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Abstract

We investigate the scenario of resonant thermal leptogenesis, in which the leptonic asymmetries are generated through renormaliz
corrections induced at the leptogenesis scale. In the framework of the standard model extended by three heavy Majorana neutrinos
M1 = M2 � M3 at some high scale, we show that the mass splitting andCP-violating effects induced by renormalization group corrections
lead to values of theCP asymmetries large enough for a successful leptogenesis. In this scenario, the low-energy neutrino oscillation dat
be easily accommodated. The possibility of having an underlying symmetry behind the degeneracy in the right-handed neutrino mass
also discussed.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Among the viable mechanisms to explain the matt
antimatter asymmetry observed in the universe, leptogen
[1] has undoubtedly become one of the most compelling o
[2,3]. Indeed, its simplicity and close connection with lo
energy neutrino physics render leptogenesis an attractive
eventually testable scenario. Unfortunately, even in its simp
realization through the well-known seesaw mechanism[4], the
theory is plagued with too many parameters. To apprec
this point, let us recall that in the framework of the stand
model (SM) extended with three heavy Majorana neutri
Ni (i = 1,2,3), the high-energy neutrino sector, characteri
by the Dirac neutrino (mD) and the heavy Majorana neutrin
(MR) mass matrices, has eighteen parameters. Of them,
nine combinations enter into the seesaw effective neutrino m
matrix mDM−1

R mT
D , thus making difficult to establish a dire

link between leptogenesis and low-energy phenomenology[5].
Furthermore, there are sixCP-violating phases which are phy
ically relevant at high energies, while only three combinati
of them are potentially observable at low energies. Theref
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no direct link between the sign of the baryon asymmetry
low-energy leptonicCP violation can be established, unless e
tra assumptions are introduced.

In a more economical framework[6], where only two heavy
Majorana neutrinos are present, one is left with eleven h
energy parameters, three of which are physical phases
since in this case one light neutrino is predicted to be m
less, there remain only seven independent low-energy neu
parameters, two of which areCP-violating phases. Thus, ad
ditional assumptions are usually required to completely de
mine the high-energy neutrino sector from low-energy obs
ables. Typical examples are the introduction of texture zero
the Yukawa matrices or the imposition of symmetries to c
strain their structure[7]. In this respect, the heavy Majoran
neutrino masses are rather unconstrained: they can range
the TeV region to the GUT scale, and the spectrum can be
archical, quasi-degenerate or even exactly degenerate[8]. De-
spite this arbitrariness, the heavy Majorana neutrino mass
(and, consequently, the seesaw scale) turns out to be cruci
a successful implementation of the leptogenesis mechanis
particular, the standard thermal leptogenesis scenario wit
erarchical heavy Majorana neutrino masses (M1 � M2 < M3)
requiresM1 � 4 × 108 GeV [9], if N1 is in thermal equi-
librium before it decays, or the more restrictive lower bou
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M1 � 2× 109 GeV [10] for a zero initialN1 abundance. Sinc
this bound also determines the lowest reheating temperatu
lowed after inflation, it could be problematic in supersymme
theories due to the overproduction of light particles like
gravitino.

Nevertheless, it is important to note that the above bou
are not model independent in the sense that they can be avo
if the heavy Majorana neutrino spectrum is no longer hie
chical. Indeed, if at least two of theNi are quasi-degenera
in mass, i.e.,M1 � M2, then the leptonicCP asymmetry rel-
evant for leptogenesis exhibits the resonant behaviourε1 ∼
M1/(M2 − M1) [11,12]. In this case, it is possible to show th
the upper bound on theCP asymmetry is independent of th
light neutrino masses and successful leptogenesis simpl
quiresM1,2 to be above the electroweak scale for the sphale
interactions to be effective. Of course, having such a degene
in the neutrino masses requires a compelling justification.
being accidental, the quasi-degeneracy may arise, for insta
from some flavour symmetry softly broken at a high scale[13].

Another possibility which has been recently explored[14,15]
relies on the fact that radiative effects, induced by the re
malization group (RG) running from high to low energie
can naturally lead to a sufficiently small neutrino mass sp
ting at the leptogenesis scale. In the latter case, non-vanis
and sufficiently largeCP asymmetries, which are proportion
to the charged-leptonτ Yukawa coupling and weakly depe
dent on the heavy Majorana neutrino mass scale, are gene
Although in the SM framework the resulting baryon asymm
try turns out to be (by a factor of two) below the observ
value [14], this mechanism can be successfully implemen
in its minimal supersymmetric extension (MSSM)[15]. How-
ever, it is worth emphasizing that the above results have b
obtained in a minimal seesaw scenario with only two he
neutrinos. In such a case, low seesaw scales require extre
small Dirac neutrino Yukawa couplings for bothN1 andN2, in
order to avoid too large low-energy neutrino masses. One
therefore ask whether the above problems can be overcom
a more realistic scenario where the effects of a third heavy
jorana neutrinoN3 are also taken into account.

