Available online at www.sciencedirect.com

SCIENCE @DIREOT@
PHYSICS LETTERS B

=
ELSEVIER Physics Letters B 633 (2006) 336—344

www.elsevier.com/locate/physletb

Enlarging the window for radiative leptogenesis

G.C. Brancd, R. Gonzélez Felip&, F.R. Joaquiri, B.M. Nobre?

@ Centro de Fisica Tedrica de Particulas, Departamento de Fisica, Instituto Superior Técnico, Av. Rovisco Pais, 1049-001 Lisboa, Portugal
b Dipartimento di Fisica“ G. Galilei”, Universita di Padova, and INFN, Sezione di Padova, Via Marzolo, 8, 1-35131 Padua, Italy

Received 15 November 2005; accepted 23 November 2005
Available online 6 December 2005
Editor: G.F. Giudice

Abstract

We investigate the scenario of resonant thermal leptogenesis, in which the leptonic asymmetries are generated through renormalization gro
corrections induced at the leptogenesis scale. In the framework of the standard model extended by three heavy Majorana neutrinos with mass
M1 = M> < M3 at some high scale, we show that the mass splittingGiiolating effects induced by renormalization group corrections can
lead to values of th€P asymmetries large enough for a successful leptogenesis. In this scenario, the low-energy neutrino oscillation data can alsc
be easily accommodated. The possibility of having an underlying symmetry behind the degeneracy in the right-handed neutrino mass spectrum
also discussed.

0 2005 Elsevier B.V. All rights reserved.

1. Introduction no direct link between the sign of the baryon asymmetry and
low-energy leptonicCP violation can be established, unless ex-
Among the viable mechanisms to explain the matter-ra assumptions are introduced.
antimatter asymmetry observed in the universe, leptogenesis In a more economical framewof&], where only two heavy
[1] has undoubtedly become one of the most compelling oneMlajorana neutrinos are present, one is left with eleven high-
[2,3]. Indeed, its simplicity and close connection with low- energy parameters, three of which are physical phases. But
energy neutrino physics render leptogenesis an attractive arsihce in this case one light neutrino is predicted to be mass-
eventually testable scenario. Unfortunately, even in its simpledess, there remain only seven independent low-energy neutrino
realization through the well-known seesaw mecharigjnthe  parameters, two of which ar@P-violating phases. Thus, ad-
theory is plagued with too many parameters. To appreciatditional assumptions are usually required to completely deter-
this point, let us recall that in the framework of the standardmine the high-energy neutrino sector from low-energy observ-
model (SM) extended with three heavy Majorana neutrinosbles. Typical examples are the introduction of texture zeros in
N; (i =1, 2, 3), the high-energy neutrino sector, characterizedhe Yukawa matrices or the imposition of symmetries to con-
by the Dirac neutrinosp) and the heavy Majorana neutrino strain their structurg?7]. In this respect, the heavy Majorana
(M) mass matrices, has eighteen parameters. Of them, onheutrino masses are rather unconstrained: they can range from
nine combinations enter into the seesaw effective neutrino magke TeV region to the GUT scale, and the spectrum can be hier-
matrix mDMglmI), thus making difficult to establish a direct archical, quasi-degenerate or even exactly degengghtBe-
link between leptogenesis and low-energy phenomendllgy  spite this arbitrariness, the heavy Majorana neutrino mass scale
Furthermore, there are sBP-violating phases which are phys- (and, consequently, the seesaw scale) turns out to be crucial for
ically relevant at high energies, while only three combinationsa successful implementation of the leptogenesis mechanism. In
of them are potentially observable at low energies. Thereforgarticular, the standard thermal leptogenesis scenario with hi-
erarchical heavy Majorana neutrino masskés & Mz < M3)
R requiresM1 > 4 x 108 GeV [9], if Ny is in thermal equi-
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M1 > 2 x 10° GeV[10] for a zero initialN; abundance. Since 2. Radiative leptogenesis

this bound also determines the lowest reheating temperature al-

lowed after inflation, it could be problematic in supersymmetric In the SM extended by the addition of three right-handed
theories due to the overproduction of light particles like theneutrinos, the relevant Yukawa and heavy Majorana neutrino

gravitino. mass terms in the Lagrangian are
Nevertheless, it is important to note that the above bounds 1
are not model independent in the sense that they can be avoide@gc 1. Y¢€r¢® + v, Y, N¢° — ENTCMRN +H.c., (1)

if the heavy Majorana neutrino spectrum is no longer hierar- . .
chical. Indeed, if at least two of thd; are quasi-degenerate where¢ andv refer to the charged-lepton and neutrino fields,

in mass, i.e.,M1 ~ My, then the leptonicCP asymmetry rel- respectively (family iqdices are omitted); and Yv. are the'
evant for leptogenesis exhibits the resonant behavigur charggd-lepton and Dirac neutrino Yukawa Couplmg matrices
M1/(M2 — M1) [11,12] In this case, it is possible to show that and¢ der_10tes th_e neutral componenF of the SM _nggs dou-
the upper bound on theP asymmetry is independent of the blet. After integrating out the heavy Majorana neutriddsthe

