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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 mass matrix. In Secs. lll and IV we briefly discuss the see-
saw mechanism and the baryogenesis via leptogenesis, re-
The seesaw mechanigr] is a simple framework to ac- spectively. In Sec. V the forms of the heavy neutrino mass
count for the small effective mass of the left-handed neusmatrix, and their implications for the amount of baryon
trino. It requires only a modest extension of the minimalasymmetry and the rate for neutrinoless double beta decay
standard model, namely the addition of the right-handed neuare reviewed, according to different mass spectra of light
trino. As a consequence of this inclusion, both a Dirac masseutrinos. In this section we assume a diagonal Dirac neu-
term for the neutrino and a Majorana mass term for the righttrino mass matrix. The important effect of a nondiagonal
handed neutrino are allowed. While the Dirac mass, is  Dirac neutrino mass matrix on the amount of baryon asym-
expected to be of the same order of magnitude as the quarketry is explored in Sec. VI, where we also propose two
or charged lepton mass, the Majorana mass of the rightdifferent models of mass matrices, which produce an en-
handed neutrinomg, is not constrained and may be very hancement of the baryon asymmetry. Finally, in Sec. VIl we
large. If this is the case, a small effective Majorana mass fosummarize the subject.
the left-handed neutrinan, = (m,/mg)m,,, is generated.
At the same time, the out-of-equilibrium decay of the Il. THE EFFECTIVE NEUTRINO MASS MATRIX
heavy neutrino can produce a baryon asymmetry through the
so-called baryogenesis via leptogenesis mechaniz/3.
Hence, the existence of the heavy Majorana neutrino ma , ) ;
explain both the smallness of the effective neutrino mass anti2vor €igenstates, by means of the unitary transformation
the baryon asymmetry in the universe. Moreover, the Majo”«=Yaivi(@=8u,7i=1,2,3), can be parametrized as the
rana nature of the light neutrino, generated by the Majorangtandard form of the Cabibbo-Kobayashi-Maskal@M)
nature of the heavy neutrino, allows the neutrinoless doubldu@rk mixing matrix6] _('nclud'/gg.aghase?) times a diag-
beta decay, because of lepton number violation at high er2n@l phase matrbP=diag(e'¥**,e'¥2%,1). The two phases
ergy[4]. Thus the mass scale of the heavy neutrino could b1 @nd ¢, are present only if the effective neutrino is a
a new fundamental scale in physics. Ma!orana part|cle,.and thus th-ey are sometllme_s called the
For three generations of fermions, the light neutrino masé@jorana phases, in contrast with the phasehich is called
matrix M, as well as the baryon asymmetyr depend on the Dirac phase. Mqrgover, contrary to quark mixings, yvhlch
the Dirac neutrino mass matrid , and the heavy neutrino 2'€ small, I.epton mixings can be Iargg. In fact, the mixing of
mass matrixM . In this paper we describe, in a simplified &tmospheric neutrinos, related t,s, is almost maximal,
but instructive approach, the structureMf, andM g within ~ While the mixing of solar neutrinos, related th,,, may be
the seesaw mechanism and the consequences for the barygfg€ or small, although the large mixing is favoried. In
asymmetry generated in the baryogenesis via Ieptogenesrige case of double large mixing, the lepton mixing matrix is
mechanism and for the neutrinoless double beta decay. ~ 9\ven by
As a first approximation, we assume a diagonal form for
the Dirac neutrino mass matrix, and then the effect of a non- i i
diagonal form is analyzed. The prediction for the neutrino- V2 J2
less double beta decay can remain unchanged because for a
fixed M| and any choice oM, one can find a certaiMg
which reproduce#!, through the seesaw formula, while the
impact on the amount of baryon asymmetry is significant,
because thosM and M, determineYy through the lepto-
genesis formula.
The outline of the paper is the following. In Sec. Il we
give an approximate description of the effective neutrinowhile for single large mixing it is given by

The lepton mixing matrixJ [called the Maki-Nakagawa-
ﬁ:kata(MNS) matrix [5]], which relates mass eigenstates to

