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Seesaw mechanism, baryon asymmetry, and neutrinoless double beta decay
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A simplified but very instructive analysis of the seesaw mechanism is here performed. Assuming a nearly
diagonal Dirac neutrino mass matrix, we study the forms of the Majorana mass matrix of right-handed neu-
trinos, which reproduce the effective mass matrix of left-handed neutrinos. As a further step, the important
effect of a nondiagonal Dirac neutrino mass matrix is explored. The corresponding implications for baryogen-
esis via leptogenesis and for the neutrinoless double beta decay are reviewed. We propose two distinct models
where the baryon asymmetry is enhanced.
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I. INTRODUCTION

The seesaw mechanism@1# is a simple framework to ac
count for the small effective mass of the left-handed n
trino. It requires only a modest extension of the minim
standard model, namely the addition of the right-handed n
trino. As a consequence of this inclusion, both a Dirac m
term for the neutrino and a Majorana mass term for the rig
handed neutrino are allowed. While the Dirac mass,mn , is
expected to be of the same order of magnitude as the q
or charged lepton mass, the Majorana mass of the ri
handed neutrino,mR , is not constrained and may be ve
large. If this is the case, a small effective Majorana mass
the left-handed neutrino,mL.(mn /mR)mn , is generated.

At the same time, the out-of-equilibrium decay of th
heavy neutrino can produce a baryon asymmetry through
so-called baryogenesis via leptogenesis mechanism@2,3#.
Hence, the existence of the heavy Majorana neutrino m
explain both the smallness of the effective neutrino mass
the baryon asymmetry in the universe. Moreover, the Ma
rana nature of the light neutrino, generated by the Major
nature of the heavy neutrino, allows the neutrinoless dou
beta decay, because of lepton number violation at high
ergy @4#. Thus the mass scale of the heavy neutrino could
a new fundamental scale in physics.

For three generations of fermions, the light neutrino m
matrix ML as well as the baryon asymmetryYB depend on
the Dirac neutrino mass matrixM n and the heavy neutrino
mass matrixMR . In this paper we describe, in a simplifie
but instructive approach, the structure ofM n andMR within
the seesaw mechanism and the consequences for the b
asymmetry generated in the baryogenesis via leptogen
mechanism and for the neutrinoless double beta decay.

As a first approximation, we assume a diagonal form
the Dirac neutrino mass matrix, and then the effect of a n
diagonal form is analyzed. The prediction for the neutrin
less double beta decay can remain unchanged because
fixed ML and any choice ofM n one can find a certainMR
which reproducesML through the seesaw formula, while th
impact on the amount of baryon asymmetry is significa
because thoseMR and M n determineYB through the lepto-
genesis formula.

The outline of the paper is the following. In Sec. II w
give an approximate description of the effective neutr
0556-2821/2002/66~5!/053001~9!/$20.00 66 0530
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mass matrix. In Secs. III and IV we briefly discuss the s
saw mechanism and the baryogenesis via leptogenesis
spectively. In Sec. V the forms of the heavy neutrino ma
matrix, and their implications for the amount of baryo
asymmetry and the rate for neutrinoless double beta de
are reviewed, according to different mass spectra of li
neutrinos. In this section we assume a diagonal Dirac n
trino mass matrix. The important effect of a nondiagon
Dirac neutrino mass matrix on the amount of baryon asy
metry is explored in Sec. VI, where we also propose t
different models of mass matrices, which produce an
hancement of the baryon asymmetry. Finally, in Sec. VII
summarize the subject.

II. THE EFFECTIVE NEUTRINO MASS MATRIX

The lepton mixing matrixU @called the Maki-Nakagawa
Sakata~MNS! matrix @5##, which relates mass eigenstates
flavor eigenstates, by means of the unitary transforma
na5Ua in i(a5e,m,t; i 51,2,3), can be parametrized as th
standard form of the Cabibbo-Kobayashi-Maskawa~CKM!
quark mixing matrix@6# ~including a phased) times a diag-
onal phase matrixP5diag(eiw1/2,eiw2/2,1). The two phases
w1 and w2 are present only if the effective neutrino is
Majorana particle, and thus they are sometimes called
Majorana phases, in contrast with the phased which is called
the Dirac phase. Moreover, contrary to quark mixings, wh
are small, lepton mixings can be large. In fact, the mixing
atmospheric neutrinos, related toUm3, is almost maximal,
while the mixing of solar neutrinos, related toUe2, may be
large or small, although the large mixing is favored@7#. In
the case of double large mixing, the lepton mixing matrix
given by

U.S 1

A2

1

A2
e

2
1

2
~11e!

