13) has rank two, the lightest neutrino mass eigenstate
v; will be massless in this approximation. The relations
given in (2.15) will be used to obtain numerical estimates
of the BAU, in terms of my and the symmetry-breaking
parameters k;, and 7y;,, for both normal and inverted
hierarchy scenarios of light neutrinos. In the following,
we discuss the two remaining flavor variants of RL: RuLL
and ReL .

B. Resonant p-leptogenesis

The flavor scenario of Ru L gets realized, once the GUT-
scale SO(3) symmetry gets broken to U(1),_;_ X U(I)LM.
The flavor charge assignments related to this breaking are
presented in Table II. As a consequence, the neutrino
Yukawa coupling h” takes on the form:

0 ae*iar/4 aeiw/4
h"=1]0 0 0 + oh?, (2.16)
0 be—iw/4 beiv/4
TABLE II. Flavor charge assignments for the breaking
SO(3) — U(l)y, 11, X U(D)y,.
L,, ep L, pg L., g vy vy X iy,
Uy, 41, +1 0 +1 0 +1
U(l)L# 0 +1 0 0 0
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where the subdominant neutrino Yukawa-coupling matrix,

€, 0 0

Sh” = | €, K 4 geim/Amr) (2.17)
€, 0 0

breaks minimally the U(l),, 4, X U(1);, flavor

symmetry.

As in the R7L case, we assume that the Majorana mass
matrix m, is proportional to 15 at the GUT scale My and
gets radiatively broken via RG effects at the heavy-
Majorana-neutrino scale my. Taking into account both
symmetry-breaking terms Am, and &h”, the light-
neutrino mass matrix acquires an analogous form in RuL :

2

N
2my
Ar'l—":f’az —€  —€€, AYZIN ab — €€,
X —€,€, —e, —€,€, )
Am—"z"ab — €,€, —E€,€; AmL;/NbZ — €2

(2.18)

where Amy is given by (2.14). Correspondingly, the neu-
trino Yukawa-coupling parameters (a, b, €,, €,,, €,) may be
analogously expressed, in terms of m”, my, «;, and 7y ; as
follows:

,  2my 872 ( . (m1”2)2)
a’ = m
v2 In(My/my) m?,

X [2K Ky sin(y + ,) + i3 — kD] 7,
2my 872 ( . (m2”3)2)
v: In(My/my)\ 33 Y
X [2K Ky sin(yy + y,) + (k3 — k1)]71,

2

b =

(2.19)

o2 — 2my (m?,)

5

e 2 v
v m22
2m
2 N v
€, ——F—m
M .UZ 22>

) _ 2my (m5,)?

T v2omb,

C. Resonant e-leptogenesis
A third possible flavor scenario pertinent to ReL is
realized by the symmetry-breaking pattern SO(3) —
U(D)r,+r, X U(1),,, where the flavor charge assignments

are given in Table IIl. In ReL , the neutrino Yukawa
coupling h” has the structure:
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TABLE III. Flavor charge assignments for the breaking
SO(3) = U(1)y, 4z, X U(1)y..

L,, ep L, pr L., 7p vy vy, X iy,
U, 0 +1 +1 0 +1
U(l),, +1 0 0 0 0
0 0 0
h =0 ae i™* ae™* | +8h”, (2.20)
0 be ™4 pelm/

and the breaking terms 8h” of the U(l)LﬁLT X U(l),,
flavor symmetry are

€, ki T/ g elm/4my)
shr = e, 0 0 (221)
€, 0 0

In close analogy with the previous two scenarios of R7L
and RuL | the light-neutrino mass matrix in ReL is given
by

Pt Am—eee# N —€,€,

mV=—ﬁ —€.€, Sra’—e, SMab—eye |,
N\ —e€, An;';Nab—EMET Am—"jv’vbz—ei

(2.22)

where Amy retains its analytic form of (2.14). By analogy,
we may derive in ReL the relations of the neutrino
Yukawa-coupling parameters (a, b, €,, €,,, €;) to m”, my,
K1, and vy ,. These are given by

5 2my 872 < . (mi’z)2>
a’=— m3, -
v? In(My/my) m?,

X [2k; Ky sin(y; + y,) + i(k3 — &)1,

,  2my 872 (m?;)?
p =2 s —
v In(Mx/my) my, (2.23)
X [2k, K6y sin(y; + yy) + i3 — «D] 71,
2mN
€ = -2 M
e 2my (m?,)?
M U2 mllfl ’

, _ 2my (m?;)?

€ .
2 v
v mll

III. LOW-ENERGY OBSERVABLES

Low-energy neutrino data provide indisputable evidence
for neutrino oscillations. We use these data to determine
and constrain the fundamental parameters of the theory.
We also present the full range of predictions for the half life
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of neutrinoless double-beta decay of a heavy nucleus,
within the different flavor scenarios of RL. In the same
context, we present analytic results and estimates for LFV
observables, such as u — ey and u — e conversion in
nuclei.

A. Light-neutrino oscillation data

The interpretation of the experimental results on solar
neutrinos suggests that v, — v, . oscillations are mainly
driven by the mass squared difference Am3, = m3 — m3 ,
while the corresponding experimental data on atmospheric
neutrinos are interpreted by v, — v, oscillations driven by
Am3; = m3, — m? , within a minimal scheme of three
active neutrinos. For the present analysis, we use the global
fits performed in [27], even though global fits of other
groups give compatible results [28]. The best fit values
for the light-neutrino masses and mixings, including their

uncertainties at the 2o level, are given by
sin6, = 0.3219%
sin?6,; = 0.50%513,
sin®6,3 = 0.007-9:9%6,
Am?, = (7.6703) X 1075 eV?,
[Am3;| = (2.4703) X 1073 eV?,

(3.1)

where the sign of Am?; = Am?, + Am3; remains still
undetermined, corresponding to the cases of the so-called
normal (Am?; >0) and inverted (Am?; <0) neutrino
mass hierarchy, respectively. As outlined in Sec. II, we
use the oscillation parameters as input to reduce the num-
ber of free parameters in the neutrino Yukawa-coupling
matrix h”.