1 1
U= —§(1+E) 5(1—6)
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see for example Reff8]. As we said, the double large mixing M= 2 2 "o
is favored. The mixingg=U; is very small,e<0.1, accord-
ing to the result of the Chooz experimg#®i. If we call D, e€m m, my
the diagonal matrix of light neutrino masses, M= t5t+t5.
2 2 2
D =diagim,m;,mg), (3 Of course, bothM, and Mg are symmetric matrices. Note
then, in the basis where the charged lepton mass matrix %at ﬁ);ﬂthe single large mixing we hawde,=Me, and
diagonal,M.=D,, we get pp T . . .
g e e g The elemeniM..=U2m; is involved in the neutrinoless
M, =UD UT. (4)  double beta decay. The experimental upper boundiMoy,

obtained from nonobservation of the process, |id.d
In the flavor basis we havisl, =U,UD UTU!, whereU,  <0.3& [10], where the factoh=0.6—2.8[11] is present
diagonalizevl, by UZM «Ue, whereM, is here supposed to because of the uncertainty in the calculation of the nuclear
be symmetric. We do not consider general phasés iHow- ~ Matrix element. The recent positive evideri¢] is contro-
ever, we allow the mass@s; andm, to be both positive and Vversial[11,13 and is not used here. The parameltég, is
negative, corresponding to phases,=0 and ¢, .=, re- the unique element iM_ which can be tested in a direct
spectively, in the lepton mixing matrix. In such a way, we Way, because for the other elements the theoretical prediction

consider the two extreme cases foy, and the general case i very much below the experimental dfisd].
should be intermediate between them. From the study of oscillations of atmospheric and solar

Let us call the elements d¥l, asM,, with a=e,x,r  Neutrinos we know thdm%—m§|>|m§— md], so that there
and B=e,u, . Then, for the double large mixing we have are three main mass spectra for the light neutrino, the normal
the approximate expressions hierarchym3>m3,m7, the inverse hierarchyni=m3>mj,

and the nearly degenerate spectroff=ms=m3 (see Ref.

m;  my [15]). In particular, from atmospheric oscillations we get

— T4 _c 2
Mee= 75 + 5 T€ms, |m3—m3|~10"2 eV?, while from solar oscillations|m3
-m?j|~10"°eV? for the large mixing and|m3—m3|
my ) m, : emy ~10 ° eV? for the small mixing. Then, with the normal
Mg,=— —=(1+€) +——=(1— &)+ —, - 2 10-3 a\2 ; : o
e 22 22 2 hierarchy we getns~10"° eV4, and with the inverse hier

archy m? ,~10"% eV2. For the nearly degenerate spectrum
we expectmiz‘3 around 1 eV. In fact, the experimental

MeT:ﬂ(l_e)_ﬂ(1+€)+E_m3' upper bound on the parameter, =(UZm?)"? obtained
2\/5 2\/E \/_ from the end point energy of electrons in single beta decay, is
m, <2.5 eV[16]. In contrast withM .., in m,, cancellations
my m, ms © . € 2 .
M,,= T(1+6)2+ T(1_6)2+ 5 cannot occur. If for the normal hierarchy alsn§>ml is

assumed, then we gen5~10"° eV? for the large mixing
m m m andm3~ 106 eV? for the small mixing.
M, =——(1—e?)——2(1—e)) + —, As a matter of fact, for solar neutrinos there are at least
. 4 4 2 three oscillation solutions with a large mixing an§@;: the
large mixing angle(LMA) matter oscillation with |m§
—m?|~10"° eV?, the low-mass(LOW) matter oscillation
2 with |m3—m3|~10"7 eV?, and the vacuum oscillatiofvO)
with [m5—m?|~ 10" eV2. In our paper we refer mainly to
the LMA solution which is the most favordd].