The purpose of this Letter is to further investigate the s
nario of radiative leptogenesis proposed in Ref.[14], in which
the leptonicCP asymmetries are generated through RG cor
tions induced at the leptogenesis scale. In the framework o
standard model extended by the addition of three heavy M
rana neutrinos with massesM1 = M2 � M3 at some high scale
we show that the mass splitting induced by the running of
heavy neutrino masses can lead to values of theCP asymme-
tries large enough for a successful leptogenesis. In this scen
the observed baryon asymmetry and low-energy neutrino o
lation data can be easily reconciled. Moreover, since the re
depend very weakly on the gap between the degeneracy an
togenesis scales, low right-handed neutrino masses and re
ing temperatures are acceptable, thus avoiding the well-kn
problem of overproduction of relic abundances in early u
verse. Finally, we shall also comment on possible symme
which could explain the degeneracy of right-handed neut
masses at high energies.
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2. Radiative leptogenesis

In the SM extended by the addition of three right-hand
neutrinos, the relevant Yukawa and heavy Majorana neut
mass terms in the Lagrangian are

(1)L∝ �̄LY��Rφ0 + ν̄LYνNφ0 − 1

2
NTCMRN + H.c.,

where� andν refer to the charged-lepton and neutrino fiel
respectively (family indices are omitted);Y� and Yν are the
charged-lepton and Dirac neutrino Yukawa coupling matr
andφ0 denotes the neutral component of the SM Higgs d
blet. After integrating out the heavy Majorana neutrinosN , the
light neutrino mass matrix, resulting from the seesaw mec
nism, is given by

(2)M = −v2YνM
−1
R Y T

ν , v ≡ 〈
φ0〉.

In the basis whereY� andMR are diagonal, all the paramet
space can be conveniently spanned through the parame
tion [16],

(3)Yν = 1

v
Ud1/2RD1/2,

where d = diag(m1,m2e
iα,m3e

iβ), D = diag(M1,M2,M3);
mi are the light neutrino masses andα,β are Majorana phase
The matrixR is an arbitrary 3× 3 complex orthogonal matrix
which can be parametrised in terms of complex anglesθi as

(4)R =

 c1c2 s1c2 s2

−s1c3 − c1s2s3 c1c3 − s1s2s3 c2s3

−c1s2c3 + s1s3 −s1s2c3 − c1s3 c2c3


 ,

wheresi ≡ sinθi , ci ≡ cosθi . Finally, the matrixU is the stan-
dard Pontecorvo–Maki–Nakagawa–Sakata (PMNS) lept
mixing matrix, which contains theCP-violating Dirac phaseδ.
It turns out that the parametrisation(3) is also particularly
convenient to disentangle theCP-violating phases relevant fo
leptogenesis from the low-energy phases. Indeed, the com
tion

(5)H ≡ Y †
ν Yν = 1

v2
D1/2R†|d|RD1/2,

which appears in physical quantities associated with lepto
esis is only sensitive to the phases inR and not to the phase
α,β andδ. In terms of the matrix elements ofR, the matrixH
reads as

(6)Hij =
√

MiMj

v2

3∑
k=1

mkR
∗
kiRkj (i, j = 1,2,3).

Let us now discuss how the resonant leptogenesis me
nism works in the present framework. We assume an exac
generacy of two heavy Majorana neutrinos, so thatM1 = M2 ≡
M � M3 at a scaleΛ, which is higher than the decoupling sca
of the heaviest neutrinoN3. The parameter

(7)δN ≡ M2

M1
− 1,

quantifies the degree of degeneracy betweenM1 and M2 at
lower scales. Assuming that the interactions involvingN1,2
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are in thermal equilibrium at the time the heaviest neutr
N3 decays, only the leptonicCP asymmetries generated in th
out-of-equilibrium decays ofN1 and N2 will be relevant for
leptogenesis. These asymmetries are given by

εj � Im[H 2
21]

16πHjj δN

(
1+ Γ 2

i

4M2
j δ2

N

)−1

,

(8)Γi = HiiMi

8π
, i, j = 1,2 (i �= j),

whereΓi are the tree-level decay widths. Notice that Eqs.(8)
exhibit the expected resonant enhancement due to the m
of two nearly degenerate heavy Majorana neutrinos[11]. In
the present framework, a sufficiently small heavy neutrino m
splitting will be generated through the RG running effects. T
latter turn out to be crucial in this case[14,15,17].

The evolution of the right-handed neutrino masses and
Dirac neutrino Yukawa matrix is given at one-loop by[18]

dMi

dt
= 2MiHii,

(9)
dYν

dt
=

[
T − 3

4
g2

Y − 9

4
g2

2 − 3

2

(
Y�Y

†
� − YνY

†
ν

)]
Yν + YνA,

where

t ≡ 1

16π2
ln(µ/Λ),

T = 3 Tr
(
YuY

†
u

) + 3 Tr
(
YdY

†
d

) + Tr
(
Y�Y

†
�

) + Tr
(
YνY

†
ν

)
,

Yu,d are the up-quark and down-quark Yukawa matrices
gY,2 are the gauge couplings. The matrixA is anti-Hermitian
with

Ajj = 0,

Ajk = Mj + Mk

Mk − Mj

Re(Hjk) + i
Mk − Mj

Mj + Mk

Im(Hjk)

(10)= −A∗
jk.