B. Ov B decay

Models that include Majorana neutrinos violate the
L-number and so can give rise to neutrinoless double-
beta decay (OvBB) of a heavy nucleus 42X, where two
single 8 decays [29-31] can occur simultaneously in one
nucleus, 4X —4,, X + 2¢~. The measurement of the half-
life of this decay provides further information on the
structure of the light-neutrino mass matrix m”. The half-

life T?/VZB B for a Ov BB decay mediated by light Majorana

neutrinos is given by

o (m)?
(T?;/zﬁﬁ) b= P | Mo, p51°Gor,

3.2)
where (m) denotes the effective Majorana-neutrino mass,
m, is the electron mass and M, g5 and Gy, are the nuclear
matrix element and the phase space factor of the decay,
respectively. The effective neutrino mass (m) is given by
the entry {11} = {ee} of the light-neutrino mass matrix m”,
which can be expressed as

PHYSICAL REVIEW D 83, 076007 (2011)

(m) = |mf,| =

(3.3)

3
d(urym,
i=1

where U” is the Pontecorvo-Maki-Nakagawa-Sakata
neutrino-mixing matrix [32]. As described in Sec. II,
REL models realize a light-neutrino mass spectrum with
a vanishing lightest neutrino mass, m, = 0, and either a
normal or inverted mass hierarchy. The prediction for the
effective Majorana-neutrino mass for these two scenarios
is given by

(m) = {(2.5*3;2) X 1073
(2.9739) x 1072

Ami; >0
An, < 0° (3.4)
The above prediction takes into account the uncertainty of
the observed oscillation parameters at the 20 level and the
variation of the unknown Dirac and Majorana phases.
These predictions are to be compared to the experimental
bound T?;’ZB P '>1.9x10% years in the isotope Ge
reported by the Heidelberg—Moscow collaboration [33],
implying an upper limit on {m) in the range:

(Mexp < (0.3-0.6) eV. (3.5)

Here, the main uncertainty is due to the choice for the
nuclear matrix element that occurs in (3.2). Future
OvBB-decay experiments are expected to probe (m) to
sensitivities of order 10”2 [19] and so fall within the range
given in (3.4) to validate the mass scenario of inverted
hierarchy.

C. ll - lz’y

Heavy Majorana-neutrino loop effects may induce size-
able LFV couplings to the photon and the Z boson. These
couplings give rise to LFV decays, such as u — ey [34],
m— eee [35] and p — e conversion in nuclei. The
strength of LFV is controlled by the effective coupling
matrix

2
v

Q= Yy (h*h"1), ., (3.6)

which governs the flavor transition between the charged

leptons [, , = e, u, 7 in LFV processes. The LFV decay

I, — Ly, I, €{u, 1}, with I, € {u, e}, I, # I, whose

branching fraction is given by

32 4
a8y, ml| mll
2 agd
2567 My, I'),

B(l, = Ly) = IGY2 3.7
In the above, I'; is the decay width of lepton /; and G%“ isa
composite form-factor given by [35]
2
Ll _ my
Gy* = _Qlllsz<m—2),

w

(3.8)

with
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2x3 +5x% — x 3x3
Gy(x) = — - Inx.
/) a0 —xp  20-0"

(3.9

Given that the experimentally measured muon and tau
decay widths are I', =2.997 X 107" GeV and T', =
2.158 X 1072 GeV [36], the LFV branching ratios can
be expressed as

B(u — ey) ~8.0-107* X g<@)|ﬂw|2, (3.10)
my

B(r—Ly)=15-10" 4><g( )lﬂﬂzl , L=e, u.
3.11)

Here, we defined g(x) = 4G3(x?), which possesses the
limits g — 1 for my > my and g — 1/16 for my =
myy. Our theoretical predictions will be contrasted to the
current experimental upper limits [36]

Beyy(p — ey) <1.2X 1071,
Beyy(T— pny) <6.8 X 1078,
Beyy(T— ey) < 1.1 X 1077,

(3.12)

and the expected sensitivity of the MEG experiment [20],

Byirg(u — ey) = 1071 (3.13)

In R€L models, only two of the right-handed neutrinos, v,
and vsg, have appreciable e- and p-Yukawa couplings, a,
b= 1072, k1, = 107°-1073, and will be relevant to LFV
effects. For example, in the R7L model, the parameters
|€2,,,|* are, to a good approximation, given by

4

v
L
N
4
10,12 ~ L max(x2, k2)b? (3.14)
T Py 1 K3)07,
N
4
|Q,.[* = — max (7, k3)a’.

N

Because of the relations (2.15), a and b are approximately
inversely proportional to ky,, a, b = 3 X 1077« (in the
case of a normal light-neutrino mass hierarchy), and for a
typical value of k;, = 1074, a and b are of the order a,
b = 3 X 1073. Thus, in the R7L scenario, the following
typical values for the branching ratios of the photonic LFV
w and 7 decays are predicted:

Blu—ey)p, =107, B(r—Ly)g,. =107, (3.15)

Consequently, only B(u — evy) is expected to be within
reach of future experiments, whereas the LFV 7 decays are
far beyond the realm of detection. By analogy, the predic-
tions in the Re(u)L model are found to be
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B — e¥)ge(ur = 10716,
Repl (3.16)

B(T = LyY)ge(ur = 10714,

Again, B(t — u7y) and B(7 — ey) are expected to be
below current and future experimental sensitivities for
parameter choices compatible with successful leptogene-
sis. While the prediction for B(u — evy) is far below the
expected MEG sensitivity, the LFV p — e transition rate
might still be high enough to be testable at future experi-
ments measuring u — e conversion in nuclei (see next
section). Because of the inverse proportionality between
a, b and K, the prediction for B(u — evy) is essentially
independent of the choice for ;. In Sec. V, we present
detailed numerical results for LFV u- and 7-decays that
confirm the validity of these simple estimates.

D. Coherent ;2 — e conversion in nuclei

One of the most sensitive probes of LFV is the coherent
conversion of u — ¢ in nuclei [37,38]. The u — e con-
version rate in a nucleus with nucleon numbers (N, Z) is
given by [37-39]

I[u(N,Z)—e(N,Z)]

B,.(N,Z)=
neN.2) I'[w(N, Z)— capture]
3 4.5 4
Xem XMy Ly )2 2
~————————C|F(— , (3.17
where a., = 1/137 is the electromagnetic fine structure

constant, Zy is the effective atomic number and ¢, is
the muon nuclear capture rate. For 33Ti, experimental
measurements  give Zyy =~ 17.6  [40] and T, =
1.705 X 107'8 GeV [41]. Moreover, |F(—m?)| = 0.54 is
the nuclear form factor [42] and

Ow = V,(2Z + N) + V,(Z + 2N) (3.18)
is the weak matrix element, where
1 3 8 m3
=—|1+-s2+(s—= 2,> —N]Q
Vi [ 3% (8 9w ) 2, [P me
1/1 2 mx
+ (= + 252 ) 2L (Q),., 3.19
3G+ 3%) @, (319
y [1+12+(3 4 )nm%v]ﬂ
= |—+2g Ty
T a6 T\ o) g, [ e
111 ,\m%
+ += 0?2 2
2G5, (3:20)

In the case of 33Ti, B,.(26,22) is then approximately

related to B(u — evy) through
B,.(26,22) =~ 107! X B(u — e), (3.21)

for a right-handed neutrino mass scale my = 100 GeV.
On the experimental side, the strongest upper bound
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is obtained from data on conversion in

3Ti [43],

m—e

B (26,22) < 4.3 X 10712, (3.22)
Using the relation (3.21), we observe that this sensitivity is
comparable to the current bound on B(u — e7y). However,
the proposed COMET and mu2e experiments, measuring
w4 — e conversion in 7,Al, are expected to be sensitive to
conversion rates of order 107! [44,45], thereby improving
the sensitivity compared to the current limit by 4 orders of
magnitude.

