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Inverting the seesaw formula
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By inverting the seesaw formula we determine the heavy neutrino mass matrix. The impact on baryogenesis
via leptogenesis and the radiative lepton decays in supersymmetric models is described. Links to neutrinoless
double beta decay are also briefly discussed. The analysis leads to two distinct matrix models. One has small
mixing while the other one has maximal mixing. Both cannot give a sufficient amount of baryon asymmetry.
Then we also comment on a different form of the Dirac neutrino mass matrix, which does provide sufficient
baryon asymmetry. In a supersymmetric scenario the branching ratios of radiative lepton decays are enhanced
for this model.
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[. INTRODUCTION As a consequence, we should be able to determine also the
impact on baryogenesis via leptogenesis, the neutrinoless
The seesaw mechanigr] is a simple framework which double beta decay, and, for example, the radiative lepton
can explain the smallness of neutrino mass. It requires only decays in some supersymmetric models. The seesaw formula
modest extension of the minimal standard model, namely this valid above theMy scale, so that one should determine
inclusion of the heavy right-handed neutrino, but can be welM at that scale. Although in several cases the effect is not
realized within left-right model$2], partial unified models relevant, we must take care of the renormalization i§sae
[3], and grand unified SO(10) theorip$], where the right- the recent papgrl)).
handed neutrino does exist. Then the effective neutrino mass In Sec. Il we discuss the Dirac mass matrices of quarks

matrix M is given by the seesaw formula and leptons. In Sec. Il we describe the effective neutrino
mass matrix and in particular its elemeht,., related to
M =M ,MzMT (1)  neutrinoless double beta decay. In Sec. IV we determine the
v

mass matrix of right-handed neutrinos. In Secs. V and VI,
respectively, we study the consequences for baryogenesis via
leptogenesis and the radiative lepton decays in supersymme-
try. Finally, we present a discussion.

where My, is the mass matrix of the right-handed neutrino
and M, is the Dirac neutrino mass matrix. The master for-
mula (1) is valid when the eigenvalues dflr are much
larger than the elements &f , and in such a case the eigen-
values ofM| come out very small with respect to those of
M, . Indeed, unlikeM,, the generation oMy, is not related A symmetric form of the quark mass matrices, in agree-
to electroweak symmetry breaking and thus its scale may bgent with the phenomenology of quark masses and mixing,
very large. MoreoverMy, is a Majorana mass matrix and as js described in Refd12,13, and given by

a consequenc#l, also is a Majorana mass matrix of left-

Il. DIRAC MASS MATRICES

handed neutrinogsee, for exampl¢5]). This fact is related 0 VMmgmg 0

to the violation of total lepton number at a high scid, | —

which should produce important phenomena such as baryo- Mg={ vMams M MaMp |, @)
genesis via leptogenedig] and the neutrinoless double beta 0 ymgmy - My,

decay[8]. Lepton flavors are also violated, but in the nonsu-

persymmetric theory, due to the smallness of neutrino mass, 0 ymmg 0

such processes are so suppressed to be unobsef@hble N = —

apart from neutrino oscillations. The situation is different in My=| vMuMme Me MuMy 1 )
the supersymmetric theory, even with universal soft breaking 0 vmymy m;

terms, where some of these processes may be observable . )
[10]. Moreover, in Ref[12], the charged lepton mass matrix has

Both lepton number and lepton flavor violations depend@n analogous form
on the mass matriceldl, and Mg. On the other hand, we

have information on the effective neutrino mass matrix, com- 0 VMeM,, 0
ing from ngutnno oscillations gn_d more generally frpm neu- M o= ‘/mem# m, ymgm, | . (5)
trino experiments. Therefore, it is reasonable, relalhgto 0 Jmams m
the charged fermion’s mass matrices, to obtain information MM T

on Mg by inverting the seesaw formula: Since the hierarchy and scale of charged lepton masses are

— similar to the hierarchy and scale of down quark masses,
Mr=M,M_"M,. (20 for exampl14]), one also has the relatidi~M 4. Then a
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natural assumption 81 ,~M,, in which case the Dirac neu-
trino mass matrix can be written in the form

M,= (6)

0
C my,
1

o 9 O
o o 9

wherea<<b~c<1. The relationb=c in quark mass matri-
ces is discussed in Rdfl5]. We takeb andc different but of
the same order. In fact, also matric€® and (5) can be
written in the form(6), with overall scalesn, andm,, re-

spectively.