Zeroth order forms foM can be obtained by setting
=0 and (m;,m,,m3) equal to (0,0,1), (% 1,0), (1,1,0),
(1,1,1), 1,1,1), (1-1,1), (-1,—1,1). We call these
mass spectrd, B, B,, Cy, Cq, C,, Cj, respectively. Of
o= — ——F —, course, typeA is the normal hierarchy, typ8 the inverse
" V2 2 hierarchy, and typ€ nearly degenerate. In the present paper

ms

TT

mq 2 mo 5
=—(1-€)?+—(1+€)+
M 7 (1—¢) 7 (1+e€)

and for the single large mixing the corresponding expres
sions

— 2
Mee— m1+6 m3,

Eml Em3
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we write only the zeroth order form d¥1_, although we the out-of-equilibriumC P-violating decay of heavy neutri-
study the full elemenM.. For a more detailed description nos. The electroweak sphalerofis], which violate B+ L

of M see for exampl¢8]. but conserveB—L, transform part of this asymmetry into a
baryon asymmetry. Then, the baryon asymmetry, defined as
. SEESAW MECHANISM Yg=(ng—ng)/7n,= 5/7, whereng,ng,n, are number den-

) ] o _sities andy is the baryon-to-photon ratio, can be written as
Since in the standard model with right-handed neutrinogsee Refs[19,20 and references therein

the Dirac neutrino mass is generated on the same footing as

the up quark masses, and the charged lepton masses on the

same footing as the down quark masses, for the correspond- Yg== i d e, (8)
ing mass matrices we first assume the relatidns=M , and 2 g

Me=My, that is

with the CP violating asymmetry in the decay of the lightest

M, =diagm,,mc,m), 5 heavy neutrino with massl;<M,<M given by

and M¢=diag(me,m,,m,), where we neglect the small

Dirac lepton mixing analogous to the quark mixing. In other 3
terms, we set,=1 andU,=1, whereU, diagonalizeV . €1~ 16702
andU , diagonalizesM ,,. As a matter of fact, the mass hier-

[(MEMp)1ol* My
(MEMD)ll M2

archy of charged leptons is similar to that of down quarks. [(MIMp)1sl® M,
See Ref[17] for a summary of quark and lepton mass ma- L M.l 9)
trices. Because of the seesaw mechanism, we have (MpMp) 1y 3

M =M, Mg'M,, (6)  whereMp=M,Ugr and UsMgUgr=Dg, andv=m, is the

. vacuum expectation value of the Higgs doublet. The lightest
where the heavy neutrino masskk;,M,,M3 have to be  heavy neutrino is in equilibrium during the decays of the two
much larger than the elements of the matd,, which is  heavier ones, washing out the lepton asymmetry generated
here supposed to be symmetric. Inverting such a formula, thgy them. The factor 1/2 represents the part of the lepton
heaVy neutrino mass matrix can be achieved, asymmetry converted into baryon asymmd:m] The pa-
rameterg* =100 is the number of light degrees of freedom
in the theory. Finally, the quantityis a dilution factor which
mostly depends on the mass parameter

Mg=M MM, . (7)

SinceM; '=UD; *UT, we can getM ' from M by ex-
changingm; with 1/m; in Eq. (4). We must keep in mind that (MEM)
for the inverse hierarchy the seesaw mechanism implies a = pMp)11 (10
cancellation of the Dirac hierarchy for the third and second M, ’

generations, and for the nearly degenerate spectrum also with

the first generation, which seems unnatural, especially fOé'though for high values oM, some dependence oM,
the Yo solut|on.2 Note that for Zero mixing we have,  shows up. Minor dilutiond of order 10°%, is obtained for
=my/My, my=m;/M; andms=m;/Ms. 10°° eV=m; =10 2 eV, while outside this range the dilu-

In this paper we follow a kind of inverse or bottom-up . . L e~
approach pnapmely we will determinég, from M, (andM ). P tion grows(that isd diminishe$ [22,23. In fact, if m; is too
' ¢ small, it is not possible to produce a sufficient number of