IV. LEPTOGENESIS

In this section, we briefly review the central results
of the field-theoretic formalism for RL developed
in [7,8] which will be used in our analysis. We then set
up the BEs and present approximate solutions for the
kinematic regime of interest to us. Finally, we clarify
the necessity of introducing at least three right-handed
neutrinos into the theory, in order to explain the BAU
and obtain testable rates of LFV, such as B(u — ey) ~
1071221071,

A. Leptonic asymmetries

Within the framework of leptogenesis, a net nonzero
leptonic asymmetry results from the CP-violating
decays of the heavy Majorana neutrinos N, into the
left-handed charged leptons [, and light neutrinos v, .
Consequently, we have to calculate the partial decay
width of the heavy Majorana neutrino N, into a particular
lepton flavor [,

Fy=TNy—1l; +W)+T(Ny—v;+ZH). (4.1)

3
hy, (W) =hj, =i > leap,lhj,
Bry=1

y mo(maAyp + mgAg,) — iRy [maA,g(myA,, + m,A

PHYSICAL REVIEW D 83, 076007 (2011)

For temperatures above the electroweak phase transition,
the SM vacuum expectation value vanishes and only the
would-be Goldstone and Higgs modes will predominantly
contribute to I" ;.

In RL models, resumming the absorptive parts of the
heavy Majorana-neutrino self-energy transitions Ng — N,
plays an important role in the computation of I';; [7,8]. In
order to take this resummation consistently into account,
we first introduce the lepton-flavor dependent absorptive
transition amplitude [46]

14 vk

e
167’

Agﬁ(h”) = 4.2)
which represents the contribution of a single charged lep-
ton and light-neutrino flavor [/ running in the loop.
Summing over all flavors /, we then get the total transition
amplitude

(h*the),

om (4.3)

Agph?) = 3 Al y(h") =

I=e,p,7

Note that the diagonal transition amplitude A, is related
to the tree-level decay width of the heavy Majorana neu-
trino N, through: Fg\(,)i = 2my A,q(h").

Since all charged-lepton Yukawa couplings will be in
thermal equilibrium in the low-scale leptogenesis scenar-
10s of our interest, we consider the weak basis in which the
matrices h® and m,, are both diagonal and positive. To
account for unstable-particle mixing effects between the
three heavy Majorana neutrinos, we follow [7,8] and define
the resummed effective Yukawa couplings h!, and their
CP-conjugate ones h’C related to the vertices LON,, and
Lc(i)*Na, respectively. The resummed neutrino Yukawa
couplings l_ll”a are given by [8,46]

ya) + mﬁAﬂy(maAya + myAm,)]

mg, — my + 2imgAgg + 2iImR,., (mg|Ag, |* + mgm, ReAy )

where |e,53,| is the modulus of the usual Levi—Civita

aBy
antisymmetric tensor (g13 = 1), mg =my, , A =
A,p(h”) and
2
m
Rop = — a 4.5)

ms, — m%} + Zim%zABB'

The respective CP-conjugate effective Yukawa couplings
h€(h”) are obtained from (4.4) by replacing the tree-level
couplings h;}, with their complex conjugates h;:

h?¢(h*) = hZ, (h"*). (4.6)

, 44

In our calculations, we neglect the one-loop corrections to
the proper vertices L®N,, whose absorptive parts are
numerically insignificant in RL. In terms of the absorptive
transition amplitudes A’, p given in (4.2), the partial decay
widths I',; and their CP-conjugates I'S, may now be ex-
pressed in the compact form:

Fal = mNaAéva(BV): Fg[ = mNaAéva(ﬁVC): (47)
where we have explicitly indicated the dependence
of the absorptive transition amplitudes on h” and h”C.

Given the analytic expressions (4.7), it is straightforward
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to compute the leptonic asymmetries for each individual
lepton flavor:

s o~ Taw—TS a2 |2 — [hC)?
ATy (T, +TE) T B TRY),, + (BCTRO),,
I=e,u,7

(4.8)

The analytic results for the leptonic asymmetries J,; sim-
plify considerably in the two-heavy neutrino-mixing limit,
in which R, g defined in (4.5) is set to zero. In this limit, &,
are given by [7,8]

_ Im[(h T h) (0 Th), 0]
T (07Th) 4o (h7ThY) gy

0
(m},, = m} )my, T
2 102
mNuFN,;

R 4.9)
« B

where a, B = 1,2 and TE\(,)) is the tree-level decay width of
the heavy Majorana neutrino N, given after (4.3). Based
on the simplified expression (4.9), the following two con-
ditions for having resonantly enhanced leptonic asymme-
tries 8,; ~ O(1) may be derived [7]:

Uy,
2 bl

W) Dy, —my,| ~ (4.10)

[Im[(h} T h7g)(h*Th?),4]l
(thhV)aa(thhV)B,B

(ii) ~ 1. 4.11)
Note that the first resonant condition (i) is exactly met,
when the unitarity limit on the resummed heavy-neutrino
propagator gets saturated [47], i.e. when the regulating
expression in (4.9),

|mN - mN lmy, rg\%);
F(o)z

Sreg = =1, (4.12)

(mNa - mNB)2

takes its maximal possible value: f., = 1. Within our RL
scenarios, the first condition in (4.10) is naturally fulfilled
as the heavy-neutrino mass splittings are generated via RG
effects and are of the required order. The second condition
is crucial as well and controls the size of the leptonic
asymmetries. As we will see below, the condition (ii) in
(4.10) has a nontrivial impact on approximate
L-conserving RL models.

B. Comparison with other methods

It is now worth commenting on some of the attempts
made in the literature [48—50] to calculate the resonant part
of the leptonic asymmetries & ,;. Their results differ by the
way in which the singularity my, — my, occurring in the
denominator of the second fraction in (4.9) gets regulated,
when heavy-neutrino width effects are taken into consid-
eration. Specifically, the various approaches differ in their
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derivations for the analytic form of f\., given in (4.12). For
instance, the authors of [48] use a perturbative quantum-
mechanical approach to obtain a regulator of the form:

P AmyTy) /2 wis

Ay o+ g miReA (), '
where my = 1 (my, + my,)and Amy = |[my, — my,|. Itis
easy to observe that for scenarios, for which

Re(h”th”);, = 0, but Re(h”Th”) # 0, the unitarity upper
bound given in (4.12) gets violated, in the degenerate
heavy-neutrino mass limit my, — my, . In particular, in
the same limit, the individual lepton-flavor asymmetries
6y, (with [ = e, u, 7) become singular. Although this
singularity disappears when the lepton-flavor sum &y , =
e u 701, is taken, the regulator (4.13) will still be
inapplicable to lepton-flavor RL scenarios, for which
Amy/my ~ Re(h*th”),,/(167) < Cy,,/my.