Ill. NEUTRINO PHENOMENOLOGY

Neutrino oscillation data imply that the lepton mixing ma-
trix is given by

V2 1 “is
G B
1 1 1 ) )
~ _ - . : i01/2 Aipyl2
U 5 5 & diag e'¢1?,e'¢22 1), (7)
o101
G V3 2
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mg mp m
M= "3 "3
mg m; My
M2 T3 s
mz My M
M=M= 3 %

where phases are inserted ly-ee'’, m;—m;e'“t, m,
—m,e'®2, and the relatiorM ,, =M leads to the nearly
maximal mixingU 3.

Let us consider in particular the elemévit,., which is
related to neutrinoless double beta decay. For the normal
hierarchy we obtain(values in eV 1073<M o~ Am2,
<102, for the partial degeneracy 10<M..
~10"t/AmZ,<1072, for the inverse hierarchy T6<M .,
~\JAmZ,<107%, and for the degenerate spectrum~ 10
<M,e<1. Hence, different spectra give quite a distinct pre-
diction for M. There is a claim of evidence for the process
[16], with M..=0.05-0.86 eV, in agreement with the de-
generate spectrum and also the inverse hierarchy. However,
this result is controversial.

IV. THE HEAVY NEUTRINO MASS MATRIX

where €<0.16, and the square mass differences among ef- In this section we determine the I’ight-handed neutrino

fective neutrino masses;,m,,m; are

AmZ,=m3—m3=3x10"° eV?,

8

Ami=mi-m?=7x10"° eV 9
In the basis wheré, is diagonal,M is obtained by the
transformation

M, =U*D U, (10)
with D =diag(m;,m,,ms3). The presence of phases, ¢»
in the mixing matrix(7) is due to the Majorana nature of
effective neutrinos. In the lepton mixing matrixJ .3 is
maximal,U, is large, andJ o3 is small. This is in contrast to
the small quark mixings.

SinceAm3,<Am2,, we may consider four kinds of neu-
trino spectra: the normal hierarchy;<m,<m;, with m%
=Am3, and mi=Am3,, the partial degeneracyn;=m,
<m3;, with mi=Amj3,, the inverse hierarchym;=m,

>ms, with m?,~=Am3,, and the almost degenerate spec-

trumm;=m,=my=1 eV. The elements d¥l; are given by

m, my

Mee=62m3+?+2?,
mg my, my
~——+ — — —
Me, e\/E 3 3

mass matrix by means of the inverse seesaw forrf)laNe
need M_ ', which is easily achieved, sinceM *
=UD[1UT. We stress that the difference bf,, from the
maximal mixing could be ascribed thl, [17] and/or to
renormalizatior{ 18]. Therefore, at the high scale and in the
basis, whereM, is given by Eq.(5), we use the nearly bi-
maximal mixing in the seesaw,

1 1 —is
— — €€
V2 2
u=| -2z L diag e'#1?,e'#22 1), (11)
2 2 \/E ) i) 1
1 1 1
2 2 2
with e=0. Then the elements (Nl[l are given by
Mot 2Ly <
e 2m, 2m, m;’
-1 1 . 1 N 1 €
e 2\/§m1 2\/§m2 \/E m3’
1 1 1 €

-1__

er

—_—+__,
2\/§m1 2\/§m2 \/§m3
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. 1 1 1 Note that while for the normal hierarchy the differendz (
M, -=~— am.  4m + 2ma’ —c) appears, for the inverse hierarchy, instead, the soam (
! 2 3 +¢) appears. At the low scale we have

1 1 1
M ;;2 M = + + , My  My=Mp My—My
amy - 4m, - 2my M~ mx—my ms » ms »
L 1 1 1
where phases are inserted oy —m;e”'¢1, m,—m,e ¢2, my—my ms » my 2

e—ee "%, Now, we determine the forms ® g according to

the four kinds of mass spectra for the effective neutrinos. Wavith m,— m1~Am§'1/m1,2, and a form ofM with all en-
consider two extreme cases, that¢s=¢, and ¢,=¢,  tries of the order om, ,.

