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Abstract
We study phenomenological predictions in the scenario with the quasi-degenerate relation among
neutrino Dirac masses, mp; ~ mpy, < mp4, assuming the bi-maximal mixing at the grand unifi-
cation scale in supersymmetric standard models with right-handed neutrinos. A sufficient lepton
number asymmetry can be produced for successful leptogenesis. The lepton flavor violating process
1 — ey can be enhanced due to the Majorana phase, so that it can be detectable at forthcoming
experiments. The processes 7 — ey and 7 — py are suppressed because of the structure of neutrino

Dirac masses, and their branching ratios are smaller than that of u — e~.

PACS numbers: 11.30.Hv, 14.60.Pq, 14.60.St

Keywords: Neutrino mixing, Lepton flavor violation, Leptogenesis

*Electronic address: kanemu@het.phys.sci.osaka-u.ac.jp
TElectronic address: matsuda@het.phys.sci.osaka-u.ac.jp
tElectronic address: toshi@het.phys.sci.osaka-u.ac.jp
§Electronic address: shindon@sissa.if

YElectronic address: takasugi@het.phys.sci.osaka-u.ac.jp
**Electronic address: ko2@het.phys.sci.osaka-u.ac.jp


http://arxiv.org/abs/hep-ph/0501228v3
mailto:kanemu@het.phys.sci.osaka-u.ac.jp
mailto:matsuda@het.phys.sci.osaka-u.ac.jp
mailto:toshi@het.phys.sci.osaka-u.ac.jp
mailto:shindou@sissa.it
mailto:takasugi@het.phys.sci.osaka-u.ac.jp
mailto:ko2@het.phys.sci.osaka-u.ac.jp

1. INTRODUCTION

Neutrinos can be useful as a probe of physics at high energies such as grand unified
theories (GUT). Supersymmetry (SUSY) may be introduced to avoid problems due to large
hierarchy between the weak scale and the GUT scale. Tiny neutrino masses and observed
mixing angles may be explained by assuming the existence of right-handed neutrinos with
large Majorana massesHI; They are determined from the high energy structure of the
model by using renormalization group equations (RGEs). The resulting mass spectrum
and mixing angles depend on the Majorana mass matrix of right-handed neutrinos and the
neutrino Yukawa interaction. It would be possible to consider phenomenology of the model
by putting additional assumptions in the high-energy structure of neutrino sector.

In this paper, we consider the minimal supersymmetric standard model with right-handed
neutrinos (MSSMRN), in which the bi-maximal solution for the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix[2] is assumed to be realized at the GUT scale. This solution is
predicted in several GUT modelsﬂ]. In the model with the bi-maximal mixing solution, the
1-3 element of the PMNS matrix is zero at the GUT scale, while there are two Majorana
CP phasesH]. A non-zero value of the 1-3 element with the CP violating Dirac phase can be
induced at the low energy through RGESB, H] The observed value 6, (tan? 6 ~ 0.4@, H, H])
for the solar neutrino angle at low energy is clearly different from the maximal mixing /4
at the GUT scale. This difference can be explained by taking into account the running effect
due to the neutrino Yukawa couplings between the two scalesH, H, EI, |£|] When masses of
neutrinos corresponding to the solar neutrino data are relatively larger such as 0.05eV, the
running effect becomes significant so that the value of 6. can be reproduced at the low energy
scale|d, m] On the other hand, when the mass scale of neutrino is larger than 0.15eV, the
atmospheric neutrino mixing angle is so instable that the bi-maximal mixing model cannot
explain the experimental result of atmospheric neutrino oscillation|d, m] Therefore, we
here consider the case in which masses of neutrinos are in the range between 0.05¢V and
0.15eV. Then the solar neutrino data prefer two cases for the pattern of the eigenvalues of
the neutrino Dirac mass matrix; (i) hierarchical case (mp, < mp, < mp,) and (ii) quasi-
degenerate case (mp; ~ mp, < mpy). The case (i) has been studied in Ref. [12], and it has
been found that lepton flavor violating processes are not significant. In the present paper,

we study the case (ii) and investigate its low energy phenomenology.



We shall show that our scenario is compatible with the low energy neutrino data,
and that sufficient amount of lepton number asymmetry can be produced for successful
leptogenesisdﬂ, @, B, @, E] Furthermore, we find that the lepton flavor violating process
i — ey can be enhanced by the Majorana phase effect to be as large as the experimental
reach at MEGI18]. We also find that the branching ratios of 7 — ey and 7 — py are smaller
than that of ;1 — ey. These are striking features of the quasi-degenerate scenario.