Based on a modified version of the field-theoretic
approach introduced in [7,8], the authors of [49,50]
obtain a different regulating expression for the leptonic
asymmetry 6,;:

2 2 (0)
|le — mNzlleI‘N2

0 0o
(mlz\,1 — mjzvz)2 + (le ngl) — mN2F§V2))2

Jreg = (4.14)

It is not difficult to observe that f, diverges as
(my, —my,)~" in RL scenarios, for which (h*Th"),, =
(h*th?”),,, even though one could still have (h}’lTh ) #
(h;’;hfz) for each single lepton flavor /. For instance, such a
situation can naturally occur in approximate lepton-
number conserving models of RL discussed recently in
[51,52]. Evidently, the prediction for the leptonic asymme-
tries oy, , in such scenarios may get overestimated by many
orders of magnitude.

In order to illustrate this last point, let us consider a one-
generation inverse seesaw model [53] with two singlet
neutrinos of opposite lepton number, vp and S;. The
neutrino sector of this model is described by the lepton-
number-conserving Lagrangian

M\( ¢ o
_£inverse: (SLJ VR) M 0 +hR(VL: ZL)(I)VR

+ H.c. (4.15)

Without loss of generality, the kinematic parameters M and
hg can be rephased to become real. Following closely the
discussion in [7], we introduce into the Lagrangian (4.15)
the lepton-number violating operators %,u RVS VR,
L SES, and hy (9, I)PSS. In order to minimally break
both the lepton number and CP, it was shown in [7] that at
least two of the aforementioned AL = 2 operators are
needed. In fact, this result is a direct consequence of
the Nanopoulos—Weinberg (NW) no-go theorem [54].
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The NW theorem states that no net baryon asymmetry can
be generated by a single B- and CP-violating operator to
all orders in perturbation theory.

It is interesting to provide an estimate of the lepton
asymmetry obtained within a simple model of approximate
lepton-number conservation, where u; = —ipp = p and
h; = 0. For these parameters, we adopt the same ballpark
of values as in [51]: my =M = 1TeV, hg =3 X 1072
and Amy = wu/+/2 =2 X 1071°M. With these input pa-
rameters, we may estimate that FE\(,)I)Z ~2 X IO*SmN, lead-

ing to Amy/ Fg\(,)])z ~ 107, The first fraction containing the
CP-violating pﬁases in (4.9) is rather suppressed, of order
w/M ~ Amy/my ~ 1071, while fi, = 2Amy/Ty,, =
2 X 107> within our resummation approach. This gives
rise to dismally small lepton asymmetries:

81y~ 8y ~ FL~ 10715, (4.16)
Ny

<I=

Notice that the lepton asymmetries 0 ; are proportional to
w? in agreement with the NW theorem and, as they should,
both vanish identically in the L-conserving limit u — 0.
As we will see in the next section, lepton asymmetries of
order 10~ !> will fall short by at least 7 orders of magnitude
to explain the BAU. Instead, had one used the regulator f .,
in (4.14), one would have obtained the enormous enhance-
ment: fre, = Iy, ,/p ~ 10° > 1, leading to lepton asym-
metries of order [51]: &, ~ [y, ,/my ~ 107°. However,
this result is independent of the L-conserving parameter
M= pp = —imp, and taking the L-conserving limit
m — 0, one obtains a nonzero lepton asymmetry, which
clearly signifies an erroneous result. The above exercise
shows that one has to go beyond the two-heavy neutrino-
mixing framework and consider nontrivial lepton-flavor
effects [13], in order to obtain a phenomenologically rele-
vant model that predicts testable rates for LFV.

C. Baryon asymmetry

In this section we present the relevant Boltzmann equa-
tions (BEs) which will be used to evaluate the heavy-
Majorana-neutrino-, the lepton- and the baryon-number
densities, 7ny,,, = ny,,,/ny, n,,. = L””/n7 and
Mg = ng/n,, normalized to the photon number density
n,. In our computations, we include the dominant collision
terms related to the 1 — 2 decays of the right-handed
neutrinos and to resonant 2 — 2 lepton scatterings that
describe AL =2 and AL = 0 transitions. We neglect
chemical potential contributions from the right-handed
charged leptons and quarks.

In order to appropriately take into account the flavor
effects on the BEs for 7 Niss and 7 Loy, We closely follow
the approach and the notation established in [14]. More
explicitly, the BEs are found to be

PHYSICAL REVIEW D 83, 076007 (2011)

dny Z (77N )
[ R — 1 R
dz n,Hy eq YLd

4.17)

dng Z S 7N, N
iz mHy [Z<n—7vq_ 1)‘3‘”“‘"

m, > Ol + Vil
k=e,u,7

Z nLA 7LC¢T - VL](I;)] (4.18)

k e M, T

where a = 1, 2, 3 and [ = e, u, 7. In addition, Hy =
17 X m3%,/Mp is the Hubble parameter at T = my, where
Mp =12X10" GeV is the Planck mass. The
T-dependence of the BEs (4.17) and (4.18) is expressed

by virtue of the dimensionless parameter
my

= 4.19

T (4.19)

in terms of which the photon number density is given by

2T3 2m3, £(3)

i) = (4.20)
where {(3) = 1.202 is Apéry’s constant. Finally, 7% in
(4.17) and (4.18) is the equilibrium number density of the
heavy Majorana neutrino N,, normalized to the number

density of photons, i.e.

ny = %zsz(Z), “.21)
where K,,(x) is the nth-order modified Bessel function [55].

The BEs (4.17) and (4.18) include the collision terms for
the decays N, — L, P, as well as the AL = 0, two reso-
nant scatterings: L;® < L,d and L, P « LICCDT, which
are defined as [14]

Yie= . [y(Ne—Li®)+y(N,—L{ D],
k=e,u,7

Vé,kg =y(Ly®— L)+ y(L{PT - LEDT),

ngfgf = y(L ®— LED) + y(LEDT — L, D).

(4.22)

Since we are only interested in the resonant part of the
above 2 — 2 scatterings, we make use of the narrow width
approximation (NWA) for the resummed heavy-neutrino
propagators. Thus, at the amplitude squared level, we
employ the NWA for the complex-conjugate product of
Breit—Wigner propagators [56]:

1 1

—imy, Uy, s— mjzvﬂ +imy, Ty,

)
s—my.

N iﬂ[ﬁ(s—mjzv )+ 8(s —mjzV )] “423)
mjz\,u—mN 2(mN +mNB)(FN +FNI3) '
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Note that the NWA relation (4.23) is valid for any range of
parameter values for I'y . and my,,,aslongas I'y = <
my, ,,- This last condition is naturally fulfilled within the
REL models.