light neutrino masses and successful leptogenesis simply rgght n.eut_rlno rtr:ass matrix, resulting from the seesaw mecha-
quiresM1 » to be above the electroweak scale for the sphaleroﬁ"sm' IS given by

interactions to be effective. Of course, having such a degeneragyy — 2y, M;?lYuTv V= <¢0>' 2)
in the neutrino masses requires a compelling justification. Not ) _
being accidental, the quasi-degeneracy may arise, for instance, " the basis wher& andMy, are diagonal, all the parameter
from some flavour symmetry softly broken at a high s¢&8j. space can be conveniently spanned through the parametrisa-
Another possibility which has been recently explojd, 15] tion [16],
relies on the fact that radiative effects, induced by the renor- 1
> . . Y, ==
malization group (RG) running from high to low energies, v
can naturally lead to a sufficiently small neutrino mass splity,nere 7 — diagim1, moe'®, mae'?), D = diag(M1, Mo, M3);
ting at the leptogenesis scale. In the latter case, non—vanishir;gi are the light neutrino masses amds are Majorana phases.
and sufficiently largeCP asymmetries, which are proportional tha matrixr is an arbitrary 3< 3 complex orthogonal matrix,

to the charged-leptom Yukawa coupling and weakly depen- hich can be parametrised in terms of complex angies
dent on the heavy Majorana neutrino mass scale, are generated.

UdY?RDY?, ()

Although in the SM framework the resulting baryon asymme- cicz $1€2 52
try turns out to be (by a factor of two) below the observedR = | —sic3 —c1s253  c1c3 — 515253 c253 |, (4)
value [14], this mechanism can be successfully implemented —C152C3 + §153  —S182C3 — €153 €2C3

in its minimal supersymmetric extension (MSSMp]. How- wheres; = siné;, ¢; = cosd;. Finally, the matrixU is the stan-

ever, it is worth emphasizing that the above results have beej, Pontecorvo-Maki-Nakagawa—Sakata (PMNS) leptonic

obtained in a minimal seesaw scenario with only two heavyTixing matrix, which contains th€P-violating Dirac phasé.

neutlrllrlqus. In sutch a S(aie’ low see;_saw ?catl)es requ(ljr;\a/ extremeiums out that the parametrisatid) is also particularly
small Dirac neutrino Yukawa couplings for bath andz, in convenient to disentangle tieP-violating phases relevant for

order to avoid too large low-energy neutrino masses. One m%ptogenesis from the low-energy phases. Indeed, the combina-
therefore ask whether the above problems can be overcome

a more realistic scenario where the effects of a third heavy Ma-
jorana neutrinaVs are also taken into account. H= YUTYV — ile/zRT|d|RD1/2, (5)

The purpose of this Letter is to further investigate the sce- v
nario of radiative leptogenesis proposed in R&4], in which ~ which appears in physical quantities associated with leptogen-
the leptonicCP asymmetries are generated through RG correc€sis is only sensitive to the phasesRnand not to the phases
tions induced at the leptogenesis scale. In the framework of the, 8 andé. In terms of the matrix elements &, the matrixH
standard model extended by the addition of three heavy Majoeads as
rana neutrinos with masséf = M> < M3 at some high scale, \/W 3
we show that the mass splitting induced by the running of thet;; = *—— > miR}
heavy neutrino masses can lead to values ofGReasymme- v k=1

tries large enough for a successful leptogenesis. In this scenario, | ¢t ys now discuss how the resonant leptogenesis mecha-
the observed baryon asymmetry and low-energy neutrino osciism works in the present framework. We assume an exact de-
lation data can be easily reconciled. Moreover, since the resuliganeracy of two heavy Majorana neutrinos, so #at= M, =

depend very weakly on the gap between the degeneracy and lepr a7, at a scalet, which is higher than the decoupling scale
togenesis scales, low right-handed neutrino masses and rehegfthe heaviest neutrindys. The parameter

ing temperatures are acceptable, thus avoiding the well-known

problem of overproduction of relic abundances in early uni-s,, = Mz _ 1, (7)
verse. Finally, we shall also comment on possible symmetries My

which could explain the degeneracy of right-handed neutrin@uantifies the degree of degeneracy betwagnand M. at
masses at high energies. lower scales. Assuming that the interactions involviNg 2