As is clear from the above equation, to avoid the singularit
A12 at the degeneracy scaleΛ, we must require Re(H12) = 0.
This condition can always be guaranteed without loss of ge
ality. Indeed, whenM1 = M2 there is the freedom to rotate th
right-handed neutrino fieldsN1,2 with a real orthogonal matrix
that does not changeMR , but rotatesYν to the appropriate ba
sis[14,15]. In terms of the parametrisation(3), this is equivalent
to a redefinition of the real part of the complex angleθ1. In this
sense, Reθ1 is no longer a free parameter, i.e., it is constrain
by the condition Re(H12) = 0.

At this point it is worthwhile to comment on the number
physical parameters in the high-energy neutrino sector. F
the previous analysis it is clear that in the case of two degen
heavy Majorana neutrinos, there remain 16 physical param
out of 18. A similar conclusion can be easily drawn by pa
metrising the Dirac neutrino Yukawa coupling matrix in t
general formYν = V Y�. HereV is a unitary matrix contain
ing 3 CP-violating phases andY� is a lower triangular matrix
with real diagonal entries and having in general 3 phase
the off-diagonal[5]. It is then straightforward to show that th
g
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r-

m
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n

requirement Re(H12) = 0 leads to a constraint on one of t
physical phases ofY�. This should not come as a surprise.
deed, the correct counting of independentCP-violating phases
always requires that one chooses an appropriate basis.

We now proceed with the estimate of the radiatively indu
CP asymmetries at the leptogenesis scaleµ ≈ M [14]. At a
given scaleµ, the degeneracy parameterδN is approximately
given by

(11)δN(t) � 2(H22 − H11)t.

From this simple expression we see that the lifting of theN1–N2
degeneracy requiresH22 �= H11. Moreover, even if at the degen
eracy scaleΛ one has Re(H12) = 0, a non-vanishing real pa
will be generated by quantum corrections. From Eqs.(9) and
(10)we find

(12)Re
[
H21(t)

] � −3

2
y2
τ Re

[
(Yν)

∗
31(Yν)32

]
t.

Thus, neglecting the RG running of Im(H21), one has for the
CP-violating part appearing in the leptonic asymmetries,

(13)Im
[
H 2

21(t)
] � −3y2

τ Im
[
H21(0)

]
Re

[
(Yν)

∗
31(Yν)32

]
t,

whereyτ is theτ Yukawa coupling. In terms of the elemen
of R, the quantity Re[(Yν)

∗
31(Yν)32] reads as

(14)Re
[
(Yν)

∗
31(Yν)32

] = M

v2

3∑
i,j=1

√
mimj Re

[
R∗

i1Rj2U
∗
3iU3j

]
.

Here, the dependence of the radiatively induced Re(H12) on the
low-energy parameters is evident through the presence o
light neutrino massesmi and the elements of the third row of th
mixing matrixU . We also notice that only a small dependen
on the mixing parameterUe3 is expected.

Substituting Eqs.(11) and (13)into Eq. (8) we obtain the
following expressions for the leptonicCP asymmetries:

(15)ε1,2 � ε0
1,2(1+ D2,1)

−1,

whereε0
1,2 are the uncorrectedCP asymmetries andD1,2 are

correction factors which include the effects of the heavy Ma
rana decay widths

(16)ε0
j � 3y2

τ

32π

Im(H21)Re[(Yν)
∗
31(Yν)32]

Hjj (H22 − H11)
,

(17)Dj � 1

(32π)2

H 2
jj

(H22 − H11)2t2
.

We note that the leptonicCP asymmetries do not depend e
plicitly on the heaviest massM3. Moreover, if the correction
due to the inclusion of the decay widths in the propagators
negligible, i.e.,Dj � 1, the asymmetries are also independ
of the massM of the two lightest right-handed Majorana ne
trinos.

The expressions for the leptonicCP asymmetries in term
of the parametersθi are quite long. Therefore, we will consid
some interesting limiting cases for which simple analytical
pressions can be obtained and the viability of the present m
anism is readily demonstrated. The simplest cases are cl
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those with a single non-vanishing parameterθi . Sinceθ1 = θ2 =
0 andθ1 = θ3 = 0 imply H12 = 0, these would lead to vanish
ing asymmetries. Thus, we are left with the caseθ2 = θ3 = 0,
which we consider next.

2.1. The case θ2 = θ3 = 0

Since in this case the condition Re(H12) = 0 implies that
the complex angleθ1 is purely imaginary, i.e.,θ1 = iω1, the
elements of the matrixH relevant for leptogenesis are simp
given by

H11 = M

v2

(
m1 cosh2 ω1 + m2 sinh2 ω1

)
,

H22 = M

v2

(
m1 sinh2 ω1 + m2 cosh2 ω1

)
,

(18)H12 = i
M

2v2
sinh(2ω1)(m1 + m2),

so that

(19)H11 − H22 = M

v2
(m1 − m2).

It is interesting to note that there is a direct connection betw
the induced heavy Majorana mass splitting parameterδN (cf.
Eq. (11)) and the low-energy neutrino mass spectrum.