The collision term pertinent to the heavy-Majorana-
neutrino decays ylLV;’I, is given by
|

PHYSICAL REVIEW D 83, 076007 (2011)

N,

L (4.24)
Yo 2 12N, :

while the corresponding collision terms for the AL = 0, 2
lepton-flavor transitions are calculated by means of the
NWA (4.23) to be

2(hV*hVC*hV hVC_|_hVC*hV*hVChV ) m

, N, PN,

Yie = > (Vie + Y16z = TR C T C’r c 2( —2 B) o (425
® e [(h*Th"),, + (h*ThC),, +(h” h”)BBJr(h” <) 5] Ty, +Ty,
L 2(hv*hv*hv hV +hPC*hVC*hVChVC

yLCq)T (')’

The scattering collision terms (4.25) and (4.26) contain all
contributions from the resonant exchange of right-handed
neutrinos in the NWA, including contributions from
the so-called real intermediate states (RISs) [57]. The
latter are obtained when only the diagonal terms o = 8
are taken in the summation over the heavy Majorana
states N, g-

Separating the diagonal @ = B RIS contributions from
the off-diagonal o # S terms in the sum, we may rewrite
the BE (4.18) in the form [14]

e S et
dZ g] a17L¢
> L, L,
/. /
nL[[Z LcI) al+ Z (YLCq)T qu) ]
= k=e,u, T

L L,
-3 Z mk[zﬁazﬁawm (Y/Lck¢f_72l,:p)i|}r

k e, M, T
4.27)
where yiX = y¥ — (y¥)gis denote the RIS-subtracted col-
lision terms and B, are the branching ratios

Iy, +15 [hz, 1> + [hyC|?
z (Fak +T k) (Byfhy)aa + (hVCThVC)aa

k=e,u,T

Bal =

(4.28)

The collision terms proportional to 7;, and t0 046 4k
on the right-hand side of (4.27) turn out to be numerically
negligible for the R€L scenarios under consideration. Instead,
the RIS-subtracted collision terms proportional to 7;, in
(4.27) become significant. Their importance in RL models
was originally raised in [8,14] and confirmed most recently
in [51].

The next step is to include the effect of the
(B + L)-violating sphaleron processes [6]. For tempera-
tures 7" larger than the critical temperature 7. = 135 GeV

my N
2'7‘*)
= LD yL@ [(hyfhv) + (hVCThVC) + (hVJrhV)ﬁB + (hVC’rhVC) ]2( t I‘Na + FNB

(4.26)

of the electroweak phase transition, the conversion of the
total lepton-to-photon ratio ¥,_, , ;1;, to the baryon-to-
photon ratio n§ at 7. is given by the relation:

Z N,

l e, T

(4.29)

For T <T,, the so-generated baryon asymmetry 7§ gets
diluted by standard photon interactions until the recombi-
nation epoch, leading to the BAU

1
~ —n5. 4.30
B 27 B ( )
This theoretical prediction can now be compared with the
current observational value for the baryon-to-photon asym-
metry [2],

N9 = (6.20 + 0.15) X 10710, (4.31)

It is instructive to derive approximate numerical solutions
to the BEs (4.17) and (4.27). To this end, we reexpress the
BEs in terms of the out-of-equilibrium deviation parame-
ters Sy, = ny,/ ny — 1 and neglect the suppressed
0(82)) collision terms. For simplicity, we initially ignore
the RIS-subtracted collision terms. But, as we will see
below, their inclusion is straightforward. With these
approximations and simplifications, the BEs may be recast
into the compact form:

d577N _ K (z)

1+ (1 - K,2)8ny 1 4.32)
dZ Kz( )[ ( ) T]Na] (
d?]L 3 3 2
. K@ 2 Ka(8ny, 80 =3 Barnr,),  (433)
a=1

with K, = I'y /[{(3)Hy]. In the kinematic regime z >

2y = 2Kq 1/ 3 the solution to (4.32) may well be approxi-
mated by

SUNH(Z) = (Kaz)711 (434)
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independently of the initial conditions (see Fig. 1). In this
regime, the BE (4.33) becomes

PHYSICAL REVIEW D 83, 076007 (2011)

a=1 ‘Sal and K, = zz:l KyBy. We may
include the numerically significant RIS-subtracted
collision terms proportional to 7, in (4.27), by rescaling

with 8, = 33

dszL[ = 12K1(1)<61 - %ZKZ'ULI)’ (4.35) K, — kK, = K$", where
|
kzgw(yi’fﬁﬁ +Yile) * Vit ~ Vi
e I VIvabBal
Lo (ki + RTTRIIR TR + (TR )og] + (RyThY, — Ry RIS

=9 Z
a,B=1

my — mpy,\—1
X 1—z'a7ﬂ) .
( Ty, + Ty,

In determining the scaling factor «;, we have assumed that
Mg, > My, in (4.18), which is a valid approximation
within a given R€L scenario under study. Note that if
only the diagonal a = 8 terms representing the RIS con-
tributions are considered in the sum, «; reaches its maxi-
mum value, i.e. k, = 1 + O(8?). We also have checked
that in the L;-conserving limit of the theory, the parameter
k; vanishes, as it should.

As is illustrated in Fig. 1, the solution 7, to (4.35)
exhibits different behavior in the three kinematic regimes,
characterized by the specific values of the parameter
z=my/T:

b= 2(KsM)713, 2 =~ 1.25In(25KsT).  (4.37)
For z values in the range z5 < z < z4, the solution 5 1, may
well be approximated by

305,

n1,(2) = 5 -

4.38
2 K?ffz ( )

e
10-5 o —
107 .

1077

nL, ony

1078

107
10-10 / 21 22 Zc 23

1 ol Lo bl Lol
1072 107! 10° 10! 10?
Z

FIG. 1 (color online). Numerical solutions to BEs (4.32) and
(4.35) for 6ny, = an/n?\? — 1 and 7, _, respectively, in a RTL
model with my = 220 GeV, K, = 10°, K¢f = 102, §, = 107°
and z, = my/T. = 1.6.

[(h”h"1); + (h*Ch*<t), [(h*th"),, + (A”CThYC),, + (BVTBV),BB + (ﬁycfﬁyc)ﬁﬂ]

(4.36)

For z > zé, the lepton-number density 7;, freezes out and
approaches the constant value 7, = (38,)/(2K{"z}).”
The general behavior of 7, in the different regimes is
displayed in Fig. 1.

In this paper we only consider R€L scenarios, for which
the washout is strong enough, such that the critical tempera-
ture z. = my/T,. where the baryon asymmetry 1 decou-
ples from the lepton asymmetries 7, is situated in the linear
dropoff or constant regime. Specifically, we require that

2 >2K.P > 2k (4.39)

for all heavy-neutrino species N, = N; 3 and lepton fla-
vors [ = e, u, 7. As a consequence, the baryon asymmetry
1 becomes relatively independent of the initial values of
1, and ny_. In this case, taking into account all factors in
(4.29), (4.30), and (4.38), the resulting BAU is estimated
to be

Bl
51272, % K" min(z,, 2})
]
K$T min[my /T, 1.25In(25K$")]°
(4.40)

U):

=e,u

~=3-1072 )

l=e,u,7

We note that the formula (4.40) provides a fairly good
estimate of the BAU 73 to less than 20%, in the applicable
regime of approximations given by (4.39) for K¢ = 5 fora
right-handed neutrino mass scale of the order of the electro-
weak scale. Hence, to account for the observed BAU 79
givenin (4.31), lepton asymmetries §; = 10~ are required.