1
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are in thermal equilibrium at the time the heaviest neutrinarequirement R€H12) = 0 leads to a constraint on one of the
N3 decays, only the leptoniCP asymmetries generated in the physical phases df . This should not come as a surprise. In-
out-of-equilibrium decays oN; and N> will be relevant for  deed, the correct counting of independ€m:-violating phases

leptogenesis. These asymmetries are given by always requires that one chooses an appropriate basis.
) 5 « -1 We now proceed with the estimate of the radiatively induced
6~ Im[H3,] (1 i ) CP asymmetries at the leptogenesis scale: M [14]. At a
/7 167 H; ;8N amzs5 ) given scaleu, the degeneracy parametty is approximately
H.: M: o _ given by
;= ; S Lj=12G#)), (8)
T S (t) = 2(Hzz — Hi)t. (11)

where I are the tree-level decay widths. Notice that E@. . From this simple expression we see that the lifting ofAheN»

n ; :
. : neracy requir Hj1. Moreover, evenif atth n-
of two nearly degenerate heavy Majorana neutrifidg. In degeneracy requireitz; 7 Hyy. Moreover, eve if at the dege
- : eracy scaleA one has ReH12) = 0, a non-vanishing real part
the present framework, a sufficiently small heavy neutrino mass

splitting will be generated through the RG running effects. TheWIII be generated by quantum corrections. From H@$.and

latter turn out to be crucial in this cafk4,15,17] (10) we find
The evolution of the right-handed neutrino masses and th . 35 *

Dirac neutrino Yukawa matrix is given at one-loop i3] ﬁe[HZl(t)] - Re[(Yv)31(YU)32]t. (12)
dM; Thus, neglecting the RG running of (ifi21), one has for the

TR 2M; Hii, CP-violating part appearing in the leptonic asymmetries,

2 ~ 2

av, [, _ §g§ B 985 3 (ror! = vy |v +ra. (9 Im[HZ(1)] ~ —3yZ Im[ H21(0) | Re[ (Y1) 31(Y)32]t, (13)

dt 4 4 2 . .
wherey, is thet Yukawa coupling. In terms of the elements

where of R, the quantity RKY,)3,(Y,)32] reads as
t ! IN(/A) 8

= ——In(u/4), M

167 ! . . . R (Y)5(Yaz] = —5 D /it R R} R j2U3 Us; . (14)

T =3Tr(Y,Y,)+3Tr(YsY,) + Tr(YeY,) + Tr(Y,Y,)), i,j=1

Yu.qa are the up-quark and down-quark Yukawa matrices andiere, the dependence of the radiatively induced/Rg) on the
gv.2 are the gauge couplings. The matrixis anti-Hermitian low-energy parameters is evident through the presence of the

with light neutrino masses; and the elements of the third row of the
mixing matrix U. We also notice that only a small dependence
Ajj =0, on the mixing parametdy.3 is expected.
M;+ My My —M; Substituting Eqs(11) and (13)into Eq. (8) we obtain the
Aji= m Re(H i) +i m Im(H ji) following expressions for the lepton@@P asymmetries:
=—A%. (10) g~ 822(1 + D217 Y, (15)

As is clear from the above equation, to avoid the singularity Ofvvheresg , are the uncorrecteGP asymmetries and; » are

A1 at the degeneracy scale, we must require R&f12) =0.  ¢orrection factors which include the effects of the heavy Majo-
This condition can always be guaranteed without loss of geneg;n4 decay widths

ality. Indeed, whenf; = M5 there is the freedom to rotate the
right-handed neutrino field§; » with a real orthogonal matrix ¢ 3y2 Im(Ho1) Re[(Y,)5,(Y))32]

. o~ 1
that does not chang¥ g, but rotatesy,, to the appropriate ba- 1= 321 H;j(H — H1y) (16)
sis[14,15] In terms of the parametrisati@), this is equivalent 1 H2
to a redefinition of the real part of the complex angleln this  p . JJ (17)

sense, Re; is no longer a free parameter, i.e., it is constrained 77 (321)2 (Hpz — H1p)%1?
by the condition ReH12) = 0. We note that the leptoniCP asymmetries do not depend ex-
At this point it is worthwhile to comment on the number of plicitly on the heaviest mas&3. Moreover, if the corrections
physical parameters in the high-energy neutrino sector. Frordue to the inclusion of the decay widths in the propagators are
the previous analysis itis clear that in the case of two degenerateegligible, i.e.,D; « 1, the asymmetries are also independent
heavy Majorana neutrinos, there remain 16 physical parameteof the mass\ of the two lightest right-handed Majorana neu-
out of 18. A similar conclusion can be easily drawn by para-trinos.
metrising the Dirac neutrino Yukawa coupling matrix in the  The expressions for the lepton@P asymmetries in terms
general formY, = VY. HereV is a unitary matrix contain- of the parameter are quite long. Therefore, we will consider
ing 3 CP-violating phases andl, is a lower triangular matrix some interesting limiting cases for which simple analytical ex-
with real diagonal entries and having in general 3 phases ipressions can be obtained and the viability of the present mech-
the off-diagonal5]. It is then straightforward to show that the anism is readily demonstrated. The simplest cases are clearly
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those with a single non-vanishing parameéteSinced; = 6, = (21) and (22)ne gets that1 2 o« m2 — m1 which explains the
0 andf1 = 63 = 0 imply H12 = 0, these would lead to vanish- suppression of the baryon asymmetry #or ~ m». This is the
ing asymmetries. Thus, we are left with the case-03 =0, case of quasi-degenerate or inverted-hierarchical light neutri-