+ar. The other cases should be intermediate between these For the degenerate spectrum we get in the ¢ase ¢,
two.

For the normal hierarchy we obtain a? ab ac\
m
~| ab P+c? ¢ | L
a? a(b—c) —-a 2 Mg e . . mg’ (15
Mg=| a(b—c) (b—c)®> —(b—c) 4—n:1_ (12
—-a —(b—c) 1 For ¢,=¢,+ 7 we have the same form as Ed4). At the

' low scaleM, is of the same kind as the inverse hierarchy
An overall phase'?t will be always absorbed. The corre- case.

sponding approximate form d¥l, at the low scale is given In the following sections we will consider, in a simplified
by approach, the impact dfl , andMy on the baryogenesis via
leptogenesis and the radiative lepton decays in some super-
m, m, m, symmetric models. We first takd ,~M ,, so that[14]
Mi~( M2 Ms M 0 A% 0
m, mg m
P M~ A® NN Img, (16)
For the partial degeneracy, the case= ¢, leads toM g, 0 A 1
the double of that in Eq(12). Instead,p,= ¢+ 7 leads to
the special form where \=0.22 is the Cabibbo parameter. Since-c, we
take only two forms forMg, one for the normal, inverse,
0 a 0 5 and degenerate case, and the other for the partial degenerate
a .
Me=|a 2(c—b) 1 \/Tt . (19 case(13), that is,
0 1 0 2y2my A12 \10 6
. . Mg~| A0 A% \* m 17
The corresponding approximate formsh\f at the low scale R my’
are given by DDA |
M, My—mg my—my with eigenvaluesvl; /M,~\* M;/M3;~\*2 and
~| my—m m m
M 2~ My 3 3 , 0 N 0 ,
m,—m m m m
S ’ M| A& A 18, 18)
my
with m,—m,~Am3,/m, ,, and 0 1 0
My, My, M, with eigenvaluesM;/M,~\% M;/M;~\®. Note that the
' ' ' scale of matrix(18) is smaller by several orders with respect
Mi~| M2 M3 Mg ). to the scale of matrix17). DefiningMp=M ,Ug, whereUg
mp, Mz mg diagonalizedM i (Mp is the Dirac mass matrix in the basis

where My, is diagonal, we obtainMEMD, which appears
For the inverse hierarchy both cases=¢; and ¢, both in the formula for leptogenesis and in that for radiative

=@, + give decays in supersymmetry,
a’ a(b+c) a ) A2 N0 )6
m
Mg=| a(b+c) (b+c)? (b+c) ﬁ (14) MEMp~[ MO A8 N | m2, (19)
a (b+c) 1 $ G
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)\12 )\10 )\10
MiMp~| A 1 1 |m?2. (20)
A1

In the first case, matrix17), we haveUg near the identity
andMIMp~Mgm. In the other case, matri¢l8), Ug is

PHYSICAL REVIEW D 68, 033002 (2003

3 )\20 )\20 3
S Y AN DU AR E R S
¢ ( A N |~ 107 (29

with m;~m;. Note that the two terms are comparable.
Moreover, it is clear that both models cannot provide a suf-
ficient amount of baryon asymmetry.

nearly unimaximal. Therefore, in the matrix model made of

Egs.(16) and (17), M, and My give small mixing, so that

large mixing inM_is produced through a matching between
M, andM g within the seesaw formula. Instead, in the matrix

model made of Eqs(16) and (18), the maximal mixing in
M, comes fromMg. The structure$l7) and(18) agree with

VI. RADIATIVE LEPTON DECAYS

In supersymmetric seesaw models with universality above
the heavy neutrino mass scale, lepton flavor violations are
produced by running effects from the universality sdsllg

the results of Ref.19], where it was realized that the seesaw!© the scaléVig [10]. The branching ratio for radiative lepton
enhancement of lepton mixing can be achieved by stron§€cays is given by the approximate form{i]

mass hierarchy or large off-diagonal elements in the heavy

neutrino mass matrix.