In the next section, we present numerical estimates of the

*The onset of the freeze-out is defined as the position z} where
the relative slope of (4.35) drops below 1, i.e. when |9} /7., =
2/3(z4)* K, (25)KET = 1. The solution to this equation can be
analytically expressed in terms of the Lambert W function, to
which z} in (4.37) proves to be an excellent interpolating
approximation over the wide range of values K¢ ~ 2 — 1010,
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BAU for RCL scenarios, based on the simplified BEs (4.32)
and (4.35), with K, replaced by K¢ as defined by means of
(4.36).

V. NUMERICAL RESULTS

In this section we present numerical estimates of the
BAU 7; and the low-energy LFV observables for u — e
and 7 — (e, u) transitions, based on the analytic results
derived in Secs. III and IV. Our aim is to delineate the
viable parameter space of the R€L models: R7L, RuL and
ReL, by considering both cases of a normal and inverted
hierarchy for the light-neutrino mass spectrum. In all the
R{L scenarios under study, the lightest neutrino is mass-
less. As described in Sec. I, we use the neutrino oscillation
data to determine the theoretical parameters of the light-
neutrino mass matrix m”. Specifically, we invert the see-
saw formula and solve for the neutrino Yukawa couplings
a, b and €, .. In addition, the electroweak-scale flavor
structure of the right-handed neutrino mass matrix my, is
generated from a flavor-universal heavy-neutrino mass
matrix m,(My) = my1; at the GUT scale My, after tak-
ing into account RG-running effects.

For a given light-neutrino mass matrix m”, the solution
obtained for a and b is unique up to a common sign factor.
This sign degeneracy could be eliminated, only if the sign
of Re(a) were known. There is also a similar freedom for
an overall sign in the €, , . parameters, but this turns out to
be irrelevant, since it applies to a complete column in the
neutrino Yukawa matrix h” and can be rotated away. In
addition to the light-neutrino masses and mixings, the
light-neutrino mass matrix may also contain the
CP-violating Dirac phase 6 and the Majorana phases
¢1,. As our ansatz for the neutrino Yukawa matrix h”
uses maximal CP phases for a and b, the inclusion of the
light-neutrino CP phases is not expected to increase or
change significantly our predictions for the baryon asym-
metry 1. We therefore consider only the extreme cases of
CP parities, 8, ¢, = 0, 77, as natural choices which can
help us to reduce the dimensionality of the parameter
space. As well as sin?6),, sin?6y3, sin®6 3, Am3,, [Am3,],
the sign of (Ami,), 8 and ¢;,, we also have the free
parameters kj,, Y15, the sign of Re(a) and my in our
RCL models. Unless otherwise stated, we use the best fit
values of [27] for the measured neutrino oscillation
parameters.

To start with, we show in Fig. 2 numerical estimates of
the baryon asymmetry 7 and the LFV observables B(u —
ey) and B,,(33Ti), as functions of the Yukawa-coupling
parameters «; and k,, in a R7L model with my =
120 GeV and a normal hierarchical light-neutrino mass
spectrum. The neutrino-mixing angle sin’@,; is set to
its upper experimental 20 limit [27]: sin?6;5 = 0.033.
The remaining theoretical parameters are chosen to
maximise the overlap between successful generation of
the required baryon asymmetry and high LFV rates.
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FIG. 2 (color online). The baryon asymmetry 1y and the LFV
observables B(u — evy) and B,,,(33Ti) as functions of «; and «,
in the R7L model with my = 120 GeV, assuming a normal
light-neutrino mass spectrum. The remaining parameters were
chosentobe: y, = 37/8, v, =7/2, ¢, = 7, ¢, =0,Re(a) >0
(left panel); y, = 7/2, y,=37/8, ¢, =0, ¢, =0, Re(a) <0
(right panel). The neutrino oscillation parameters are set at their
best fit values, with sin?6,; = 0.033 at its 2o upper limit. The
dark (blue) shaded regions denote the parameter space where
the baryon asymmetry is larger than the observational value
N9 = 6.2 X 1071, The light (green) shaded areas labeled as
‘6m’ = (0.25” and ‘0.10’ indicate the parameter space where the
inversion of the light-neutrino mass matrix is violated at the 25%
and 10% level, respectively.

For definiteness, we set y, = 37/8, v, = 1/27 (left
panel) and vy, = 1/27, vy, = 37/8 (right panel). The
blue shaded areas denote the parameter space where the
numerically predicted baryon asymmetry 7p is larger than
the observational value 7% = 6.2 X 10710, These areas
should be regarded as representing regions of viable
parameter space for successful leptogenesis, given the
freedom of readjusting the CP phases vy, , of the Yukawa
couplings k5.

The parameters k;, are varied within the range
1075-1073; smaller values of «;, would lead to too large
values for a, b > 0.1, whereas larger «;, values would
violate the assumed approximation k;, < a, b, required
to invert the seesaw formula. The degree of violation of this
approximation is indicated by the light (green) shaded
areas in Fig. 2. These areas denote the parameter space,
in which the quantity

Smk = 5.1

AmN<

max(ki, K7) )2
my

min(|€e|, |€;L|: |67|)

is bigger than 0.25 and 0.10, respectively. The quantity
omf is a measure that quantifies the accuracy of our
analytic approximation for neglecting the contribution of
the neutrino Yukawa couplings «;, in the light-neutrino
mass matrix m” [cf. (2.13)]. Hence, the values of émf =
0.10 and 0.25 mean that the inversion of the light-neutrino
mass matrix is accurate at the 10% and 25% level, respec-
tively, due to the assumed absence of the «;, terms.

076007-13



FRANK F. DEPPISCH AND APOSTOLOS PILAFTSIS

It should be stressed that the corresponding parameter
space is not ruled out; larger values of
K12 =5 X 107* would require a numerical approach to
invert the light-neutrino mass matrix m”, beyond our
analytic approximation.

The specific choice for the phases vy , in Fig. 2 approxi-
mately maximises the numerically predicted baryon asym-
metry mp compatible with testable LFV decay rates.
Specifically, the areas around (k, k) = (1075, 107%)
(left panel) and (1074 1075) (right panel), where
B(u — ey) = 107'? can be achieved, are only present
for sufficiently asymmetric values y; # ,, and only for
specific choices for the remaining discrete parameters in
the R7L. model. As a consequence, the requirement of both
a successful generation of the baryon asymmetry 7z and
potentially observable LFV rates for u — e transitions
puts severe constraints on the model parameter space. We
note that the dependence of the baryon asymmetry 1z on
the right-handed neutrinos mass scale my is weak in the
physically interesting region of my = 100-500 GeV.
Finally, the LFV 7 decays are extremely suppressed with
B(t — L,y) ~ 1077 (I, = e, u), and so remain far beyond
the realm of detection.