which we consider next. nos. In conclusion, wheé, = 63 = 0 and the light neutrinos
are hierarchical, one can expect an interval of intermediate val-
2.1. Thecasebr, =63=0 ues of the lightest mass; for which the radiative leptogenesis
mechanism could lead to a sufficient baryon asymmetry.
Since in this case the condition G#2) = 0 implies that In contrast to what happens in the standard thermal leptoge-

the complex angl®; is purely imaginary, i.e.f1 = iw1, the  nesis scenario, thEP-asymmetries in the present framework
elements of the matri¥ relevant for leptogenesis are simply depend explicitly on the PMNS mixing matrixX. In the sim-

given by ple case under analysis, this dependence appears through the
M combination R€U3,Us1) as shown in Eqg21). Thus, the final

Hi1= —2(m1 costf wy + ma sink? wl), value of the baryon asymmetry will depend on the particular
UM values ofU,3 and the low-energZP-violating phasesg, 8 and

Hop = —2(m1 sintf wy + m2 costt w1), 8 (as well as on the neutrino mass-squared differences and the
UM solar and atmospheric mixing angles, which, however, we as-

Hyip= iﬁ sinh(2w1) (m1 + m>), (18)  sume already fixed by the data).

so that

" 2.2. Thecasem1 =0
Hi1 — Hzo = —5 (m1 = m2). (19)
In spite of all the major experimental advances in the mea-
rement of the neutrino mixing parameters, no information
about leptonicCP violation is available yet. While the Dirac
phases can be potentially measured in future neutrino oscil-
lation experiments, the only hope for probing the Majorana

Itis interesting to note that there is a direct connection betweegu

the induced heavy Majorana mass splitting param&te(cf.

Eq.(11)) and the low-energy neutrino mass spectrum.
Below the degeneracy scale Hj, develops areal part pro-

portional to phasesx and 8 seems to reside in neutrinoless douBle&e-
M cay processes, which if observed, could provide only a single
Re[(¥1)31(Y1)32] = P2 V2 Re(U3,Us1)- (20)  constraint on these phasg®]. In practical terms, this means
According to Eq.(16), the uncorrected leptonicP-asymme- that one cannot pen_‘orm a p_erfect experimgnt to C(_)mpletely
trieSS(lJ andsg are then given by determine the effect_lve _neutnn_o mass matxt from mpgt
data. Nevertheless, if this matrix appears to be constrained so
0. 3y2 (m1+ my)/mmz sinh(2w1) Re(U3,U31) that the number of independent parameters is reduced, then
1= 64 (m1 — m2)(my cosif wy +maosinttwy) it is reasonable to require this constraint to be weak-basis in-
2 ; * dependent. One example of such a constraint is the condition
€9~ 3y; (m1 4 m2)s mame Sinh(2wy) RetUspUsy) (21)  detM = 0[20]. In this case, a massless neutrino is predicted
647 (m1 —mp)(mySintf wy + mz costf wy) and the spectrum is fully hierarchical. As already mentioned,
The corrections due to the inclusion of the heavy Majorana newa similar situation is verified in a minimal seesaw framework
trino decay widths are obtained from E47), with only two right-handed heavy Majorana neutrinos, which

P int? 2 automatically leads te:; = 0. It is therefore of interest to in-

Dy~ [Z m1 COSIT wy + m2SIn “)1} vestigate whether the present mechanism is compatible with the
2 (mz—m1)In(A/M) above light neutrino mass spectrum.
7 my Sint w1 4 my cosf wy 12 .F_irst we notice that i_n the case thay = O, the so-called

Dy~ | - (22)  minimal seesaw scenario, which corresponds to the two heavy
2  (mag—my)In(A/M) ) . .. h .

o . . Majorana neutrino limit, can be obtained by settifig=
Itis interesting to analyse how tKiEP—asymmetrlemyz behave ;. g, = 7/2 and@s = 0. Therefore, to present our analyti-
in some limiting cases. First, we notice that fei = 0, the ¢4 results we consider the simplest generalisation of the latter

quantitiese , vanish and no lepton asymmetry is generatedcase by lettings, = w, to be an arbitrary real parameter. We
Consequently, in this case a lower boundmn is expected  then find

in order to reproduce the observed baryon asymnieBy. the
other hand, being‘l) , proportional to(mz — m1)~1, one could M
expect an enhancement in the limig ~ m,. However, in this ~ Hi1= —; (m2Sint? w1 + m3costf w1 sinf ),
case the corrections due to the heavy Majorana decay widths

become important, sinc@1 2 o (m2 — m1) 2. From Eqgs(15),

M . .
Hpp = — (m2costf w1 + masint? oy sin wy),
v

1 Thisis no longer tru_e in the most general cégg # 0, as confirmed by the Hio= iﬁz sinh(2w1) (m2 + m3 sin2 a)z). (23)
results of the next section. 2v
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Moreover, neutrinos, it will be converted into a baryon asymmetry by non-
M perturbative sphaleron interactions. The efficiency in producing
Hi1— Hoo = ") (=m2+m3 sir? w2) (24)  the asymmetry is controlled by the parameters
~ 2
m; - veH;;
and K="l = (30)