1

2
~12e!

1

A2

1

2
~12e! 2

1

2
~11e!

1

A2

D , ~1!

while for single large mixing it is given by
©2002 The American Physical Society01-1
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U.S 1 0 e

2
e

A2

1

A2

1

A2

2
e

A2
2

1

A2

1

A2

D ; ~2!

see for example Ref.@8#. As we said, the double large mixin
is favored. The mixinge5Ue3 is very small,e&0.1, accord-
ing to the result of the Chooz experiment@9#. If we call DL
the diagonal matrix of light neutrino masses,

DL5diag~m1 ,m2 ,m3!, ~3!

then, in the basis where the charged lepton mass matr
diagonal,Me5De , we get

ML5UDLUT. ~4!

In the flavor basis we haveML5UeUDLUTUe
T , whereUe

diagonalizesMe by Ue
TMeUe , whereMe is here supposed to

be symmetric. We do not consider general phases inU. How-
ever, we allow the massesm1 andm2 to be both positive and
negative, corresponding to phasesw1,250 andw1,25p, re-
spectively, in the lepton mixing matrix. In such a way, w
consider the two extreme cases forw1,2 and the general cas
should be intermediate between them.

Let us call the elements ofML as Mab with a5e,m,t
and b5e,m,t. Then, for the double large mixing we hav
the approximate expressions

Mee5
m1

2
1

m2

2
1e2m3 ,

Mem52
m1

2A2
~11e!1

m2

2A2
~12e!1

em3

A2
,

Met5
m1

2A2
~12e!2

m2

2A2
~11e!1

em3

A2
,

Mmm5
m1

4
~11e!21

m2

4
~12e!21

m3

2
,

Mmt52
m1

4
~12e2!2

m2

4
~12e2!1

m3

2
,

M tt5
m1

4
~12e!21

m2

4
~11e!21

m3

2
,

and for the single large mixing the corresponding expr
sions

Mee5m11e2m3 ,

Mem52
em1

A2
1

em3

A2
,
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Met52
em1

A2
1

em3

A2
,

Mmm5
e2m1

2
1

m2

2
1

m3

2
,

Mmt5
e2m1

2
2

m2

2
1

m3

2
,

M tt5
e2m1

2
1

m2

2
1

m3

2
.

Of course, bothML and MR are symmetric matrices. Not
that for the single large mixing we haveMem5Met and
Mmm5M tt .

The elementMee5Uei
2 mi is involved in the neutrinoless

double beta decay. The experimental upper bound foruMeeu,
obtained from nonobservation of the process, isuMeeu
,0.38h @10#, where the factorh50.622.8 @11# is present
because of the uncertainty in the calculation of the nucl
matrix element. The recent positive evidence@12# is contro-
versial @11,13# and is not used here. The parameterMee is
the unique element inML which can be tested in a direc
way, because for the other elements the theoretical predic
is very much below the experimental data@14#.

From the study of oscillations of atmospheric and so
neutrinos we know thatum3

22m2
2u@um2

22m1
2u, so that there

are three main mass spectra for the light neutrino, the nor
hierarchym3

2@m2
2 ,m1

2, the inverse hierarchym1
2.m2

2@m3
2,

and the nearly degenerate spectrumm1
2.m2

2.m3
2 ~see Ref.

@15#!. In particular, from atmospheric oscillations we g
um3

22m2
2u;1023 eV2, while from solar oscillationsum2

2

2m1
2u;1025 eV2 for the large mixing and um2

22m1
2u

;1026 eV2 for the small mixing. Then, with the norma
hierarchy we getm3

2;1023 eV2, and with the inverse hier-
archy m1,2

2 ;1023 eV2. For the nearly degenerate spectru
we expectm1,2,3

2 around 1 eV2. In fact, the experimenta
upper bound on the parametermne

5(Uei
2 mi

2)1/2, obtained
from the end point energy of electrons in single beta deca
mne

,2.5 eV@16#. In contrast withMee, in mne
cancellations

cannot occur. If for the normal hierarchy alsom2
2@m1

2 is
assumed, then we getm2

2;1025 eV2 for the large mixing
andm2

2;1026 eV2 for the small mixing.
As a matter of fact, for solar neutrinos there are at le

three oscillation solutions with a large mixing angle@7#: the
large mixing angle ~LMA ! matter oscillation with um2