Below the degeneracy scaleΛ, H12 develops a real part pro
portional to

(20)Re
[
(Yµ)∗31(Yν)32

] � M

v2

√
m1m2 Re

(
U∗

32U31
)
.

According to Eq.(16), the uncorrected leptonicCP-asymme-
triesε0

1 andε0
2 are then given by

ε0
1 � 3y2

τ

64π

(m1 + m2)
√

m1m2 sinh(2ω1)Re(U∗
32U31)

(m1 − m2)(m1 cosh2 ω1 + m2 sinh2 ω1)
,

(21)ε0
2 � 3y2

τ

64π

(m1 + m2)
√

m1m2 sinh(2ω1)Re(U∗
32U31)

(m1 − m2)(m1 sinh2 ω1 + m2 cosh2 ω1)
.

The corrections due to the inclusion of the heavy Majorana n
trino decay widths are obtained from Eq.(17),

D1 �
[
π

2

m1 cosh2 ω1 + m2 sinh2 ω1

(m2 − m1) ln(Λ/M)

]2

,

(22)D2 �
[
π

2

m1 sinh2 ω1 + m2 cosh2 ω1

(m2 − m1) ln(Λ/M)

]2

.

It is interesting to analyse how theCP-asymmetriesε1,2 behave
in some limiting cases. First, we notice that form1 = 0, the
quantitiesε0

1,2 vanish and no lepton asymmetry is generat
Consequently, in this case a lower bound onm1 is expected
in order to reproduce the observed baryon asymmetry.1 On the
other hand, beingε0

1,2 proportional to(m2 − m1)
−1, one could

expect an enhancement in the limitm1 � m2. However, in this
case the corrections due to the heavy Majorana decay w
become important, sinceD1,2 ∝ (m2 − m1)

−2. From Eqs.(15),

1 This is no longer true in the most general caseθ2,3 �= 0, as confirmed by the
results of the next section.
n

-

.

s

(21) and (22)one gets thatε1,2 ∝ m2 − m1 which explains the
suppression of the baryon asymmetry form1 � m2. This is the
case of quasi-degenerate or inverted-hierarchical light ne
nos. In conclusion, whenθ2 = θ3 = 0 and the light neutrino
are hierarchical, one can expect an interval of intermediate
ues of the lightest massm1 for which the radiative leptogenes
mechanism could lead to a sufficient baryon asymmetry.

In contrast to what happens in the standard thermal lept
nesis scenario, theCP-asymmetries in the present framewo
depend explicitly on the PMNS mixing matrixU . In the sim-
ple case under analysis, this dependence appears throug
combination Re(U∗

32U31) as shown in Eqs.(21). Thus, the final
value of the baryon asymmetry will depend on the particu
values ofUe3 and the low-energyCP-violating phasesα,β and
δ (as well as on the neutrino mass-squared differences an
solar and atmospheric mixing angles, which, however, we
sume already fixed by the data).

2.2. The case m1 = 0

In spite of all the major experimental advances in the m
surement of the neutrino mixing parameters, no informa
about leptonicCP violation is available yet. While the Dira
phaseδ can be potentially measured in future neutrino os
lation experiments, the only hope for probing the Majora
phasesα andβ seems to reside in neutrinoless doubleβ de-
cay processes, which if observed, could provide only a si
constraint on these phases[19]. In practical terms, this mean
that one cannot perform a perfect experiment to comple
determine the effective neutrino mass matrixM from input
data. Nevertheless, if this matrix appears to be constraine
that the number of independent parameters is reduced,
it is reasonable to require this constraint to be weak-basi
dependent. One example of such a constraint is the cond
detM = 0 [20]. In this case, a massless neutrino is predic
and the spectrum is fully hierarchical. As already mention
a similar situation is verified in a minimal seesaw framew
with only two right-handed heavy Majorana neutrinos, wh
automatically leads tom1 = 0. It is therefore of interest to in
vestigate whether the present mechanism is compatible wit
above light neutrino mass spectrum.

First we notice that in the case thatm1 = 0, the so-called
minimal seesaw scenario, which corresponds to the two h
Majorana neutrino limit, can be obtained by settingθ1 =
iω1, θ2 = π/2 andθ3 = 0. Therefore, to present our analy
cal results we consider the simplest generalisation of the l
case by lettingθ2 ≡ ω2 to be an arbitrary real parameter. W
then find

H11 = M

v2

(
m2 sinh2 ω1 + m3 cosh2 ω1 sin2 ω2

)
,

H22 = M

v2

(
m2 cosh2 ω1 + m3 sinh2 ω1 sin2 ω2

)
,

(23)H12 = i
M

2v2
sinh(2ω1)

(
m2 + m3 sin2 ω2

)
.
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Moreover,

(24)H11 − H22 = M

v2

(−m2 + m3 sin2 ω2
)

and

(25)Re
[
(Yµ)∗31(Yν)32

] � −M

v2

√
m2m3 sinω2 Re

(
U∗

32U33
)
.

From the above equations it is clear that, contrarily to what h
pened in the previous case where the radiatively generateδN

and Re(H12) depended exclusively on low-energy paramet
these two quantities depend now also on the structure of th
thogonal matrixR through the parameterω2.