N N M . " My M;
Re{ (Y051 (Y)s2] = pz Y mamssines Re(Us;Us3).  (29) where m, ~ 103 eV is the so-called equilibrium neutrino
From the above equations it is clear that, contrarily to what hapmass. The resulting baryon asymmetry can be estimated as
pened in the previous case where the radiatively genesated _
and RéH1) depended exclusively on low-energy parameters!’? =~ —10"% (k161 + k2e2), (31)
these two quantities depend now also on the structure of the owherex; < 1 are the efficiency factors, which account for the
thogonal matrixk through the parameter,. washout effects. An accurate computation of these factors re-
The IeptonioCP—asymmetriesfJ are given in this case by ~ quires the solution of the relevant Boltzmann equations. In our
numerical calculations we make use of the Boltzmann equa-

2 . .
€9~ 3y7 /mamsSsinw, sinh(2wy) tions derived in Ref[12], which are appropriate for resonant

647 (—mp + m3Sif wp) leptogenesis and, therefore, suitable to the cases considered

(m2 + m3sinf wy) Re(U%,U33) here. We also remark that leptogenesis in the present frame-

work always occurs in a strong washout regime. Indeed, from
Eqgs.(18), (23) and (30it follows that

2.1/2
Bme)7™" g, (32)

X 9
(m2 SintP w1 + m3 costf wq SINE w»)
3)’12 J/mam3 Sinws Sinh(2w1)
647 (—mp + m3Sirf wp) Ki+K>> Ko =
(m2 + m3Sir? wp) Re(U%,U33) M
(26)  In this situation, the simple decay-plus-inverse-decay picture is
applicable and the final baryon asymmetry is essentially inde-
and the factors); read pendent of the initial condition@2].
T Our numerical computations proceed as follows. We start at

0~
g5

X 9
(m3 costf w1 + ma sinkf wq SN wy)

u = Mz with the best-fit values for the solar and atmospheric

N [n ma sinkf w1 + m3 costf w1 Sirf wy
neutrino oscillation parametef23]:

2 (—=m2+m3Sirfw) IN(A/M)
[ macosif wy + masint? vy Sir? w, 2
a [5 (—m2 + m3sir? wz) IN(A /M) } '
As expected, whewy = /2 the results of the minimal see-
saw scenario considered[itd,15]are recovered. Thus, the new For a given set ot/,3, m1 and CP-violating phases, the low-

contributions coming from the mixing with the heaviest Ma- energy effective neutrino mass matixd = U diagm1, mo,
jorana neutrinoNs turn out to be crucial in this case for the m3)U* is constructed. For the hierarchical (inverted-hierarchical)

(27)  tarf61,=045 ~ Am2 =80x10"°eV?
tarf 63 = 1.0, Am2=25x 103 eV2 (33)

mechanism to be viable. neutrino mass spectrum the lightest neutrino maggms) is

From Egs.(26) and (27)it is clear that the leptoni€P-  an input parameter. The two remaining masses are
asymmetries; vanish when

y ' m%:m%—i—Amé, m%:m%—}—Amé—i—Amg

2\ 1/2
Sifwy = ma2 _ Amg , (28)  for a hierarchical spectrum, and
ms3 Amg
m%:m§+Am§—Amé, m%:m§+Am§

where Am2, and Am? are the mass-squared differences mea-
sured in solar and atmospheric neutrino oscillation experiment§or an inverted hierarchy. For a particular choice of the input pa-

respectively. For values of, close to the above value, the con- rameters, the RG equations for the neutrino masses and mixing
tribution of the coefficientd; becomes relevant. We also note angles are solved up to the degeneracy scale, which we consider

that for small values o, one has1/e» ~ cotffwy > 1. to be A ~ 106 GeV. At this stage, we do not consider the run-
ning effects due to the Dirac neutrino Yukawa couplings above
3. Numerical results and discussion the mass of the lightest heavy Majorana neutrino. We then de-

fine Y, atthe scalet as in Eq(3), using a specific pattern f&t
The most recent WMAP results and BBN analysis of theand fixing the values o#7; = M> = M. The value ofM3 > M

primordial deuterium abundance imgB&4] is fixed by requiring the largest Dirac neutrino Yukawa coupling
n to be equal to the top-quark Yukawa coupling For the sim-
ng = LA (6.14+0.3) x 10719, (29) plest viable scenario wheR is parametrised by; = iw; and
"ty 62 = 63 = 0, this is equivalent td/3 = y?v?/ms.