2

2m1
2u;1025 eV2, the low-mass~LOW! matter oscillation

with um2
22m1

2u;1027 eV2, and the vacuum oscillation~VO!
with um2

22m1
2u;10210 eV2. In our paper we refer mainly to

the LMA solution which is the most favored@7#.
Zeroth order forms forML can be obtained by settinge

50 and (m1 ,m2 ,m3) equal to (0,0,1), (1,21,0), (1,1,0),
(1,1,1), (21,1,1), (1,21,1), (21,21,1). We call these
mass spectraA, B1 , B2 , C0 , C1 , C2 , C3, respectively. Of
course, typeA is the normal hierarchy, typeB the inverse
hierarchy, and typeC nearly degenerate. In the present pap
1-2
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SEESAW MECHANISM, BARYON ASYMMETRY, AND . . . PHYSICAL REVIEW D66, 053001 ~2002!
we write only the zeroth order form ofML , although we
study the full elementMee. For a more detailed descriptio
of ML see for example@8#.

III. SEESAW MECHANISM

Since in the standard model with right-handed neutrin
the Dirac neutrino mass is generated on the same footin
the up quark masses, and the charged lepton masses o
same footing as the down quark masses, for the corresp
ing mass matrices we first assume the relationsM n.Mu and
Me.Md , that is

M n.diag~mu ,mc ,mt!, ~5!

and Me.diag(me ,mm ,mt), where we neglect the sma
Dirac lepton mixing analogous to the quark mixing. In oth
terms, we setUe.1 andUn.1, whereUe diagonalizesMe
andUn diagonalizesM n . As a matter of fact, the mass hie
archy of charged leptons is similar to that of down quar
See Ref.@17# for a summary of quark and lepton mass m
trices. Because of the seesaw mechanism, we have

ML.M nMR
21M n , ~6!

where the heavy neutrino massesM1 ,M2 ,M3 have to be
much larger than the elements of the matrixM n , which is
here supposed to be symmetric. Inverting such a formula,
heavy neutrino mass matrix can be achieved,

MR.M nML
21M n . ~7!

Since ML
215UDL

21UT, we can getML
21 from ML by ex-

changingmi with 1/mi in Eq. ~4!. We must keep in mind tha
for the inverse hierarchy the seesaw mechanism implie
cancellation of the Dirac hierarchy for the third and seco
generations, and for the nearly degenerate spectrum also
the first generation, which seems unnatural, especially
the VO solution. Note that for zero mixing we havem1

5mu
2/M1 , m25mc

2/M2 andm35mt
2/M3.

In this paper we follow a kind of inverse or bottom-u
approach, namely we will determineMR from ML ~andM n).
In the alternative direct or top-down approach bothMR and
M n are obtained from a theoretical framework and the
ferredML is matched to neutrino phenomenology. We wou
like to stress that for any precise choice ofM n we can repro-
duce any form ofML by adjustingMR . However, as we will
see in the following sections, the form of bothM n and MR
has a crucial impact on the amount of baryon asymme
generated in the leptogenesis mechanism, so that we ca
the constraint from baryogenesis to studyMR andM n . Un-
fortunately, we are not yet able to determine the mass m
ces with precision. Nevertheless, some important consi
ations, involving also the neutrinoless double beta decay,
be made and this is a central issue of our paper.

IV. BARYOGENESIS FROM LEPTOGENESIS

A baryon asymmetry can be generated from a lep
asymmetry@2#. In fact, this lepton asymmetry is produced b
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s
as
the
d-

r

.
-

e

a
d
ith
r

-

y
use

ri-
r-

an

n

the out-of-equilibriumCP-violating decay of heavy neutri
nos. The electroweak sphalerons@18#, which violateB1L
but conserveB2L, transform part of this asymmetry into
baryon asymmetry. Then, the baryon asymmetry, defined
YB5(nB2nB̄)/7ng5h/7, wherenB ,nB̄ ,ng are number den-
sities andh is the baryon-to-photon ratio, can be written
~see Refs.@19,20# and references therein!