In Fig. 3 we display numerical estimates of 1y and the
LFV observables B(u — ey) and B, (33Ti), as functions
of k; and k,, in a R7L model with my = 120 GeV and an
inverted hierarchical light-neutrino mass spectrum, char-
acterized by Am%3 < 0. As before, we set the neutrino-
mixing angle sin’6,5 to its upper experimental 20 limit
[27]: sin?6;3 = 0.033. As can be seen from Fig. 3, the
regions of the parameter space that yield successful baryon
asymmetry 7z are smaller than those found in the normal
hierarchical case for the light-neutrino mass spectrum. If
such a scenario gets realized in nature, then successful
leptogenesis implies rates for B, (33Ti) = 107!, which
can still be within reach of the projected PRISM experi-
ment [21].

Y1=37/8, y2=7/2 Y1=n/2,72=37/8

-3 - -3 —
10 \Qﬁﬂs‘lﬂ/b}w(ggﬂ):l 16 10 e B (T)=10"'0

<1074 S1074F

107, ‘ 1075k ‘
1073 1074 1073 107 1074 1073
K1 Ki

FIG. 3 (color online). The same as in Fig. 2, but assuming an
inverted light-neutrino mass spectrum. The remaining parame-
ters were chosen as follows: y, = 37/8, y, = 7/2, ¢, = m,
¢> = 0,Re(a) > 0 (left panel); y; = 7/2, y, = 37/8, ¢, =0,
¢, = 0, Re(a) <0 (right panel).
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FIG. 4 (color online). The branching ratio B(uw — ey) as a
function of sin?6,5, in R7L scenarios with a normal (blue) and
inverted (red) light-neutrino mass spectra. The model parameters
for these two cases are as in Figs. 2 (left panel) and 3 (left panel),
respectively, with k1 = 107> and «, = 10~*. The horizontal
solid (dashed) line denotes the current (expected future) limit on
B(u — ey). The vertical solid and dashed lines denote the 20
upper limit and the nominal best fit value of sin?'3, the latter
roughly corresponding to the expected sensitivity of future
oscillation experiments.

The higher rates for the LFV u — e transitions in a R7L
model with an inverted hierarchical light-neutrino mass
spectrum may be attributed to the fact that the squared
parameter a” is proportional to the not yet well determined
neutrino-mixing angle sin’f5. In detail, the branching
ratio B(u — e7) is enhanced in the case of an inverted
hierarchical light-neutrino mass spectrum (Am?; < 0).
Instead, in the normal hierarchical light-neutrino scenario
with Am?; >0, B(u — ey) is essentially independent of
sinf,3. This is demonstrated in Fig. 4, showing B(u — e7y)
as a function of sin?6 5, where x; = 1073 and k, = 10™%.
In the same figure, the vertical solid and dashed lines
denote the current best fit value and the expected sensitiv-
ity of future experiments for measuring sin’6,5, respec-
tively. The branching ratio B(u — evy) depends linearly on
sin®f,5 in the inverted hierarchical light-neutrino scenario
where Am3; < 0. Unlike in the normal light-neutrino
scenario, the predicted value for 7z in the Rr7L
model with an inverted hierarchical light-neutrino mass
spectrum falls short of explaining the BAU by 2 orders
of magnitude, for a potentially observable branching ratio
of B(u — ey) ~ 10713,

In Fig. 5 we illustrate the importance of including the
full three-heavy-neutrino mixing in the calculation of the
baryon asymmetry. We present a comparison between
the full calculation based on using the effective Yukawa
couplings h?, given in (4.4) (solid line) and its two-
heavy-neutrino-mixing approximation (dashed line) where
we set R,z = 0. Note that the two-heavy-neutrino-mixing
approximation can differ from the full calculation by up to
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FIG. 5 (color online). The baryon asymmetry 7p as a function
of the ratio k,/k, in a RrL scenario, where x x, = 1078 is
fixed. All other parameters are as in Fig. 2 (left panel). The solid
line corresponds to the full numerical solution of 7z using the
three-heavy-neutrino-mixing formula given in (4.4), the dashed
line describes the two-heavy-neutrino-mixing approximation
with R, = 0, and the dotted line is obtained by neglecting
the RIS-subtracted collision terms in the BE (4.27), or equiv-
alently by setting the parameter 7 defined in (4.36) equal to 1 in
the BE (4.33).

1 order of magnitude. In addition, Fig. 5 shows the baryon
asymmetry np calculated by omitting the RIS-subtracted
collision terms in the BE (4.27) (dotted line), or equiva-
lently by taking the parameter «, defined in (4.36) equal to
1 in the BE (4.33). Such a simplification may reduce the
predicted values for 1 by as much as 60%.

Figs. 6 and 7 present numerical estimates, for a RuL
scenario with normal and inverted light-neutrino mass
spectra, respectively. We see that the baryon asymmetry
np exhibits a similar dependence on «; and «, as in the
R7L scenario. Because of the large e- and 7-Yukawa
couplings present in the Rul. model, the largest LFV
rate can be observed in the 7 — e transitions, e.g. in the
LFV process 7 — ey, with B(t — ey) ~ 10710, Since the
current experimental sensitivity to this process is Bey, (7 —
ey) = 1077 which is not expected to increase by more than
1 order of magnitude in the foreseeable future, it would be
difficult to probe the parameter space of the RuL scenario
compatible with observable BAU. On the other hand, the
u — e transitions in the RuL model, although being pro-
portional to max(k;, k,)?a®> and so smaller than the
predictions obtained in R7L scenario, are still sizeable
enough to produce a u — e conversion rate of B ,,(33Ti) =~
2 X 10717 (for Am3; > 0) and 5 X 10716 (for Am?, < 0).
As the parameters a and b are approximately inversely
proportional to k| ,, these values are largely independent of
K1, and apply to the whole (k;, k) parameter plane, as
depicted in Figs. 6 and 7. Consequently, this scenario could
be probed at a future u — e conversion experiment with a
sensitivity of ~107'¢ (COMET, mu2e), or ~107!8
(PRISM) [21].
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FIG. 6 (color online). The baryon asymmetry 7z and the
branching ratio B(7 — e7y) as functions of x; and k, in the
RuLL model with my = 120 GeV, where a normal light-neutrino
mass spectrum is assumed. The remaining parameters were
chosen as follows: y, = 37/8, vy, = 7/2, ¢, = m, ¢, =0,
Re(a) > 0 (left panel); vy, = /2, y, = 37/8, ¢, =0, p, =0,
Re(a) < 0 (right panel). The neutrino oscillation parameters are
set at their best fit values, with sin’@,; = 0.033 at its 20" upper
limit. The dark (blue) shaded regions denote the parameter space
where the baryon asymmetry is larger than the observational
value ny = 6.2 X 10710, The light (green) shaded areas labeled
as ‘éms = 0.25” and ‘0.10’ indicate the parameter space where
the inversion of the light-neutrino mass matrix is violated at the
25% and 10% levels, respectively.