The leptonicCP-asymmetriesε0
i are given in this case by

ε0
1 � 3y2

τ

64π

√
m2m3 sinω2 sinh(2ω1)

(−m2 + m3 sin2 ω2)

× (m2 + m3 sin2 ω2)Re(U∗
32U33)

(m2 sinh2 ω1 + m3 cosh2 ω1 sin2 ω2)
,

ε0
2 � 3y2

τ

64π

√
m2m3 sinω2 sinh(2ω1)

(−m2 + m3 sin2 ω2)

(26)× (m2 + m3 sin2 ω2)Re(U∗
32U33)

(m2 cosh2 ω1 + m3 sinh2 ω1 sin2 ω2)
,

and the factorsDi read

D1 �
[
π

2

m2 sinh2 ω1 + m3 cosh2 ω1 sin2 ω2

(−m2 + m3 sin2 ω2) ln(Λ/M)

]2

,

(27)D2 �
[
π

2

m2 cosh2 ω1 + m3 sinh2 ω1 sin2 ω2

(−m2 + m3 sin2 ω2) ln(Λ/M)

]2

.

As expected, whenω2 = π/2 the results of the minimal see
saw scenario considered in[14,15]are recovered. Thus, the ne
contributions coming from the mixing with the heaviest M
jorana neutrinoN3 turn out to be crucial in this case for th
mechanism to be viable.

From Eqs.(26) and (27)it is clear that the leptonicCP-
asymmetriesεi vanish when

(28)sin2 ω2 = m2

m3
=

(
�m2�
�m2

a

)1/2

,

where�m2� and�m2
a are the mass-squared differences m

sured in solar and atmospheric neutrino oscillation experime
respectively. For values ofω2 close to the above value, the co
tribution of the coefficientsDi becomes relevant. We also no
that for small values ofω2 one hasε1/ε2 � coth2 ω1 > 1.

3. Numerical results and discussion

The most recent WMAP results and BBN analysis of
primordial deuterium abundance imply[21]

(29)ηB = nB

nγ

= (6.1± 0.3) × 10−10,

for the baryon-to-photon ratio of number densities. In the
togenesis framework, once a lepton asymmetry has been
erated by the out-of-equilibrium decays of the heavy Major
-

,
r-

-
s,

-
n-

a

neutrinos, it will be converted into a baryon asymmetry by n
perturbative sphaleron interactions. The efficiency in produ
the asymmetry is controlled by the parameters

(30)Ki = m̃i

m∗
, m̃i = v2Hii

Mi

,

where m∗ � 10−3 eV is the so-called equilibrium neutrin
mass. The resulting baryon asymmetry can be estimated a

(31)ηB � −10−2(κ1ε1 + κ2ε2),

whereκi < 1 are the efficiency factors, which account for t
washout effects. An accurate computation of these factor
quires the solution of the relevant Boltzmann equations. In
numerical calculations we make use of the Boltzmann eq
tions derived in Ref.[12], which are appropriate for resona
leptogenesis and, therefore, suitable to the cases consi
here. We also remark that leptogenesis in the present fr
work always occurs in a strong washout regime. Indeed, f
Eqs.(18), (23) and (30)it follows that

(32)K1 + K2 > K� ≡ (�m2�)1/2

m∗
� 9.

In this situation, the simple decay-plus-inverse-decay pictu
applicable and the final baryon asymmetry is essentially in
pendent of the initial conditions[22].

Our numerical computations proceed as follows. We sta
µ = MZ with the best-fit values for the solar and atmosphe
neutrino oscillation parameters[23]:

tan2 θ12 = 0.45, �m2� = 8.0× 10−5 eV2,

(33)tan2 θ23 = 1.0, �m2
a = 2.5× 10−3 eV2.

For a given set ofUe3, m1 andCP-violating phases, the low
energy effective neutrino mass matrixM = U† diag(m1,m2,

m3)U
∗ is constructed. For the hierarchical (inverted-hierarch

neutrino mass spectrum the lightest neutrino massm1 (m3) is
an input parameter. The two remaining masses are

m2
2 = m2

1 + �m2�, m2
3 = m2

1 + �m2� + �m2
a

for a hierarchical spectrum, and

m2
1 = m2

3 + �m2
a − �m2�, m2

2 = m2
3 + �m2

a

for an inverted hierarchy. For a particular choice of the input
rameters, the RG equations for the neutrino masses and m
angles are solved up to the degeneracy scale, which we con
to beΛ � 1016 GeV. At this stage, we do not consider the ru
ning effects due to the Dirac neutrino Yukawa couplings ab
the mass of the lightest heavy Majorana neutrino. We then
fineYν at the scaleΛ as in Eq.(3), using a specific pattern forR
and fixing the values ofM1 = M2 = M . The value ofM3 > M

is fixed by requiring the largest Dirac neutrino Yukawa coupl
to be equal to the top-quark Yukawa couplingyt . For the sim-
plest viable scenario whereR is parametrised byθ1 = iω1 and
θ2 = θ3 = 0, this is equivalent toM3 = y2

t v2/m3.
All the couplings and masses are subsequently evolved d

to the scaleµ = M , considering also the decoupling ofN3. At
this scale the baryon asymmetry is computed as describ
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f

m

Fig. 1. The baryon asymmetry as a function ofω1 in the caseθ2 = θ3 = 0 for Ue3 = 0,0.2. On the left, the regions in the(ω1,m1)-plane where the value o
ηB � 5.8 × 10−10. The results are presented forM = 105,1010 GeV. The maximal value ofηB as a function of the lightest neutrino massm1 is shown in the
right plot for the same values ofUe3 andM = 105 GeV. The dash-dotted line corresponds toηmax