YB.
1

2

1

g*
d e1 , ~8!

with theCP violating asymmetry in the decay of the lighte
heavy neutrino with massM1!M2,M3 given by

e1.
3

16pv2 F @~MD
† MD!12#

2

~MD
† MD!11

M1

M2

1
@~MD

† MD!13#
2

~MD
† MD!11

M1

M3
G , ~9!

where MD5M nUR and UR
TMRUR5DR , and v.mt is the

vacuum expectation value of the Higgs doublet. The light
heavy neutrino is in equilibrium during the decays of the tw
heavier ones, washing out the lepton asymmetry gener
by them. The factor 1/2 represents the part of the lep
asymmetry converted into baryon asymmetry@21#. The pa-
rameterg* .100 is the number of light degrees of freedo
in the theory. Finally, the quantityd is a dilution factor which
mostly depends on the mass parameter

m̃15
~MD

† MD!11

M1
, ~10!

although for high values ofm̃1 some dependence onM1
shows up. Minor dilutiond of order 1021, is obtained for
1025 eV&m̃1&1022 eV, while outside this range the dilu
tion grows~that isd diminishes! @22,23#. In fact, if m̃1 is too
small, it is not possible to produce a sufficient number
heavy neutrinos at high temperature, while ifm̃1 is too large,
the washout effect of lepton number violating scatterings
too strong and destroys the generated asymmetry. In ord
be consistent with primordial nucleosynthesis, the bary
asymmetryYB must be in the range 10211–10210 @24#. At
best,YB is smaller thane1 by three orders of magnitude. It i
clear that when we obtainMR from M n andML through the
inverse seesaw formula~7!, a determination of the baryon
asymmetry is also achieved. In the following two sectio
we try a partial selection of mass matrices using the bo
on the amount of baryon asymmetry.

V. SIMPLIFIED ANALYSIS OF THE SEESAW MECHANISM

In this section we determine the structure of the hea
neutrino mass matrix by assuming the diagonal form~5! for
the Dirac neutrino mass matrix. In the next section the eff
1-3
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D. FALCONE PHYSICAL REVIEW D 66, 053001 ~2002!
of a nondiagonal form is discussed. In any subsection
write the zeroth order form ofML , according to the three
possible hierarchies of light neutrino masses, and then
study the heavy neutrino mass matrix and the implicati
for the baryon asymmetry and for the neutrinoless dou
beta decay.

A. Normal hierarchy

For both kinds of mixing the zeroth order form forML is
given by

ML;S 0 0 0

0
1

2

1

2

0
1

2

1

2

D m3 , ~11!

where a dominant block in them-t sector appears~see for
example@25#!. The overall scale ism3;102221021 eV.

1. Double large mixing

If there is full hierarchy of light neutrino masses,m3

@m2@m1, the matrixML
21 takes a nearly democratic form

@26#, so that

MR.S mu
2 2mumc mumt

2mumc mc
2 2mcmt

mumt 2mcmt mt
2

D 1

m1
. ~12!

This matrix is diagonalized by the rotation

UR.S 1 2
mu

mc

mu

mt

mu

mc
1 2

mc

mt

mu

mt

mc

mt
1

D , ~13!

with eigenvaluesM1.mu
2/m1 , M2.mc

2/m1 , M3.mt
2/m1.

For the full hierarchy and large solar mixing we havem2
2

;1025 eV2; hencem1&1023 eV and the overall scale i
MR;mt

2/m1*1016 GeV. In this section we take the full hi
erarchy as reference model.

If m3@m2.m1 ~partially degenerate spectrum!, we get

MR.S mu
2 2emumc 2emumt

2emumc mc
2 2mcmt

2emumt 2mcmt mt
2

D 1

m1
, ~14!
05300
e

e
s
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where very small elementsMR12 andMR13 appear. The over-
all scale and the heavy masses do not change with respe
the full hierarchical case.

The further conditionm2,0 leads to the form

MR.S e2
m1

m3
mu

2 2mumc mumt

2mumc S m1

m3
1e Dmc

2 m1

m3
mcmt

mumt
m1

m3
mcmt S m1

m3
2e Dmt

2

D 1

m1
.

~15!

If m1@em3 the overall scale is lowered toMR;mt
2/m3

;1014 GeV. Form1.em3 we get the interesting form

MR.S e3mu
2 2mumc mumt

2mumc 2emc
2 emcmt

mumt emcmt 0
D 1

m1
. ~16!