In the alternative direct or top-down approach bbtih and ~
M, are obtained from a theoretical framework and the in-h€avy neutrinos at high temperature, whilen is too large,
ferredM, is matched to neutrino phenomenology. We wouldthe washout effect of lepton number violating scatterings is
like to stress that for any precise choiceMdf, we can repro- {00 strong and destroys the generated asymmetry. In order to
duce any form oM by adjustingM . However, as we will be consistent with pr|mord|al nucleosynthe5|%, the baryon
see in the following sections, the form of bath, andMp ~ @SymmetryYg must be in the range 10'-10"'"[24]. At

has a crucial impact on the amount of baryon asymmetr)beSthB is smaller thar‘el'by three orders of magnitude. It is
generated in the leptogenesis mechanism, so that we can udéar that when we obtaiklg from M, andM,_through the

the constraint from baryogenesis to study, andM,. Un-  Inverse seesaw formulé_a7), a determlnatlon_ of the barypn
fortunately, we are not yet able to determine the mass matr@Symmetry is also achieved. In the following two sections
ces with precision. Nevertheless, some important consideMe try a partial selection of mass matrices using the bound
ations, involving also the neutrinoless double beta decay, ca@" the amount of baryon asymmetry.

be made and this is a central issue of our paper.

V. SIMPLIFIED ANALYSIS OF THE SEESAW MECHANISM

IV. BARYOGENESIS FROM LEPTOGENESIS . . .
In this section we determine the structure of the heavy

A baryon asymmetry can be generated from a leptomeutrino mass matrix by assuming the diagonal f@¢&nfor
asymmetnyf2]. In fact, this lepton asymmetry is produced by the Dirac neutrino mass matrix. In the next section the effect
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of a nondiagonal form is discussed. In any subsection wevhere very small elementd r,, andM ;5 appear. The over-

write the zeroth order form oM, according to the three

all scale and the heavy masses do not change with respect to

possible hierarchies of light neutrino masses, and then wthe full hierarchical case.
study the heavy neutrino mass matrix and the implications The further conditiorm,<0 leads to the form
for the baryon asymmetry and for the neutrinoless double

beta decay.

A. Normal hierarchy

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

Nl NP O
NIk~ N, o
3
w

where a dominant block in the-7 sector appeartsee for
example[25]). The overall scale isng~10"2—10 1 eV.

1. Double large mixing

If there is full hierarchy of light neutrino massesi;
>m,>m,, the matrixM ' takes a nearly democratic form
[26], so that

2

m;, —-mym;  mym
2
Mg=| —mym mg -mem; | — (12
mym,  —mgm,  m?
This matrix is diagonalized by the rotation
m m
1 v v
me  m
mu mC
Ue=| o 1 =0 (13
me m
Mu Moy
m; m;

with eigenvaluesM ;=m?/m;, M,=m?/m;, My=mZ/m,.
For the full hierarchy and large solar mixing we havé
~10"% eV%; hencem;<10 2 eV and the overall scale is
Mg~m?Z/m,;=10' GeV. In this section we take the full hi-
erarchy as reference model.

If my>m,=m, (partially degenerate spectriinwe get

m?2 —emym, —emym,
2
Mgp=| —emymc me meme | —, (14
1
—emym;  —mem, m?

e€—m2  —mm m,m;
m
3
my 5 my 1
Mg=| —mMyM. |—+€|m; —meMm; —
3 ms 1
my my
m,m; —mem, ——e|m?
mg ms

(15

If m;>em; the overall scale is lowered tMg~mZ/m;
~ 10" GeV. Form;=em; we get the interesting form

em2  —mym,  mym
Mg=| —mymc 26m<2: EMMy | — (16)
1
m,m; em.m; 0

We stress the sharp difference between mdtt® and ma-

trix (12) or (14). While in Egs.(12) and (14) the largest
element isM 33, in Eq.(16) it is M gq3 Or Mgos. In the first
case the structure dfl  is roughly similar to the Dirac neu-
trino mass matrixM ,, in Eq. (5), that is, a nearly diagonal
form. In the second casd/ is roughly off diagonal. As a
consequence, also the overall mass scale is different,
mZ/m;=10' GeV for the nearly diagonal form and
m,m,/m,;=10" GeV for the nearly off-diagonal form.