Y1=37/8, y2=n/2 Y1=1/2, y2=3n/8
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1073 s

62101

omi=0.25

B(r-ey)=107"!
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FIG. 7 (color online). The same as in Fig. 6, but for an inverted
light-neutrino mass spectrum and the following choice of
parameters: y; = 37/8, y,=m/2, ¢, =7, ¢, =0, Re(a) >0
(left panel); vy, = 7/2, v, = 37/8, ¢, =0, p, = 0, Re(a) <0
(right panel).

Finally, Figs. 8 and 9 display numerical estimates, for a
ReL scenario with normal and inverted light-neutrino mass
spectra, respectively. Our results are quite analogous to the
RuL case. Correspondingly, the largest LFV rate is ob-
tained for the process 7 — w7y. However, successful Rel.
requires B(7 — wy) ~ 10714, which is far beyond the
reach of the next generation experiments. In analogy to
the RuL case, the rates for coherent 4 — e conversion in
nuclei are found to be sizeable. Specifically, we obtain
BM(‘z‘gTi) ~3X 107" (for Am3;>0) and 7 X 10716
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FIG. 8 (color online). The baryon asymmetry 7z and the
branching ratio B(r — wy) as functions of k; and k, in the
Rell model with my = 120 GeV, considering a normal light-
neutrino mass spectrum. The remaining parameters were chosen
as follows: v, = 37/8, v, = 7/2, ¢, = 7, ¢p» = 0, Re(a) >0
(left panel); y, = /2, v, = 37/8, ¢, = 0, p, = 0, Re(a) <0
(right panel). The neutrino oscillation parameters are chosen at
their best fit values but with sin>6,3 = 0.033 at its 20" upper
limit. The dark (blue) shaded regions denote the parameter space
where the baryon asymmetry is larger than n% = 6.2 X 10710,
The light (green) shaded areas labeled as ‘omj = 0.25" and
‘0.10’ indicate the parameter space where the inversion of the
light-neutrino mass matrix is violated at the 25% and 10% levels,
respectively.
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FIG. 9 (color online). The same as in Fig. 8, but for an inverted
light-neutrino mass spectrum and the following choice of pa-
rameters: y, = 37/8, y, = 7/2, ¢, = 7, ¢, =0, Re(a) >0
(left panel); y, = 7/2, v, = 37/8, ¢, =0, $p, = 0,Re(a) <0
(right panel).

(for Am?, < 0). Interestingly enough, these rates are well
within reach of the proposed PRISM experiment [21].

VI. CONCLUSIONS

We have analyzed minimal low-scale seesaw scenarios
of resonant leptogenesis and studied their potential impli-
cations for observables of charged LFV, such as u — ey
and p — e conversion in nuclei. We have considered
three physically interesting flavor realizations of resonant
leptogenesis, where the observed BAU originates from an
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individual 7-, u- or e-lepton-number asymmetry which
gets resonantly enhanced via the out-of-equilibrium decays
of nearly degenerate heavy Majorana neutrinos.

By means of approximate lepton-flavor symmetries, we
have been able to construct viable and natural models of
REL compatible with universal right-handed neutrino
masses at the GUT scale, where the required heavy-
neutrino mass splittings are generated via RG effects.
Particular attention has been paid that the effective resum-
mation method introduced in [7] and used in our study to
compute the resonantly enhanced lepton asymmetries re-
spects the Nanopoulos-Weinberg no-go theorem [54] in the
L-conserving limit of the theory. Specifically, we have
checked that the leptonic asymmetries 6,; given in (4.8)
and (49) vanish in all parametrically possible
L-conserving limits of the R€L scenarios. In agreement
with earlier studies [13,14], we find that at least three
heavy Majorana neutrinos are required, in order to poten-
tially have both successful leptogenesis and experimentally
testable rates for LFV processes, such as u — ey and
M — e conversion in nuclei.

We have found that the heavy Majorana neutrinos in
REL scenarios can be as light as 100 GeV, while their
couplings to two of the charged leptons may be large so
as to lead to LFV effects that could be tested by the MEG
and the COMET/PRISM experiments. Specifically, in the
R7L model with a normal light-neutrino mass hierarchy,
there is a sizeable model parameter space with successful
leptogenesis and large LFV process rates, with B(u —
ey) = 1072, This prediction is largely independent of
sin?6 5 and the other light-neutrino oscillation parameters.
On the other hand, in the R7L model with inversely hier-
archical light neutrinos, B(u — e7y) is linearly propor-
tional to sin’f;5, and can be enhanced by more than 1
order of magnitude compared to the normal hierarchy case
for sin’@,; close to its upper experimental 2o limit.
Unfortunately, the generated baryon asymmetry 75 is sup-
pressed in this scenario, and to test the viable parameter
space for successful leptogenesis would require an experi-
ment for u — e conversion in nuclei which is sensitive to
B, = 107'7-107'6. This feature is also quite generic for
the case of the RuL and RelL models, where u — e flavor
transitions are suppressed by the small 7-Yukawa cou-
plings «;,. In all R€L models, charged LFV in the
7-lepton sector turns out to be at least 6 orders of magni-
tude beyond the current experimental sensitivity, as the
predicted branching ratios are B(T — ey, uy) < 10714
in parameter regions required for successful leptogenesis.

Further studies will be needed to analyze the full range
of theoretical, phenomenological and cosmological impli-
cations of the three different universal models of ReL,
RuLL and R7L. For instance, the consideration of thermal
effects [58] may provide a significant improvement on
the standard framework of classical BEs adopted in the
present analysis. An equally significant issue is whether
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our minimal RL. models can account for the well-known
problem of cold dark matter in the Universe. An obvious
solution would be to consider supersymmetric versions of
RCL scenarios [59,60] and study the relic abundance of the
lightest stable supersymmetry particle, which could be a
thermal right-handed sneutrino [61]. Alternatively, one
may consider scale-invariant extensions of the SM with
right-handed neutrinos [62,63], which are minimally aug-
mented with one complex singlet scalar field whose one-
loop induced vacuum expectation value can naturally ex-
plain the origin of the electroweak-scale mass of the heavy
Majorana neutrinos. It has been shown recently [63] that a
minimal Z,-symmetric variant of these models can stay
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perturbative up to the Planck scale, as well as provide a
cold dark matter candidate through the so-called Higgs-
portal mechanism [64]. It is therefore rather motivating to
perform a dedicated analysis of observing electroweak-
scale heavy Majorana neutrinos within the specific context
of the R€L scenarios studied here, through their possible
like-sign dilepton [26,65] and/or trilepton [66] signatures
at the LHC or at other future high-energy colliders.
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