We stress the sharp difference between matrix~16! and ma-
trix ~12! or ~14!. While in Eqs. ~12! and ~14! the largest
element isMR33, in Eq. ~16! it is MR13 or MR23. In the first
case the structure ofMR is roughly similar to the Dirac neu
trino mass matrixM n in Eq. ~5!, that is, a nearly diagona
form. In the second case,MR is roughly off diagonal. As a
consequence, also the overall mass scale is differ
mt

2/m1*1016 GeV for the nearly diagonal form an
mumt /m1*1011 GeV for the nearly off-diagonal form.

Let us discuss the implications for baryogenesis via l
togenesis and for the neutrinoless double beta decay.
baryon asymmetry for the full normal hierarchy isYB
;10216. Due to the suppression ofMR12 and MR13, the
baryon asymmetry is smaller in the partially degener
spectrum than in the full normal hierarchy. The suppress
of YB is of order e2. In fact, the relationMD

† MD.MRm1

holds in both cases, sinceMD
† MD and MRm1 are diagonal-

ized by the sameUR with the same eigenvalues. For th
nearly off-diagonal form, the baryon asymmetry is enhanc
to a sufficient level, due to the moderate hierarchy with
MR . In the neutrinoless double beta decay we getMee

.m2;1023– 1022 eV if m2.0, andMee.(m2
22m1

2)/m1,2

;1024– 1023 eV if m2,0. Therefore, the nearly off-
diagonal form forMR tends to enhanceYB but to suppress
Mee. Thus we have found that if the diagonalM n in Eq. ~5!
is assumed then in order to get sufficient baryon asymm
the matrixMR must be roughly off diagonal, which leads t
a negativem2 and an approximate prediction forMee,
smaller by one order with respect to the case of a roug
diagonalMR . The negative value form2 could be an indi-
cation that phasesw1 and w2 are very different from each
other.
1-4
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2. Single large mixing

In this case we have the form

MR.S mu
2 2emumc 2emumt

2emumc S m1

m2
1e2Dmc

2 S m1

m2
2e2Dmcmt

2emumt S m1

m2
2e2Dmcmt S m1

m2
1e2Dmt

2
D 1

m1
, ~17!
a

a

ol-

he

en-

aller

d to

me
and for m1@e2m2 the structure ofMR is nearly diagonal
with the overall scale given bymt

2/m2;1015 GeV. The
baryon asymmetry can get a moderate enhancement, bec
of the factor m2 /m1, and Mee.m1&1024 eV. If m1
.e2m2 the elementMR23 vanishes. Form2,0 and m1.
2e2m2, we have a vanishingMR33, leading to a nearly off-
diagonal form at a lower scale.

B. Inverse hierarchy

The zeroth order form ofML for spectrumB1 is given by

ML;S 0 2
1

A2

1

A2

2
1

A2
0 0

1

A2
0 0

D m1 , ~18!

ML;S 1 0 0

0 2
1

2

1

2

0
1

2
2

1

2

D m1 , ~19!

according to double or single large mixing. For spectrumB2
we have

ML;S 1 0 0

0
1

2
2

1

2

0 2
1

2

1

2

D m1 ~20!

for both cases. The overall scale ism1,2;1022– 1021 eV.
This is the same as the normal hierarchy, because both
determined by atmospheric oscillations.
05300
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1. Double large mixing

The heavy neutrino mass matrix for spectrumB2 is given
by

MR.S m3

m1
mu

2 emumc emumt

emumc mc
2 mcmt

emumt mcmt mt
2

D 1

m3
. ~21!

If m2,0, spectrumB1, we get

MR.S e2mu
2

2
m3

m1
mumc

m3

m1
mumt

2
m3

m1
mumc mc

2 mcmt

m3

m1
mumt mcmt mt

2

D 1

m3
.

~22!

In the inverse pattern there is stronger hierarchy inMR with
respect to the full normal pattern; see the first row and c
umn in Eqs.~21! and~22!. The form ofMR is always nearly
diagonal and the off-diagonal form cannot be realized. T
mass scale isMR;mt

2/m3*1015 GeV. Note also the differ-
ence between the inverse hierarchy and the partially deg
erate spectrum in the elementMR11, which is responsible for
the inversion of the light neutrino massesm1,2 andm3.