V. BARYOGENESIS VIA LEPTOGENESIS

The baryogenesis via leptogenesis mechanigiis a

2
(Y5 Yp)j tarPB,

(26)

* [3mg+AS My

10—
872 Mg

o
2,8
FMs

with I,=¢, l,=pu, |3=7. Here,m, is the universal scalar

well-known mechanism for baryogenesis, related to the S€6&nass,A, is the universal trilinear coupling, ands is the

saw mechanism, where the decays of heavy right-handegl,erage slepton mass at the weak scale, which can be quite
neutrinos produce a lepton asymmetry which is partly transyiferent from m,. The experimental upper bounds are

formed in a baryon asymmetry by electroweak sphalerorBr(M_>ey)<1_2>< 10~ 12
processeg20]. The amount of baryon asymmetry is then Br(7— uy)<1.1X10" '

given by the expression

11
YBZEQ_*dEL (21)
wheree; can be written as
3 [(YLYp)Z, M, (YLYp)i M
€ D'D/12 1+ D'D 13_1 (22)

167 | (YSYp)1a M2 (YEYp)1y Ma|’

see, for instance, Rdf21]. In these formula¥ are Yukawa
matrices,g* =100, andd<1 is a dilution factor, which de-
pends especially on the quantity

~ (M{Mp)y
ml_M—l' (23
Moderate dilution is present whem; is in the range of the
effective neutrino masseg®2]. The allowed value for the
baryon asymmetry i¥g=9x 10", see Ref[23]. Yukawa

Br(r—ey)<2.7x10 %,  and
6. The first and third results are ex-
pected to be lowered by almost three orders in the future.
Assumingmy=mg=100 GeV,A,=0, and ta=>50, we
obtain for the first matrix model the values 16, 10 %2,
10°°, and for the second matrix model the values 0
10718, 10 3. Due to large uncertainties in supersymmetric
parameters, we cannot make definite predictions, so that pre-
vious numbers represent the effect of distinct matrix models,
which is our main interest here. However, the element
(YL Yp)s~1 in matrix (20) seems critical.

VIl. DISCUSSION

By inverting the seesaw formula we have calculated the
heavy neutrino mass matrix, and the implications for baryo-
genesis via leptogenesis and radiative lepton decays in cer-
tain supersymmetric models. The analysis leads to two dis-
tinct matrix forms, that is, a nearly diagonal model and a
nearly off-diagonal model, which cannot provide sufficient
baryon asymmetry. For recent related studies, see[RE}.

We have assume¥,~M,. However, this assumption
can be changed. Indeed, the main feature of the Dirac neu-
trino mass matrix within the seesaw mechanism is that its

matrices are obtained by dividing mass matrices by theibverall scale is of the order afi,. For example, we can take

overall scale.

M,=Mym;/my, which means that it has the same overall

For the two matrix models described in the previous secscale ofM,,, but the internal hierarchy d¥l,

tion we get, respectively,

= Tor | 2

3 )\20
A\ 12 167

12
4+)‘_.)\12)~ 3 \12_10°10
(24)

with m;~m,, and

0 N O
M,~| A A A% |m,. (27)
0 A 1

In this case, sufficient baryon asymmetry is achieved, espe-
cially for
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A8
AN
A1

)\6
)\5
)\3

M mtz 28
R me (28)
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An indication towards the existence of the seesaw mecha-
nism would be the evidence for neutrinoless double beta de-
cay. For the moment we preditin eV) 10 3<M,.<0.86.
While the upper part of this range will be checked rather

The branching ratios of lepton decays are also enhanced &?0n, the lower part is more difficult to reach.

1071° 107, 10 ®. However, these strongly depend on the

In conclusion, assuming baryogenesis from leptogenesis,

mechanism of supersymmetry breaking. In fact, in the previwe are led towards a Dirac neutrino mass hierarchy similar to
ous section we have adopted a gravity mediated breakinghe down quark and charged lepton mass hierarchy. In some

whereM;>Mpg, while for a gauge mediated breakiy,
<Mpg and running effects are not induced.

supersymmetric scenarios, this model may be checked by
measurements of radiative lepton decays.
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