Let us discuss the implications for baryogenesis via lep-
togenesis and for the neutrinoless double beta decay. The
baryon asymmetry for the full normal hierarchy Mg
~10 1% Due to the suppression dflz;, and Mg,3, the
baryon asymmetry is smaller in the partially degenerate
spectrum than in the full normal hierarchy. The suppression
of Yg is of orderé€?. In fact, the relationMEM p=Mgpm,
holds in both cases, sincMEMD and Mzm; are diagonal-
ized by the samdJi with the same eigenvalues. For the
nearly off-diagonal form, the baryon asymmetry is enhanced
to a sufficient level, due to the moderate hierarchy within
Mg. In the neutrinoless double beta decay we Ykt
=m,~103-102 eV if my;>0, andM ¢e=(m3—m?)/m, ,
~104-103%eV if m,<0. Therefore, the nearly off-
diagonal form forMg tends to enhanc¥g but to suppress
Mce. Thus we have found that if the diagordl, in Eq. (5)
is assumed then in order to get sufficient baryon asymmetry
the matrixM g must be roughly off diagonal, which leads to
a negativem, and an approximate prediction fd¥l.e,
smaller by one order with respect to the case of a roughly
diagonalMg. The negative value fom, could be an indi-
cation that phaseg; and ¢, are very different from each
other.
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2. Single large mixing

In this case we have the form

2

m;, —em,m, —em,m,
mq my
_ 2 2
emm, | —+e&?|m? (——e )mcmt 1
Mg= m; my m (17)

my my

—emym, |——¢° mcmy — + €2 mt2
my ms

and for m;>e’m, the structure oMy is nearly diagonal
with the overall scale given byn?/m,~10'" GeV. The

1. Double large mixing

The heavy neutrino mass matrix for spectrBmis given

baryon asymmetry can get a moderate enhancement, becaLb';S;a

of the factor my/m;, and Mge=m;<10 %eV. If m,
=€e?m, the elementM r,3 vanishes. Fom,<0 andm;=
— €?m,, we have a vanishiniylrs3, leading to a nearly off-
diagonal form at a lower scale.

B. Inverse hierarchy

The zeroth order form ofl for spectrumB; is given by

0 1 1
V2 2
1
M~ _E 0 0 | myg, (18
! 0 0
J2
1 0 0
1 1
o - =
M~ 2 2 my, (19
1 1
o - _=
2 2

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

1 0 0
1 1
o - _Z
M L™ 2 2 ml (20)
0 1 1
2 2

for both cases. The overall scale g ,~10 2-10 * eV.

2
—m; emym; em,m
my
Mg= —. 21
R™| emimg  m2  mem; | mg 21)
emym, mgm, m?
If m,<0, spectrunB;, we get
m m
2.2 3
€my - ——mymg mymy
my
M M mZ mem !
=| ——mym —.
R m u''lc c c!tit m3
ms 2
—m,m, mem m
m]_ ultlt c'tit t
(22)

In the inverse pattern there is stronger hierarchivlig with
respect to the full normal pattern; see the first row and col-
umn in Egs.(21) and(22). The form ofMy is always nearly
diagonal and the off-diagonal form cannot be realized. The
mass scale i#1g~mZ/m;=10"> GeV. Note also the differ-
ence between the inverse hierarchy and the partially degen-
erate spectrum in the eleméviiz;;, which is responsible for
the inversion of the light neutrino masses , andms.

As a consequence, the baryon asymmetry is even smaller
than in the partially degenerate spectrum with>0, be-
causeM is also suppressed. In fact, the suppressiovigis
of ordermg/m, for spectrumB, and € for spectrumB;.
Instead, the rate for neutrinoless double beta decay, related to
Mce, can be enhanced. In particular, for spectrBs we
have Mge=m; ,~10 2-10"* eV, which is by one order-
higher than for the full normal hierarchy. For spectriamn
we obtainM ¢g=(m3—m32)/my ,~10 4~10 2 eV.