In Sec.2, the quasi-degenerate scenario with the bi-maximal mixing solution is defined
in the MSSMRN. In Sec.3, we discuss phenomenological results of our scenario, especially
on leptogenesis and lepton flavor violation. Comments and conclusions are given in Sec.4.

Some derivations are given in Appendices.

2. THE QUASI-DEGENERATE SCENARIO

We consider the neutrino Yukawa couplings in the quasi-degenerate scenario in the

MSSMRN. The Lagrangian relevant to right-handed neutrinos is given by

_ 1
Lyin = NroyY,vy, — §NRMRNR +h.c, (1)
where Np is the right-handed neutrino with the 3 x 3 Majorana mass matrix Mg, v, is
the left-handed neutrino, ¢2 (¢9) is the neutral component of the Higgs doublet with the
hypercharge —1/2 (+1/2), and Y,, is the 3 x 3 Yukawa matrix for the neutrinos. The left-
handed neutrino mass matrix is expressed at each scale as|[l]
v?sin? 3
m, = ————
2
where the vacuum expectation values (¢0) and (¢)) satisfy v = v/2,/(¢%)2 + (¢0)2 ~ 246
GeV and tan § = (¢0)/(49).

Let us consider the neutrino mass matrix at the GUT scale, My, which is much higher

YIMG'Y,, (2)

than that of the Majorana masses of right-handed neutrinos. We take the basis such that
the mass matrix of right-handed neutrinos is diagonal as My = D = diag(M;, Ms, M3),
where M; are real positive eigenvalues (M; < My < Mj), and that the mass matrix of the
charged leptons is also diagonal. The neutrino Dirac mass matrix m, is diagonalized as

vsin 3

\/§ = VIQDDVL ; (3)

mp =Y,



where D, is a diagonal matrix D, = diag(mp,, mps, mp3) with real positive eigenvalues m p,
(mp; < mpy < mpy), and Vi and Vy, are unitary matrices. As an important assumption
of our model, we suppose that the neutrino mass matrix satisfies the bi-maximal mixing

solution at My; i.e.,

mu(MX) == OBDI/OE ) (4)
where Op is given by
1 1
vz vV
=11 1 1
OB = b} 5 _ﬁ ) (5)
1 1 1
2 2 V2
and D, is a diagonal matrix,
Dz/ = diag(mla m2€ia07 mgeZﬂO), (6)

with ay and Sy being the Majorana phases and m; being real positiveu].

It is known that when the scale of neutrino masses are so large as 0.05eV < mq ~ moy = m,
the running effect on the neutrino mass matrix between the weak scale m, and My becomes
large due to the neutrino Yukawa interactionda, m, m] The 1-3 element Vi3 of the PMNS
matrix is also induced at the low energy scale, which is found to be proportional to m;ms[d].
The element |Vj3] can be sizable when both m; and mgy are sufficiently large!. In order
to reproduce the solar neutrino data from the bi-maximal solution at My with Yj Y, to
be diagonal, there are two possibilities for the pattern of the neutrino Dirac masses, i.e.,

hierarchical case mp; < mps < mps and quasi-degenerate case mp; >~ mpo < mps with

0 01
‘/L:f)emE 0 10 . (7)
—100

The detailed discussion appears in Appendix A. In this paper, we concentrate on the latter

case, namely the quasi-degenerate case. The hierarchical case has been studied in Ref. [12].

! There is also a chance to appear large running effect in the case where the neutrino mass spectrum is
inverse hierarchical, i.e., mg < m; < mg. In this case, different prediction for the 1-3 element of the

PMNS matrix is obtained at the low energy scale.



From Egs. @), @), and @), we obtain
M;' = (ViDR'Vi) = DY (P.yOp) D, (PayOp) Dy} (8)

The unitary matrix Vp as well as the eigenvalues M; are obtained by diagonalizing Mgl.