B
as a function ofm3 for an inverted neutrino mass spectru

m3 < m1 < m2.
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the beginning of this section. Obviously, the two heavy Ma
rana neutrinosN1 andN2 are no longer degenerate atµ = M

due to radiative effects. Moreover, a non-trivialCP-violating
part is generated due to the running ofYν . We also evolve
the effective neutrino mass operator fromM down toMZ in
order to check whether the inclusion ofYν and threshold cor
rections in the top-down running affects the values of the n
trino parameters initially considered. If so, the parameters a
degeneracy scaleΛ are accordingly changed to achieve conv
gence.

In Fig. 1we present the results of our numerical analysis
the caseθ2 = θ3 = 0. The plot on the left shows the allowe
region in the(ω1,m1)-plane whereηB can be larger than th
lower bound given in Eq.(29), i.e.,ηB � 5.8×10−10. The con-
tours are given forUe3 = 0 andUe3 = 0.2. The filled region
was obtained following the full numerical procedure and c
sideringM = 105 GeV. Changing the scaleM to 1010 GeV
does not alter the results significantly, as can be seen
the figure. This interesting feature of our scenario can be
derstood by noting that the uncorrectedCP-asymmetries given
in Eqs.(21) are independent ofM andΛ. From the analysis
of the plot we conclude that in this simple scenario radia
leptogenesis is compatible with the observed baryon asym
try, provided that the lightest neutrino mass is in the ra
2× 10−5 eV� m1 � 3× 10−2 eV.

The maximal value ofηB as a function ofm1 is shown
in the right plot of Fig. 1 for the same values ofUe3 and
M = 105 GeV. It is interesting to note that form1 � 10−3 eV,
the contributions coming from the decay widths are negligi
D1,2 � 1. This explains the small dependence of the res
on the mass scaleM . Moreover, in this regionε1 � ε2 and
K2 ∼ K� � K1, so that the washout is dominated by the
verse decays ofN2. On the other hand, form1 � 10−2 eV one
hasD1 � D2 ≈ 1 and the decay width corrections start to b
come relevant.

Finally, whenm1 � m2, which corresponds to quasi-degen
rate or inverted-hierarchical light neutrinos, it follows direc
-
e

r

-

m
-

e-
e

,
s

from Eqs.(21) and (22)that ε1 � ε2 andD1 � D2 � 1. As a
consequence, the generated leptonicCP asymmetries are sup
pressed by�m2� and grow with ln2(Λ/M),

(34)ε1 � ε2 � 3y2
τ

16π3

�m2�sinh(2ω1)Re(U∗
32U31)

m2
1(2cosh2ω1 − 1)3

ln2
(

Λ

M

)
.

In this situation, the expression for the baryon asymmetr
approximately given by

ηB � 4× 10−12
(

�m2�
8× 10−5 eV2

)(
0.05 eV

m1

)3

(35)× sinh(2ω1)Re(U∗
32U31)

(2cosh2ω1 − 1)4
ln2

(
Λ

M

)
.

In particular, for an inverted hierarchy withm1 ≈ √
�m2

a �
0.05 eV, one can show thatηB is maximal whenm3 = 0,
ω1 � 0.3 and Re(U∗

32U31) � 1/4. Thus,ηB is bounded by

(36)ηB � 3× 10−13 ln2
(

Λ

M

)
.

When M = 105 GeV andΛ = 1016 GeV, this upper bound
corresponds to the plateau shown in the right plot ofFig. 1,
obtained numerically for an inverted neutrino mass spectru

Similar plots are shown inFig. 2 for the casem1 = 0,
θ1 = iω1, θ2 = w2 and θ3 = 0. On the left, we present th
allowed regions in the(ω1,ω2)-plane where the lower boun
ηB = 5.8× 10−10 can be attained. As inFig. 1, we takeUe3 =
0,0.2, M = 105,1010 GeV andM3 = 1014 GeV. As expected
there are two distinct allowed regions separated by the line
responding to the value ofω2 given in Eq.(28), ω2 � 0.44,
where the leptonic asymmetries vanish. As can be seen
the figure, for values ofω2 close to the above value there is
clear dependence on the mass parameterM . This has to do with
the fact that in that region the corrections due to theN1,2 decay
widths are significant,D1,2 � 1. The maximal value ofηB as a
function ofω2 is shown in the right plot for the same values
Ue3 andM = 105 GeV.
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e

Fig. 2. The baryon asymmetry as a function ofω1 andω2 in the casem1 = 0, θ3 = 0 for Ue3 = 0,0.2; M = 105,1010 GeV andM3 = 1014 GeV. The line and
colour schemes are the same as used inFig. 1. On the left plot, the region in the(ω1,ω2)-plane where the value ofηB � 5.8× 10−10 is shown. The maximal valu
of ηB as a function ofω2 is shown in the right plot for the same values ofUe3 andM = 105 GeV.
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From the previous analysis we conclude that radiative le
genesis in the framework of the SM extended with 3 heavy
jorana neutrinos is compatible with a hierarchical light neutr
mass spectrum. As anticipated by the analytical calculati
the small sensitivity ofηB to the value ofUe3 is confirmed by
our numerical results. This can be readily seen by compa
the curves forUe3 = 0 and 0.2 in bothFigs. 1 and 2.