2. Single large mixing

In this case the heavy neutrino mass matrix is the same

This is the same as the normal hierarchy, because both aes for the previous case wittm,>0, and Mge~=m,

determined by atmospheric oscillations.

~107%2-10"1t eV.
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C. Nearly degenerate spectrum mﬁ pmym,  pmym
Here the light masses are around 1 eV. The zeroth order 2 2
A Mg=| pmym m emem; | —, 29
form of M, for spectrumCy, is diagonal, R | PHTe ¢ i m, 29
pmym,  €?mgm,  m?
1 00
M ~{0 1 0fm, (23 -
00 1 em;  myme —mym; L
. .. Mg= myme mg mcm I
for both kinds of mixing. For spectrur@, we have 2 my
—mymy  mcm; m;
1 1 (30
0o - -
V2. 2
1 1 1 e€m?  —mym, mym,
~ = = - 1
Mt V2 2 2 M 24 Mg= myme m; MMy e
2 1
m,m, memy m;
_ % % % (31)
2
-1.00 -m?  emym; emym,
1
M~ 0 1 0|m, (25) Mg=| emim. —e?mZ mm, | —.
0 0 1 5 o M
fmumt mcmt — € mt
32
and for spectruntC, 32
0 _ i i In Eq. (29) and Eq.(34) below, we writep whenever a can-
V2 2 cellation at the level ok occurs. We see that matricé29),
(30), (31) are roughly close to the diagonal form, while Eq.
Mo~ — 1 1 1 26 (32) is not. The overall mass scale g~ 10" GeV.
L V2 2 2 | Mo (26 For spectra&C, andC5 the baryon asymmetry is generally
suppressed or much suppressed with respect to the full nor-
1 1 1 mal hierarchy, while for spectr@, andC, it is comparable.
2 2 2 The suppression of z for spectraC, andCj is of orderp?
and€?, respectively. Instead, the rate for neutrinoless double
1.0 0 beta decay can be further enhanced with respect to the in-
verse hierarchy. In particular, for specttg andC; we have
M ~{0 0 1|m,, (27)  Mge=m;~0.1-1 eV, by one order higher than for the spec-
0 1 0

trum B,. For spectra&C,; andC, we have cancellations lead-
ing to Mg~10 °-10 % eV.
according to double or single large mixing. Finally, for spec-

trum C3 2. Single large mixing
-1 0 O For spectraC, andC5; we have the same matrices as for
M 0 0 1 28 the previous mixing. For spect@; andC, we get
L~ m;
0 1
-m?  emym, em,m,
for both kinds of mixing. The overall scale im; ;3 2 2 1
~0.1-1 eV, determined by single beta decay. In the nearly Mg={ €MuMc Me € MeM m,’ (33
degenerate spectrum several delicate cancellations among the emym; —e’mgm, mt2
terms ofM .. may occur and our study of the heavy neutrino
mass matrix is only indicative.
2
m m,m m,m
1. Double large mixing ! P 2u ZC P
. . Mg=| pmym; €°m m.m; | —. 34
The heavy neutrino mass matrix for the spega C;, R=| P ¢ ZC 2t m; (349
C,, Cj is respectively given by the forms pmyMmy MMy €7my
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In these two cases the baryon asymmetry is suppressed or
much suppressed with respect to the full normal hierarchy,

andM.~0.1-1 eV. The suppression f; is of order e?
andp?, respectively.

VI. SEESAW MECHANISM AND BARYON ASYMMETRY

In this section, instead of the diagonal form, we take the
realistic mass matrices, expressed in terms of the Cabibbo

parameten =0.22 and the overall mass scale,
NSN3 NS

Mo~| A3 A% \?