As a consequence, the baryon asymmetry is even sm
than in the partially degenerate spectrum withm2.0, be-
causeM1 is also suppressed. In fact, the suppression ofYB is
of order m3 /m1 for spectrumB2 and e2 for spectrumB1.
Instead, the rate for neutrinoless double beta decay, relate
Mee, can be enhanced. In particular, for spectrumB2 we
have Mee.m1,2;1022– 1021 eV, which is by one order-
higher than for the full normal hierarchy. For spectrumB1

we obtainMee.(m2
22m1

2)/m1,2;1024– 1023 eV.

2. Single large mixing

In this case the heavy neutrino mass matrix is the sa
as for the previous case withm2.0, and Mee.m1
;1022– 1021 eV.
1-5
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C. Nearly degenerate spectrum

Here the light masses are around 1 eV. The zeroth o
form of ML for spectrumC0 is diagonal,

ML;S 1 0 0

0 1 0

0 0 1
D m1 , ~23!

for both kinds of mixing. For spectrumC1 we have

ML;S 0
1

A2
2

1

A2

1

A2

1

2

1

2

2
1

A2

1

2

1

2

D m1 , ~24!

ML;S 21 0 0

0 1 0

0 0 1
D m1 , ~25!

and for spectrumC2

ML;S 0 2
1

A2

1

A2

2
1

A2

1

2

1

2

1

A2

1

2

1

2

D m1 , ~26!

ML;S 1 0 0

0 0 1

0 1 0
D m1 , ~27!

according to double or single large mixing. Finally, for spe
trum C3

ML;S 21 0 0

0 0 1

0 1 0
D m1 ~28!

for both kinds of mixing. The overall scale ism1,2,3
;0.1– 1 eV, determined by single beta decay. In the ne
degenerate spectrum several delicate cancellations amon
terms ofMee may occur and our study of the heavy neutri
mass matrix is only indicative.

1. Double large mixing

The heavy neutrino mass matrix for the spectraC0 , C1 ,
C2 , C3 is respectively given by the forms
05300
er
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the

MR.S mu
2 rmumc rmumt

rmumc mc
2 e2mcmt

rmumt e2mcmt mt
2

D 1

m1
, ~29!

MR.S e2mu
2 mumc 2mumt

mumc mc
2 mcmt

2mumt mcmt mt
2

D 1

m1
,

~30!

MR.S e2mu
2 2mumc mumt

2mumc mc
2 mcmt

mumt mcmt mt
2
D 1

m1
,

~31!

MR.S 2mu
2 emumc emumt

emumc 2e2mc
2 mcmt

emumt mcmt 2e2mt
2
D 1

m1
.

~32!

In Eq. ~29! and Eq.~34! below, we writer whenever a can-
cellation at the level ofe occurs. We see that matrices~29!,
~30!, ~31! are roughly close to the diagonal form, while E
~32! is not. The overall mass scale isMR;1013 GeV.

For spectraC0 andC3 the baryon asymmetry is general
suppressed or much suppressed with respect to the full
mal hierarchy, while for spectraC1 andC2 it is comparable.
The suppression ofYB for spectraC0 andC3 is of orderr2

ande2, respectively. Instead, the rate for neutrinoless dou
beta decay can be further enhanced with respect to the
verse hierarchy. In particular, for spectraC0 andC3 we have
Mee.m1;0.1– 1 eV, by one order higher than for the spe
trum B2. For spectraC1 andC2 we have cancellations lead
ing to Mee;1025– 1024 eV.

2. Single large mixing

For spectraC0 andC3 we have the same matrices as f
the previous mixing. For spectraC1 andC2 we get

MR.S 2mu
2 emumc emumt

emumc mc
2 2e2mcmt

emumt 2e2mcmt mt
2

D 1

m1
, ~33!

MR.S mu
2 rmumc rmumt

rmumc e2mc
2 mcmt

rmumt mcmt e2mt
2
D 1

m1
. ~34!
1-6
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In these two cases the baryon asymmetry is suppresse
much suppressed with respect to the full normal hierarc
and Mee;0.1– 1 eV. The suppression ofYB is of ordere2

andr2, respectively.

VI. SEESAW MECHANISM AND BARYON ASYMMETRY

In this section, instead of the diagonal form, we take
realistic mass matrices, expressed in terms of the Cab
parameterl50.22 and the overall mass scale,

Me;S l6 l3 l5

l3 l2 l2

l5 l2 1
D mb , ~35!