for the baryon-to-photon ratio of number densities. In the lep- All the couplings and masses are subsequently evolved down
togenesis framework, once a lepton asymmetry has been geto the scalex = M, considering also the decoupling 8%. At
erated by the out-of-equilibrium decays of the heavy Majoranahis scale the baryon asymmetry is computed as described at
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;
M = 10° GeV 58x107"0<n < 6.4x 107"

Ue3 =02

M=10"Gev , U, =02
M=10""Gev, U =02
______ M=10°GeV ,U _=0.0
e3
e

[ M=10""Gev,U_ =00

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 1. The baryon asymmetry as a functionaf in the casedp = 63 = 0 for U,3 = 0,0.2. On the left, the regions in th@v1, m1)-plane where the value of
ng > 5.8 x 10710, The results are presented ff = 10°, 1010 GeV. The maximal value ofz as a function of the lightest neutrino mass is shown in the
right plot for the same values @f,3 and M = 10° GeV. The dash-dotted line corresponds@)aX as a function ofnz for an inverted neutrino mass spectrum
m3<mjq<my.

the beginning of this section. Obviously, the two heavy Majo-from Egs.(21) and (22thate; >~ e and D1 >~ D> > 1. As a
rana neutrinogVy and N2 are no longer degenerate at= M consequence, the generated leptdPicasymmetries are sup-
due to radiative effects. Moreover, a non-triviaP-violating  pressed b)Am% and grow with Irf(A /M),

part is generated due to the running f. We also evolve 5
_ 3y2 Amfsinh2w1)Re(U5,U31) In2<A) (34)

the effective neutrino mass operator frath down toMz in . ~,
M

order to check whether the inclusion Bf and threshold cor- 1673 m2(2cosRwy — 1)3

rections in the top-down running affects the values of the neu- |, s sjtuation, the expression for the baryon asymmetry is
trino parameters initially considered. If so, the parameters at thﬁpproximately given by

degeneracy scalé are accordingly changed to achieve conver-

gence. 1 Am? 0.05eV\?
In Fig. 1we present the results of our numerical analysis for'? =4x10 (8 x 10—° ev2> ( mi )
the.cas_eﬂz =63 = 0. The plot on the left shows the allowed Sinh2w1)Re(UL,U31) , [ A
region in the(w1, m1)-plane whereyp can be larger than the X 2cosReor — 1) (H) (35)

lower bound given in E¢29), i.e.,nz > 5.8 x 10710, The con-
tours are given foU,3 = 0 andU,3 = 0.2. The filled region In particular, for an inverted hierarchy withy ~ \/Am?2 ~
was obtained following the full numerical procedure and con-0.05 eV, one can show thafz is maximal whenms = 0,
sideringM = 10° GeV. Changing the scal#/ to 10'° GeV w1~ 0.3 and R€U3,Us1) =~ 1/4. Thus,np is bounded by
does not alter the results significantly, as can be seen from A

the figure. This interesting feature of our scenario can be unp, <3 x 10‘13In2<—>. (36)
derstood by noting that the uncorrecte®-asymmetries given

in Egs.(21) are independent a#/ and A. From the analysis \When M = 10° GeV and A = 106 GeV, this upper bound

of the plot we conclude that in this simple scenario radiativecorresponds to the plateau shown in the right plofig. 1,

leptogenesis is compatible with the observed baryon asymmetained numerically for an inverted neutrino mass spectrum.

try, provided that the lightest neutrino mass is in the range Similar plots are shown irFig. 2 for the casem; = 0,

2x10°eV<m1 <3x102eV. 01 = iw1, 2 = wo and #3 = 0. On the left, we present the
The maximal value ofyp as a function ofm; is shown allowed regions in théw1, wy)-plane where the lower bound

in the right plot of Fig. 1 for the same values of/.3 and  ;; = 5.8 x 10719 can be attained. As iRig. 1, we takeU,3 =

M =10° GeV. It is interesting to note that far; <103 eV,  0,0.2, M = 105, 1010 GeV andM; = 10 GeV. As expected,

the contributions coming from the decay widths are negligiblethere are two distinct allowed regions separated by the line cor-

D12 < 1. This explains the small dependence of the resultsesponding to the value af, given in Eq.(28), w, ~ 0.44,

on the mass scal/. Moreover, in this regiore1 > ¢2 and  where the leptonic asymmetries vanish. As can be seen from

K2 ~ Ko > K1, so that the washout is dominated by the in-the figure, for values oé» close to the above value there is a

verse decays alz. On the other hand, fony ~ 1072 eV one  clear dependence on the mass paramigteFhis has to do with

hasD1 >~ D, ~ 1 and the decay width corrections start to be-the fact that in that region the corrections due toAhe decay

come relevant. widths are significantDy 2 2 1. The maximal value ofjz as a
Finally, wherm >~ m2, which corresponds to quasi-degene- function of w, is shown in the right plot for the same values of

rate or inverted-hierarchical light neutrinos, it follows directly U,z andM = 10° GeV.
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Fig. 2. The baryon asymmetry as a functionugf andws in the casenq = 0,63 = 0 for U,z = 0,0.2; M = 10°, 1019 GeV andM3 = 10 GeV. The line and
colour schemes are the same as usdddnl On the left plot, the region in thev1, w,)-plane where the value ofy > 5.8 x 1010 is shown. The maximal value
of ng as a function ofv, is shown in the right plot for the same valuesigfz andM = 10° GeV.