DD |

m,, (35

)\12 )\6 )\10
M~ A® A A Im,.
ANt 1

(36)

These forms can be motivated by Bf{2) horizontal sym-

metry; see Ref.27] and references therein. Again we neglect

U, with respect toU. However, the effect obJ ,#1 is cru-

cial. Of courseM, * can be obtained from the previous sec-

tion by deleting the quark masses lihg. In the following

calculation we will assume that no cancellations occur be-

tween two quantities of the same ordernin

PHYSICAL REVIEW D66, 053001 (2002

A6 )12 )10 ,
m

M~ N2 \10 6 | T (40)
NI My

By consideringM LM r, one finds thaMp, is diagonalized by

1 A S
Up—| =A% 1 A% (41)
PRI I |

with eigenvaluesM;~\®mZ/m;, M,~M3, M;~\*Mj.
Then we obtain

>\4+)\— x“) ~1074, (42

andm;~\2m;, so that a sufficient amount of baryon asym-
metry can be easily achieved. Note that here the dominant
term in the leptogenesis formula is the second one. The mass
scale in Eq(37) is given bym?/m;=10' GeV, and in Eq.
(40) by \®m?/m;=10"? GeV.

For spectrunC, we have the nearly diagonal form

For the full normal hierarchy and double large mixing we and for spectrunC;

get
)\12 )\10 )\6 )
m
M o~ )\10 )\8 )\4 _t (37)
R ml,
AN 1
diagonalized by
1 A2 S
Ug~| =M 1 A%, (38)
!

with eigenvaluesM;~m?/m;, M,~\8M3, M;~\'?Mj,
and consistent with thel(2) horizontal symmetry27]. The

)\12 )\10 }\10 )
M| N0 A8 A4 my (43
m;’
D |
)\16 )\10 )\6 )
| 210 \8 \4 |t
Mg 6 e (44)
DD L

The baryon asymmetry is very small in the caSg and
moderate in the casgs.

For single large mixing the results are roughly similar to
those for double large mixing. Few changes can be easily
shown and they are not discussed here. Thus we see that
using nondiagonal Dirac neutrino mass matrices and doing
an order-of-magnitude analysis leads to few forms for the
heavy neutrino mass matrix. Then the two questions of de-
termining the symmetry generating mass matrices and dis-
covering their coefficient should be addressed. For example,
horizontalU (1) or U(2) symmetries can be used. This is a

baryon asymmetry is enhanced with respect to the diagondlindamental subject that we will try to discuss elsewhere.

case but remains too smaWz~10 4 In fact, the relation
M LM p~Mgm; holds, and one obtains

3 )\20 )\12
~ | — 44 12| — 10
€ 1677()\12 N A 10710, (39

andm;~m;. The sameMy and Yz come out for the par-
tially degenerate spectrum witim,>0, the inverse hierar-
chy, and the nearly degenerate spe€@raandC,, although
the scale oMy is changed accordingly.

For the partially degenerate spectrum with<<O, assum-
ing for example bothe~\* and M gg3~A\*?m?/m, in matri-
ces(15),(16), we obtain,

We need not start from matric€85), (36) but other forms
are possible as we|R8].

A simple way to enhance the baryon asymmetry is by
means of a quite moderate hierarchy in the Dirac neutrino
mass matrix, that is, for its eigenvalues and/or for its mixing
angles[29,30. This is quite evident from the leptogenesis
formula. For example, instead of E(R6), one can adopt

A8 A% S
MI/N )\3 )\2 )\2
P |

m;, (45)

that is a matrix similar to charged lepton masses but with the
same overall scale as up quark masses. Let us discuss this
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D. FALCONE

issue. In Sec. lll we have assumbt,~My4 andM ,~M,,.
This is the simplest hypothesis within the standard modelihe valueM ce™ 10°3-102 eV for the normal hierarchy and
and in the supersymmetric model can be motivated by th@,~10"2-10! eV for the inverse hierarchy. Note that
fact that the two paird, 4 andM,, , are generated by two these predictions cover three different ranges of values for
distinct Higgs doublets. However, Yukawa couplings for them,, so that informations from the neutrinoless double beta
Dirac neutrino can be very different from the Yukawa cou-decay could clarify the structure of fermion mass matrices, if
plings for the up quarks. If this case occurs, the hierarchy ofhe leptogenesis mechanism is valid.