M n;S l12 l6 l10

l6 l4 l4

l10 l4 1
D mt . ~36!

These forms can be motivated by anU(2) horizontal sym-
metry; see Ref.@27# and references therein. Again we negle
Ue with respect toU. However, the effect ofUnÞ1 is cru-
cial. Of course,ML

21 can be obtained from the previous se
tion by deleting the quark masses inMR . In the following
calculation we will assume that no cancellations occur
tween two quantities of the same order inl.

For the full normal hierarchy and double large mixing w
get

MR;S l12 l10 l6

l10 l8 l4

l6 l4 1
D mt

2

m1
, ~37!

diagonalized by

UR;S 1 l2 l6

2l2 1 l4

l6 2l4 1
D , ~38!

with eigenvaluesM3;mt
2/m1 , M2;l8M3 , M1;l12M3,

and consistent with theU(2) horizontal symmetry@27#. The
baryon asymmetry is enhanced with respect to the diag
case but remains too small,YB;10214. In fact, the relation
MD

† MD;MRm1 holds, and one obtains

e1;
3

16p S l20

l12
l41

l12

l12
l12D ;10210, ~39!

and m̃1;m1. The sameMR and YB come out for the par-
tially degenerate spectrum withm2.0, the inverse hierar-
chy, and the nearly degenerate spectraC1 andC2, although
the scale ofMR is changed accordingly.

For the partially degenerate spectrum withm2,0, assum-
ing for example bothe;l4 andMR33;l12mt

2/m1 in matri-
ces~15!,~16!, we obtain,
05300
or
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e
bo
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MR;S l16 l12 l10

l12 l10 l6

l10 l6 l8
D mt

2

m1
. ~40!

By consideringMR
†MR , one finds thatMR is diagonalized by

UR;S 1 l4 l6

2l4 1 l2

l6 2l2 1
D , ~41!

with eigenvaluesM3;l6mt
2/m1 , M2;M3 , M1;l4M3.

Then we obtain

e1;
3

16p S l16

l12
l41

l12

l12
l4D ;1024, ~42!

andm̃1;l2m1, so that a sufficient amount of baryon asym
metry can be easily achieved. Note that here the domin
term in the leptogenesis formula is the second one. The m
scale in Eq.~37! is given bymt

2/m1*1016 GeV, and in Eq.
~40! by l6mt

2/m1*1012 GeV.
For spectrumC0 we have the nearly diagonal form

MR;S l12 l10 l10

l10 l8 l4

l10 l4 1
D mt

2

m1
, ~43!

and for spectrumC3

MR;S l16 l10 l6

l10 l8 l4

l6 l4 l4
D mt

2

m1
. ~44!

The baryon asymmetry is very small in the caseC0 and
moderate in the caseC3.

For single large mixing the results are roughly similar
those for double large mixing. Few changes can be ea
shown and they are not discussed here. Thus we see
using nondiagonal Dirac neutrino mass matrices and do
an order-of-magnitude analysis leads to few forms for
heavy neutrino mass matrix. Then the two questions of
termining the symmetry generating mass matrices and
covering their coefficient should be addressed. For exam
horizontalU(1) or U(2) symmetries can be used. This is
fundamental subject that we will try to discuss elsewhe
We need not start from matrices~35!, ~36! but other forms
are possible as well@28#.

A simple way to enhance the baryon asymmetry is
means of a quite moderate hierarchy in the Dirac neutr
mass matrix, that is, for its eigenvalues and/or for its mixi
angles@29,30#. This is quite evident from the leptogenes
formula. For example, instead of Eq.~36!, one can adopt

M n;S l6 l3 l5

l3 l2 l2

l5 l2 1
D mt , ~45!

that is a matrix similar to charged lepton masses but with
same overall scale as up quark masses. Let us discuss
1-7
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issue. In Sec. III we have assumedMe;Md and M n;Mu .
This is the simplest hypothesis within the standard mod
and in the supersymmetric model can be motivated by
fact that the two pairsMe,d and M n,u are generated by two
distinct Higgs doublets. However, Yukawa couplings for t
Dirac neutrino can be very different from the Yukawa co
plings for the up quarks. If this case occurs, the hierarchy
masses and mixings in the Dirac neutrino sector can be
different from the mass hierarchy of up quarks and the CK
quark mixing, respectively. When we take matrices~35! and
~45! we obtain