Consequently, we find

% %cos% —% sin% e~ ho
Ve=| -7 508§ ——=sin§ e~ T : (9)
0 —isin % oS % =00
where
_2r oo . o
tan( = T2 tan 5 with r=mp,/mpy; < 1. (10)

As seen in Eq. (@), some off-diagonal elements of Vi are of order one. This is the striking

feature of the quasi-degenerate case in contrast with the hierarchical case in which Vg is

approximately the unit matrix[12]. For the masses of the right-handed neutrinos, we obtain
hy =D
m )
2
m 2
My =—21 , (11)
m\/[1 —r?2cos? 8 4 4r2 + [1 — r?] cos 2
M, =Dt 2

m /T =17 2cos? % +4r? — [1 — 12| cos %

The derivation of Eqgs. (@) and (IJ) is shown in Appendix B.

3. THE PHENOMENOLOGY

In this section, phenomenological consequences of our scenario are studied. The param-
eters of the neutrino sector at My are related to the low energy observables by the RGEs
(see Appendix A). They are constrained from the data of solar and atmospheric neutrino
experiments. We here take the values Am? = 8.3 x 107° eV? and tan?6, = 0.4 as the
= 2.5 x 1073 eV? and sin®26,,, = 1.0 as the atmo-

solar neutrino results|d], and Am?
spheric neutrino resultsﬂ]. Throughout this paper, My is assumed to be 2 x 106 GeV.

atm

In the following, after the discussion on basic properties, we examine the consistency with

leptogenesis, and predict lepton flavor violation (LFV).
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FIG. 1: (a) The ratio r as a function of g and m ,, for tan § = 5 and m = 0.1 eV. The shaded region
corresponds to cos 26 < | cos(ap/2)] < 1. (b) The eigenvalues M; as a function of |cos(ag/2)| for

mp, = 10 GeV (black curves) and mp, = 50 GeV (gray curves) for tan =5 and m = 0.1 eV.

The experimental value 6 can be reproduced in our scenario with the bi-maximal solution
at Mx. As we take the degenerate mass of neutrinos, the running effect on the solar neutrino
angle can be large between Mx and m,. On the other hand, the angle 0,,, can be explained
by assuming the masses of neutrinos are less than 0.15 eV so that the running effect is
small|d, m] In our scenario, the running effects on the neutrino mass matrix, which are

parametrized by €. and €,, can be expressed as

1 2 1 M
T L e
872 (vsin 3)? \r? Mx
1 2
€, o~ M, Mz (12)

S 8m2(veosB)? T My

where M p is the typical mass scale for right-handed neutrinos and m. is the mass of the tau
lepton: see Appendix A. From Eqs. (@) and ([A4l) with the experimental data for angles
and mass differences, we obtain the relation among o, mp;, and r. In Fig. [} a), we show
the ratio 7 as a function of mp,, for each value of o in the case of m = 0.1 eV and tan 8 = 5.
We find that r is insensitive to ag. In Fig. [FH(b), M; are shown as a function of | cos(ag/2)|
for mp, = 10 GeV and mp, = 50 GeV, which are determined by m, «ay, and r through
Eq. [[). Notice that M; and M, are coincident when ag — 0 up to O(Am?Z,, /m?). The
scale M p takes the value between 10'2 and 10 GeV.



A. Leptogenesis

In models with the heavy Majorana neutrinos, it is possible to consider leptogenesisdﬂ] in
order to explain a baryon asymmetry of the universe. In leptogenesis, the out of equilibrium
decays of heavy Majorana neutrinos produce a lepton number asymmetry which is converted
to the baryon number asymmetry through the sphaleron processes. It is known that lepto-
genesis is successful to explain the baryon number of the universe when ms < 0.15eV and
M, > 2 x 10°GeV|[14], and mass parameters of our model can be in this allowed range. On
the other hand, a constraint from gravitino overproduction can be a serious problem for our
model. In order to allow the reheating temperature Tx > 10'2GeV which is required for
case M; > 10"2GeV, the gravitino mass should be heavier than 10TeV[21]?.