masses and mixings in the Dirac neutrino sector can be very As a conclusion, we find that, ¥ has to be within the
different from the mass hierarchy of up quarks and the CKMallowed range, then retaining quark-lepton mass relations

quark mixing, respectively. When we take matri¢g8s) and

(45) we obtain

PHYSICAL REVIEW D 66, 053001 (2002

Therefore, instead oMq.~10 %-10 % eV, we can yield

Me~Mg andM ,~M,, leads to a roughly off-diagonal form
for Mg and the predictionM e~10 4-103eV. If M,
~M, is not true, therM g can be roughly close to the diag-

NS N onal form andM,, larger than 102 eV, with Yg in the
Mg~| N> A% A2 ﬂ (46)  allowed range. This is the central result of our paper. We
N2 a2 1 my h_ave proppsed two such different kinds of model in the pre-
vious section.
It has been suggestd@6] that the nearly off-diagonal
3 10 5 A6 6 s form for My is consistent with the nonsupersymmetric uni-
17 167 \6 A +F AP ~107 47 fied modelSO(10) with an intermediate symmetry breaking

scale, where the heavy neutrino mass is generated, while the
nearly diagonal form foMp is consistent with the supersym-
Both the internal hierarchy and the overall scaleMf are ~ metric version without such an intermediate scale, the heavy
important. In fact, if the overall scale in Eg¢45) is m, , neutrino mass being generated at the unification scale. In
instead ofm,, the baryon asymmetry is again suppressedoth cases, quark-lepton symmetry is valid. Then, we ask if
[29]. The relationM ,~(tan8)M, can be obtained within the framework described here could be embedded in unified
supersymmetric left-right mode[81]. For very large tag ~ Models. On the one hand, the leptogenesis scenario could
we get a Dirac neutrino mass matrix similar to 345) work within unified mOdeIE{SZ] On the other hand, unified
Finally, assumingM , truly diagonal and the full normal hi- models have not yet received decisive support from the ex-

erarchy, we getYg~10 12 to be matched with the value Perimental detection of proton decay, so that we find it at-
Yg~ 1016 obtained in the previous section. tractive to keep the minimal scenario, as was the motivation

of the original paper on the leptogeneds$. Within a unified
framework, the leptogenesis constraint favors the nonsuper-
symmetric model.

Assuming a nearly diagonal mass matrix for Dirac neutri- The present paper focuses on the general structure of
nos, we have studied the structure of the Majorana massass matrices and does not exclude that possible fine tuning
matrix of right-handed neutrinos within the seesaw frame-could produce a sufficient amount of baryon asymmetry
work, and its implications for baryogenesis via leptogenesi$19,33, even with nearly diagonal mass matrices. Other in-
and for the neutrinoless double beta decay. Then we haveresting papers on the relation between leptogenesis and
explored the effect of a nondiagonal mass matrix for Diracmass matrices are reported in Rgf4].
neutrinos. In this context, we find few possibilities to obtain  In our simple approach we have not considered the effect
a sufficient level of baryon asymmetry. The only case wherof running masses and mixings from the low scale to the
the asymmetry is large should be the nearly off-diagonahigh My scale where the seesaw form@ applies. At our
form of Mg. Usually, the behavior oM., is opposite to level of approximation, only for the supersymmetric version
Yg, namely whenYy is suppressed.. is enhanced and with large tan3 can they be significari85]. In particular, for
vice versa. For the off-diagonal form we getl,.  spectrumC, both double and single large mixing are con-
~10 *-10 3 eV. In the supersymmetric formula for lepto- verted to nearly zero mixing, and for spectta and C,
genesis, the baryon asymmetry is only slightly enhancedouble large mixing is converted to single large mixing.
[19,22. In fact, although there are new decay channels, alsSuch spectra are characterized by degeneracy in mass and
the washout process is stronger. sign. However, it has been argugb] that the running of the

When a moderate hierarchy M, is adopted, as in Eq. vacuum expectation values could improve the stability of the
(45), then Mg need not be close to the off-diagonal form. lepton mixing matrix.

and a sufficient amount of baryon asymmetrig~ 10 1°.

VII. DISCUSSION
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