4. On a symmetry behind the heavy Majorana neutrino
degeneracy

An essential aspect of the resonant leptogenesis frame
is the requirement of having two quasi-degenerate heavy
trino masses. In the radiative leptogenesis scenario, this q
degeneracy is generated by RG corrections, starting from
uation where there is an exact degeneracy between the h
Majorana neutrino masses. This is, in our opinion, one of
most natural frameworks for the implementation of reson
leptogenesis.2 It is therefore important to investigate wheth
this can be achieved by an underlying symmetry principle.

First, we should remark that, in order for our mechan
to work, any symmetry leading to exact heavy Majorana n
trino degeneracy betweenN1 and N2 has to be such tha
H11 − H22 �= 0. This is crucial in order to radiatively genera
the mass splittingδN , as can be seen from Eq.(11). More-
over, Eqs.(12) and (13)require Re[(Yν)

∗
31(Yν)32] �= 0 and

Im[H12] �= 0, otherwise theCP-violating effects needed for lep
togenesis will be highly suppressed.

We now address the question of whether the degenera
the heavy Majorana neutrino mass spectrum could reflec
presence of an underlying symmetry at a high-energy s
We shall briefly comment on two possible scenarios, base
simple discrete or Abelian symmetries. The more ambiti
program of extending these symmetries to the quark and

2 See Refs.[11,24] for some works where the question of heavy Majora
neutrino degeneracy has also been addressed.
-
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ton sectors of the full theory is beyond the scope of this Le
and will be presented elsewhere.

Let us assume that there is aZ3 ×S3 symmetry, under which
the right-handed neutrino fieldsNi transform in the following
way:

Z3 :Ni → PijNj ,

(37)S3 :N1 → N2, N2 → N3, N3 → N1,

where the matrixP , which defines the transformation prope
ties of theNi under theZ3 symmetry, is given by3

(38)P = iω∗W, W = 1

3

(
ω 1 1
1 ω 1
1 1 ω

)
, ω = ei2π/3.

It can be readily verified that the most general Majorana m
term which is consistent with the above symmetry isMR =
M0∆, whereM0 is a high mass scale and∆ is the 3× 3 de-
mocratic matrix,∆ij = 1. We now assume that theZ3 × S3
symmetry is softly broken intoS3, so that the right-handed Ma
jorana mass matrix has the form

(39)MR = M0(∆ + ε1),

where |ε| � 1. One can easily verify that the eigenvalues
this matrix lead to required spectrum:M1 = M2 = |ε|M0 and
M3 � 3M0. The parameterε reflects here the hierarchy betwe
the scalesM3 andM1,2. Note that assuming|ε| � 1 is natural
in the ’t Hooft sense[27], since in the limitε → 0 the matrix
MR acquires a larger symmetry, namely,Z3 × S3.

Next, we consider another possible explanation for the
generacy inMi , based on Abelian symmetries. In fact, one
the most popular schemes considered to explain the ferm
mass and mixing patterns is the Froggatt–Nielsen me
nism [28] with spontaneously broken Abelian flavour symm
tries [29]. Such flavour symmetries are assumed to be bro

3 It is interesting to note that thisZ3 symmetry is the minimal discrete sym
metry which leads to a scenario with extended flavour democracy[25,26].
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by 〈X〉/M∗ = ε � 1, whereX is a scalar field andM∗ is the
fundamental mass scale of the theory. In order to try to exp
the required heavy Majorana neutrino mass spectrum, we
sider in the context of a supersymmetric theory a model w
two Abelian flavour symmetriesU(1)X × U(1)X′ . The two
scalar fieldsX andX′ are assumed to have chargesQ(X) =
(−1,−1) andQ(X′) = (0,1) underU(1)X × U(1)X′ . In this
case, the effective superpotential contains the following n
renormalizable terms for the heavy Majorana neutrino mas

WN = cijMB–L

(
X

M∗

)xij
(

X′

M∗

)xij −x′
ij

NiNj ,

(40)x
(′)
ij = n

(′)
i + n

(′)
j ,

wheren
(′)
i is the charge ofNi under theU(1)X(X′) symmetry.