The lepton number asymmetry is produced in the decay of heavy Majorana neutrinos,
which can be expressed as|[13]

2 2
w2 () oot =

where f(z) is given in the MSSMRN as
f(x):\/E{ 2 +1n(1?’3>} | (14)

1—=x

In our scenario, (V,Y,);; are calculated at the leading order as

2
. — T2 B
2m?%,
T u2sin? B
1 — 301 cos %e%(wo‘ao) 16; sin %ei@ﬁo—ao)
=30 cos et J(A41/r+(1-1/r) cos()  FA-1/r)sin¢ | (15)
S0y sin §e~(2Fo—ao) (1 —1/r*)sin¢ L(1+1/r*=(1=1/r?) cos()

where §; = m?,/m%, —1 (< 1). The asymmetry €3 is negligibly smaller than €; » because of

M, ~ My < Ms. 3 In the same reason, the elements including (Y, Y )12,21 are dominant in

2 In various SUSY models such as the minimal supergravity model, the gravitino mass are related to the
soft SUSY parameters. In our paper, we don’t touch origin of soft SUSY breaking terms and we can take

the gravitino mass as an independent parameter@], though assume the universal soft SUS eters.
3 In the limit of 2 — 1, there is an enhancement effect in the lepton number asymmetry[l5, [16]. The

enhancement is smeared by the following two reasons; i.e., (i) the effect of the decay width for N; and (ii)
the effect of the small mass difference between M; and My ~ O(Am2,,, /m?).
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FIG. 2: The baryon number asymmetry 7 as a function of |cos(ag/2)| for Sy = 0, 7/2 and .

The other parameters are assumed to be m = 0.1 eV, mp; = 50 GeV, 6; = 0.05 and tan 3 = 5.

€12. Therefore ¢ 5 are approximately proportional to 67, which means that finite €; » appear
only when there is a deviation from the exact mass degeneracy M; = M,.
In leptogenesis, the baryon number asymmetry 7y of the Universe is explained by using

the lepton number asymmetry|[17];
Mgy = —107Ko Y & , (16)
where ko ~ 0.3/{K(In K)**} with K ~ 170(m/[eV])._ The numerical result of 7, is given

in Fig. Bl The experimental value 7, ~ 6.5 x 107" [23] can be realized in our scenario.

B. LFYV processes

In the MSSMRN, the slepton mixing can be a source of LFVM, Q] Assuming the
universal soft-breaking parameters at My, mixing among left-handed sleptons is induced by

the renormalization group effects due to neutrino Yukawa couplings between My and M ,



even when there is no mixing at My. The induced off-diagonal elements of the slepton mass

matrix are approximately expressed as[24, 27

(m)i; ~ 672 Yfv,), (i#J), (17)

where mg and Ag are the universal SUSY breaking parameters, and

QEdi&g(l:ﬂjM1 1 Mo lnMg).
Mx

1
T (18)

These off-diagonal elements contribute to LE'V processes such as ¢; — ¢;v (i # j). The

decay widths are given by

a’ml |(m2)y]?
Ll — lyy) ~ L L tan? 3, (19)
J 19273 m$,

where « is the fine structure constant, and mg denotes the typical mass scale of SUSY
particles. In the case of universal soft terms, mg is approximately evaluated in Ref. [26].

Let us consider Eq. (7)) in our scenario. We can express ) as

My . M, . M,
YiQy, =Y {In=—21-4d In—.In=—=,0) %Y, 20
) V{HM3 1ag<nM3,nM3, )} , (20)

where the second term of RHS in Eq. () corresponds to the threshold effect of right-handed
neutrinos. It has been often considered the case in which the first term gives dominant
contributions to ¢; — ¢;7v processes. However, Y,[Y, is diagonal at Mx so that the first term

does not contribute to LE'V. Therefore, remaining sources for LFV are in the second term

of Eq. (20). The off-diagonal elements of (Y,/QY,);; (i # j) are found to be

M.
YiQy, __Mp2Mp3 . 20 In —2 21
‘( v )12‘ \/§U2 Sil’l2ﬁ81n C nMg ) ( )
mp1Mmps . M,
YiQy, =——sin2(In — , 22
‘( v )13‘ V202 sin? 8 sin2¢In Ms (22)
M ¢. M,
YiQy, _Mpimpz (o M1 26 M2 9
‘( v )23‘ 2 Sil’l2ﬁ I M3 cos 2 n M3 ( 3)