From the previous analysis we conclude that radiative leptoton sectors of the full theory is beyond the scope of this Letter
genesis in the framework of the SM extended with 3 heavy Maand will be presented elsewhere.
jorana neutrinos is compatible with a hierarchical light neutrino  Let us assume that there i¥g x S3 symmetry, under which
mass spectrum. As anticipated by the analytical calculationghe right-handed neutrino fieldg; transform in the following
the small sensitivity of)p to the value ofU.3 is confirmed by  way:
our numerical results. This can be readily seen by comparing
the curves fol/,3 = 0 and 02 in bothFigs. 1 and 2 Z3.N; — PijNj,

S3: N1 — N2, Np — N3, N3 — Nj, (37)
3' On a symmetry behind the heavy Majorana neutrino where the matrixP, which defines the transformation proper-
egeneracy ties of theN; under theZz symmetry, is given by
; ; 1 1
An essential aspect of the resonant leptogenesis framework 1(¢ i27/3
is the requirement of having two quasi-degenerate heavy nef. =i W, W=g3 i ‘i 1), o=e : (38)
w

trino masses. In the radiative leptogenesis scenario, this quasi-
degeneracy is generated by RG corrections, starting from a sitt can be readily verified that the most general Majorana mass

uation where there is an exact degeneracy between the healgrm which is consistent with the above symmetryMs =
Majorana neutrino masses. This is, in our opinion, one of théfoA, whereMg is a high mass scale amdl is the 3x 3 de-
most natural frameworks for the implementation of resonantnocratic matrix,A;; = 1. We now assume that th&z x S3
leptogenesid. It is therefore important to investigate whether symmetry is softly broken int6s, so that the right-handed Ma-
this can be achieved by an underlying symmetry principle.  jorana mass matrix has the form

First, we should remark that, in order for our mechanism
to work, any symmetry leading to exact heavy Majorana neuMr = Mo(A + €1), (39)
trino degeneracy betweelN; and Nz has to be such that \yhere|e| « 1. One can easily verify that the eigenvalues of
Hi1— Hp2 # 0. This is crucial in order to radiatively generate this matrix lead to required spectrumify = My = |e|Mo and
the mass splitingy, as can be seen from EQL1). More-  j7, ~ 3p7,. The parameter reflects here the hierarchy between
over, Egs.(12) and (13)require R¢(Y,)3,(Yv)32] # 0 and  the scalesiz and My ». Note that assuming| < 1 is natural
Im[H12] # 0, otherwise th€P-violating effects needed forlep- jn the 't Hooft sensd27], since in the limite — 0 the matrix
togenesis will be highly suppressed. My acquires a larger symmetry, namelig x Ss.

We now address the question of whether the degeneracy in Next, we consider another possible explanation for the de-
the heavy Majorana nel_Jtrino mass spectrum_ could reflect th@eneracy inM;, based on Abelian symmetries. In fact, one of
presence of an underlying symmetry at a high-energy scalghe most popular schemes considered to explain the fermion
We shall briefly comment on two possible scenarios, based og55s and mixing patterns is the Froggatt—Nielsen mecha-
simple discrete or Abelian symmetries. The more ambitiousism [28] with spontaneously broken Abelian flavour symme-
program of extending these symmetries to the quark and leRries [29]. Such flavour symmetries are assumed to be broken

2 see Refs[11,24] for some works where the question of heavy Majorana 3 Itis interesting to note that thig3 symmetry is the minimal discrete sym-
neutrino degeneracy has also been addressed. metry which leads to a scenario with extended flavour demod2&c26]
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by (X)/M, =€ < 1, whereX is a scalar field and/, is the ~ wherek;; are coefficientsg;j =n; —n; anda;; =n; —n; +
fundamental mass scale of the theory. In order to try to explaim; —n.

the required heavy Majorana neutrino mass spectrum, we con- Qbviously, the transformation which redefines the super-
sider in the context of a supersymmetric theory a model witfields ~; to the canonical basis will depend on the choice of
two Abelian flavour symmetried/(1)x x U(1)x. The two  the charges; andn/. For illustration, let us take the following

scalar fieldsX and X’ are assumed to have charg@$X) = set ofn; andn/ charges
(=1,-1) and 9(X’) = (0,1) underU(1)x x U(D)x. In this ,
case, the effective superpotential contains the following non?i = (2,-1,0), ni =3, -4,0), (45)

renormalizable terms for the heavy Majorana neutrino masseswhich obey the conditions given in E(42), and let us assume
. €1 ~ ep = €. From the above charge configuration it follows