Thecij are order one coefficients not determined by the flav
symmetry andMB–L is the typicalB–L breaking scale. Afte
spontaneous breaking of theU(1), the heavy Majorana neutrin
mass matrix is given by

(MR)ij = cijMB−Lε
xij

1 ε
xij −x′

ij

2 ,

(41)ε1 = 〈X〉
M∗

, ε2 = 〈X′〉
M∗

,

with ε1,2 � 1. Since the appearance of non-renormaliza
terms with negative powers of the superfieldsX andX′ is for-
bidden by the holomorphicity of the superpotential, theU(1)

chargesn(′)
i have to be such thatxij � 0 andxij − x′

ij � 0. Oth-
erwise,cij must be set to zero (holomorphic zeros)[30]. This
property can be used to justify a heavy Majorana mass s
trum of the type:M1 = M2 � M3 � MB−L. Indeed, it is easy
to see that imposing the conditions

xij � 0∧ xij − x′
ij � 0, (i, j) = (1,2), (3,3),

(42)xij < 0∨ xij − x′
ij < 0, (i, j) �= (1,2), (3,3),

one obtains the following structure:

(MR)12 = c12ε
x12
1 ε

x12−x′
12

2 MB−L,

(MR)33 = c33ε
x33
1 ε

x33−x′
33

2 MB−L,

(43)(MR)ij = 0, (i, j) �= (1,2), (3,3),

which leads toM1 = M2 = |(MR)12| and M3 = |(MR)33|.
There is, however, a caveat on this approach. It is well kn
that in these schemes, besides the usual canonical termsN

†
i Ni ,

the Kähler potential receives non-renormalizable contribut
involving powers ofX/M∗ and X′/M∗. As emphasized in
Ref. [31], these extra terms may fill the supersymmetric
ros corresponding to negative powers of the scalar fields in
superpotential. This is a consequence of the superfield re
initions which bring back the Kähler potential to the cano
cal form. As a result, the superpotential couplings get m
fied [32]. In the present case, one can show that, after theU(1)

spontaneous symmetry breaking, the Kähler potential read

(44)K = N
†
i CijNj , Cij = (

δij + kij ε
|aij |
1 ε

|a′
ij |

2

)
,

n
n-

-
s

r

c-

n

s

-
e
f-

-

wherekij are coefficients,aij = nj − ni anda′
ij = nj − ni +

n′
i − n′

j .
Obviously, the transformation which redefines the sup

fields Ni to the canonical basis will depend on the choice
the chargesni andn′

i . For illustration, let us take the followin
set ofni andn′

i charges

(45)ni = (2,−1,0), n′
i = (3,−4,0),

which obey the conditions given in Eq.(42), and let us assum
ε1 � ε2 ≡ ε. From the above charge configuration it follow
that the uncorrectedMR leads toM1 = M2 � ε3MB–L and
M3 � MB–L. One can show that the redefinition of the hea
neutrino superfields performed to recover the canonical f
of the Kähler potential lifts the degeneracy betweenN1 and
N2 with a correspondingδN = M2/M1 − 1 ∼ ε3. Therefore,
in this case the radiative leptogenesis framework would m
sense only if the RG corrections toδN (cf. Eq. (11)) are larger
thanε3. Clearly, this will depend on the size of the Dirac ne
trino Yukawa couplings. To conclude, it is worth emphasiz
that if one invokes this kind ofU(1) flavour symmetries to ex
plain degenerate or quasi-degenerate spectra, as it is in the
of resonant leptogenesis, these effects should be properly
into account.

5. Conclusions

We have presented an appealing and economical sce
of resonant leptogenesis, based on the radiative generati
the leptonicCP asymmetries. In particular, we have studied
mechanism of radiative leptogenesis[14] in the more genera
3 × 3 SM seesaw framework with a heavy Majorana neutr
mass spectrumM1 � M2 � M3. We have shown that even fo
simple flavour structures of the Dirac neutrino Yukawa c
pling matrix, one can successfully generate the cosmolog
baryon asymmetry and, simultaneously, accommodate the
energy neutrino data. The key ingredients for the viability of
mechanism are the heavy Majorana mass splitting and theCP-
violating effects induced at the leptogenesis scale by renor
ization group corrections. As far as leptogenesis is concer
our conclusions are quite independent of the specific value
the heavy Majorana mass scalesM andM3, as well as of the
degeneracy scaleΛ. We have also seen that the mechan
works in a wide region of the low-energy neutrino param
ter space. In contrast with the minimal seesaw scenario
only two heavy Majorana neutrinos, we have concluded tha
present framework is compatible with a fully hierarchical lig
neutrino mass spectrum. Furthermore, from the simple limi
cases considered, an upper bound on the lightest neutrino
m1 � 0.03 eV was obtained. Obviously, this bound is expec
to get modified if one considers non-minimal structures for
neutrino Yukawa coupling matrix.

We have also presented a brief discussion on possible
metries which could lead to an exact mass degeneracy bet
N1 andN2 at a high-energy scale. For instance, the soft bre
ing of a specificZ3×S3 symmetry toS3 by a small parameterε
naturally leads to a heavy Majorana mass spectrum of the
M1,2 = εM3. Alternatively, flavour structures based onU(1)
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Abelian symmetries can also explain such a degeneracy. H
ever, as it was stressed, the application of such symmetri
explain exact or quasi-degenerate mass spectra should be
with care. Indeed, one should properly take into account
corrections which appear when the Kähler potential is brou
to its canonical form by a redefinition of the heavy Majora
neutrino fields.
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