MR;S l6 l5 l3

l5 l4 l2

l3 l2 1
D mt

2

m1
, ~46!

e1;
3

16p S l10

l6
l21

l6

l6
l6D ;1026, ~47!

and a sufficient amount of baryon asymmetry,YB;10210.
Both the internal hierarchy and the overall scale ofM n are
important. In fact, if the overall scale in Eq.~45! is mb,t
instead ofmt , the baryon asymmetry is again suppress
@29#. The relationM n;(tanb)Me can be obtained within
supersymmetric left-right models@31#. For very large tanb
we get a Dirac neutrino mass matrix similar to Eq.~45!.
Finally, assumingM n truly diagonal and the full normal hi
erarchy, we getYB;10212, to be matched with the valu
YB;10216 obtained in the previous section.

VII. DISCUSSION

Assuming a nearly diagonal mass matrix for Dirac neu
nos, we have studied the structure of the Majorana m
matrix of right-handed neutrinos within the seesaw fram
work, and its implications for baryogenesis via leptogene
and for the neutrinoless double beta decay. Then we h
explored the effect of a nondiagonal mass matrix for Di
neutrinos. In this context, we find few possibilities to obta
a sufficient level of baryon asymmetry. The only case wh
the asymmetry is large should be the nearly off-diago
form of MR . Usually, the behavior ofMee is opposite to
YB , namely whenYB is suppressedMee is enhanced and
vice versa. For the off-diagonal form we getMee
;1024– 1023 eV. In the supersymmetric formula for lepto
genesis, the baryon asymmetry is only slightly enhan
@19,22#. In fact, although there are new decay channels, a
the washout process is stronger.

When a moderate hierarchy inM n is adopted, as in Eq
~45!, then MR need not be close to the off-diagonal form
th
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Therefore, instead ofMee;1024– 1023 eV, we can yield
the valueMee;1023– 1022 eV for the normal hierarchy and
Mee;1022– 1021 eV for the inverse hierarchy. Note tha
these predictions cover three different ranges of values
Mee, so that informations from the neutrinoless double b
decay could clarify the structure of fermion mass matrices
the leptogenesis mechanism is valid.

As a conclusion, we find that, ifYB has to be within the
allowed range, then retaining quark-lepton mass relati
Me;Md andM n;Mu leads to a roughly off-diagonal form
for MR and the predictionMee;1024– 1023 eV. If M n

;Mu is not true, thenMR can be roughly close to the diag
onal form andMee larger than 1023 eV, with YB in the
allowed range. This is the central result of our paper.
have proposed two such different kinds of model in the p
vious section.

It has been suggested@26# that the nearly off-diagona
form for MR is consistent with the nonsupersymmetric un
fied modelSO(10) with an intermediate symmetry breakin
scale, where the heavy neutrino mass is generated, while
nearly diagonal form forMR is consistent with the supersym
metric version without such an intermediate scale, the he
neutrino mass being generated at the unification scale
both cases, quark-lepton symmetry is valid. Then, we as
the framework described here could be embedded in uni
models. On the one hand, the leptogenesis scenario c
work within unified models@32#. On the other hand, unified
models have not yet received decisive support from the
perimental detection of proton decay, so that we find it
tractive to keep the minimal scenario, as was the motivat
of the original paper on the leptogenesis@2#. Within a unified
framework, the leptogenesis constraint favors the nonsu
symmetric model.

The present paper focuses on the general structure
mass matrices and does not exclude that possible fine tu
could produce a sufficient amount of baryon asymme
@19,33#, even with nearly diagonal mass matrices. Other
teresting papers on the relation between leptogenesis
mass matrices are reported in Ref.@34#.

In our simple approach we have not considered the ef
of running masses and mixings from the low scale to
high MR scale where the seesaw formula~6! applies. At our
level of approximation, only for the supersymmetric versi
with large tanb can they be significant@35#. In particular, for
spectrumC0 both double and single large mixing are co
verted to nearly zero mixing, and for spectraB2 and C3
double large mixing is converted to single large mixin
Such spectra are characterized by degeneracy in mass
sign. However, it has been argued@36# that the running of the
vacuum expectation values could improve the stability of
lepton mixing matrix.
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