Wy =c; .MB_L<£)XI'/ <£>xi_,-—x” NiN; that the uncorrected/ leads toM1 = Ms ~ €3Mp—; and
! M, M, ! M3~ Mp—;. One can show that the redefinition of the heavy
+ O = 4,0 (40) neutrino superfields performed to recover the canonical form
1 ! J’

of the Kahler potential lifts the degeneracy betweénand
wheren!” is the charge ofV; under thel/ (1) (x, symmetry. N2 With a correspondingy = Mz/My — 1~ €3. Therefore,
Thec;; are order one coefficients not determined by the flavoui this case the radiative leptogenesis framework would make
symmetry andV/z—; is the typicalB—L breaking scale. After Sense only if the RG corrections &g (cf. Eq.(11)) are larger

spontaneous breaking of tMl), the heavy Majorana neutrino thane3. Clearly, this will depend on the size of the Dirac neu-

mass matrix is given by trinolYukav_va couplin_gs._To conclude, it is worth emphasizing
) that if one invokes this kind of/ (1) flavour symmetries to ex-
(Mg)ij = cij MB,Lefj 6;‘!/ i plain degenerate or quasi-degenerate spectra, as it is in the case

of resonant leptogenesis, these effects should be properly taken

(X) (x’) (41)  into account.

) €2 =
M, 2= M,

with €1 <« 1. Since the appearance of non-renormalizabléd. Conclusions

terms with negative powers of the superfiedsnd X' is for-

bidden by the holomorphicity of the superpotential, Thel) We have presented an appealing and economical scenario
chargesfll@ have to be such that; > 0 andx;; — x/; > 0. Oth- of resonant Ieptogenesis_, based on the radiative gene_ration of
erwise,c;; must be set to zero (holomorphic zera]. This the leptonicCP asymmetries. In particular, we have studied the

property can be used to justify a heavy Majorana mass SpegJechanism of radiative Ieptoge_neS]sﬂf] in the more general_
trum of the type:My = Mo « M3~ Mg_; . Indeed, it is easy 3 X 3 SM seesaw framework with a heavy Majorana neutrino

€1 =

)

to see that imposing the conditions mass spectrum; >~ M, <« M3. We have shown that even for
simple flavour structures of the Dirac neutrino Yukawa cou-
xij =2 0Ax;; —x,fj >0, (i,j)=(1,2),(3,73), pling matrix, one can successfully generate the cosmological
.. baryon asymmetry and, simultaneously, accommodate the low-
ii<0vux;;—x;, <0, , 1,2),(3,3), 42 . ! . o s
Mij =BV T A= @N#12,63 (42) energy neutrino data. The key ingredients for the viability of the
one obtains the following structure: mechanism are the heavy Majorana mass splitting an@ke
, violating effects induced at the leptogenesis scale by renormal-
x12 _*12—X13 . : : [
(MR)12 = c12€7 %€, Mp_1, ization group corrections. As far as leptogenesis is concerned,

yaa X33—X, our conclusions are quite independent of the specific values of
(MR)33=c33ey %, $Mp_y, i
1 %2 the heavy Majorana mass scald@sand M3, as well as of the
(Mp);ii =0, (,J)#(1,2),(3,3), 43 degeneracy scald. We have also seen that the mechanism
J

works in a wide region of the low-energy neutrino parame-
There is. h t on thi oIt Ik ter space. In contrast with the minimal seesaw scenario with

er_e IS, hOwever, a caveg on this approach. ) IS weF nowrEmly two heavy Majorana neutrinos, we have concluded that the
that in these schemes, besides the usual canonical 1S rasent framework is compatible with a fully hierarchical light
the Kahler potential receives non-renormalizable Cont”b“t'onﬁeutrino mass spectrum. Furthermore, from the simple limiting
- . 12 . . " b
involving powers of X/M, and X'/M,. As emphasized in ases considered, an upper bound on the lightest neutrino mass

Ref. [31], these extra terms may fill the supersymmetric 2€5,1 < 0.03 eV was obtained. Obviously, this bound is expected

ros corresponding to negative powers of the scalar fields in thg, th modified if one considers non-minimal structures for the
superpotential. This is a consequence of the superfield redefy, ;trino Yukawa coupling matrix.

initions which bring back the K&hler potential to the canoni-
cal form. As a result, the superpotential couplings get modi
fied[32]. In the present case, one can show that, aftetitlp
spontaneous symmetry breaking, the Kahler potential reads

which leads toM1 = My = |(Mg)12] and M3 = [(Mg)33].

We have also presented a brief discussion on possible sym-
‘metries which could lead to an exact mass degeneracy between
N1 and N2 at a high-energy scale. For instance, the soft break-
ing of a specificZz x S3 symmetry taSz by a small parameter

T jagj| lal| naturally leads to a heavy Majorana mass spectrum of the type
K =N;CijNj, Cij=(8ij+kije; " e;"), (44) My, = eMs. Alternatively, flavour structures based &h(1)
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