The branching ratio of 7 — py is found to be smaller than those of y — ey and 7 — ey
by a factor of r. All the processes ¢; — {;y are maximally suppressed for | cos(ag/2)| — 1
because of My ~ M,. From mj, ~ m,, we have the relation among the branching ratios

of the LF'V processes as

BI'(’T — 6’}/) ~ BI'(’T — 1761/7-6)BI'(IU — 67) ) (24)



where Eqs. (), 1) and [22) are used. In Fig. B, we show Br(u — e7) as a function of
| cos(ap/2)|. We find that the value can reach 107'% for the smallest value of |cos(ap/2)|
under cos 260, < |cos(ap/2)| < 1 and for mp, 2 50 GeV. In the case of quasi-degenerate
light neutrinos, it is known that the lepton flavor violation processes are strongly suppressed
with trivial right-handed mixings,i.e. the degenerate heavy neutrino mass spectrum and real
mixings among right-handed neutrinos|25]. However, Pascoli et al. showed the possibility of
enhancement of the lepton flavor violation processes due to the existence of new CP phases
in right-handed mixing even for the case where both light and heavy neutrinos are quasi-
degenerate[27]. In our model, we don’t introduce any CP phases other than a and 3, but the
lepton flavor violation processes are nevertheless enhanced because of the threshold effects
of heavy neutrinos. Therefore we expect that currentH] and future experiments can test
our scenario through the LFV measurement for u — ey. As compared to the hierarchical
case, larger branching ratios for the LF'V processes can be obtained in the quasi-degenerate
case because of the mixing among right-handed neutrinos. In Fig. B, we show the ratio of

Br(7 — pvy) to Br(u — ev) as a function of | cos(cp/2)|. In a wide range of the parameter

space, Br(r — p7) is smaller than Br(u — ev). This is a striking feature of our scenario.

4. CONCLUSION

We have studied the quasi-degenerate scenario in the model in which the bi-maximal
mixing solution is realized at My in the MSSMRN. By using the low energy neutrino data,
we have shown that our result is consistent with the WMAP data assuming leptogenesis.
Furthermore, it has been found that the LF'V process p — ey can be large enough to be
detected at forthcoming experiments such as MEG. We also have found that the branching
ratios of 7 — ey and 7 — p7y are smaller than that of u — ey. The prediction of sizable
LFV processes is a discriminative feature of the quasi-degenerate scenario as compared to
the hierarchical one.

It should be noted that our results strongly depend on the Majorana phases g and
Bo. In particular, the processes ¢; — (;v become more enhanced for smaller values of
| cos(a/2)]. We also note that the assumption of diagonal Y'Y, is crucial for our results in
the quasi-degenerate scenario. The tau associated LFV processes might become significant

when a non-zero 2-3 element of Y)Y, would be taken into account, by relaxing the

10



2.5-101 N
. mp; = 10GeV -
11 mpp =50GeV — ———
2-10 ¢ . mp; = 100GeV ------
=
Q - N\ B
1. 5 . 10 11 [ \ ‘\\
T \ ‘~§
5 . \\\ \.\
= 10 -
m 1 10 \\ ~~~~
~ e
~ s
19 \\ ~~~~~
5.10 1% TS~
- \\\ ~~~~~~
——————— T~
) - ______________ — B
05 06 07 08 09 '
(0%
’cos 5

FIG. 3: The branching ratio of 1 — ey as a function of | cos(a/2)| for m,; = 10, 50 and 100 GeV.
The SUSY parameters are taken to be tan 3 = 5, mg = 200 GeV, Ay = 100 GeV and mg = 200
GeV.

assumption of diagonal YV,
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APPENDIX A: RGE ANALYSIS

The RGE for the neutrino mass matrix is given by

dm, 1
dlnpg 1672

()T + (YY) TImy, + m, (YY) + (VIYDT) (A.1)
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at the scale between My and the typical mass scale of right-handed neutrinos My aside
from the terms proportional to the unit matrix[28]. In the region below Mg, we use
Eq. (A but without the terms for YY,. The Yukawa matrix for charged leptons is
given by Y, ~ diag(0,0,y,) with y, = v/2m,/(vcos 8). We concentrate on the case where
Y'Y, = diag(y?,y2,y3) for simplicity. We neglect the case in which the 2-3 element may
affect on the physics as discussed in Ref. [29]. The solution of Eq. (A1) can be expressed

as[d, [19]
my(my) ~m,(Mx)+ Km,(Mx) +m,(Mx)K , (A.2)

where K = diag(e.,0,¢,). The ¢, and ¢, are given byﬂ]

2 2
€e Ny %X ,
1672 Mp
2 _ .2 M 2 M
€r =By X P X (A.3)

1672 Mg 1672 my,
The experimental value 6. can be reproduced from the bi-maximal mixing solution at

Mx by the running effects. The solar mixing angle 6 is given in terms of €., o and my

12



1+ 2(e, — 2e.) cos?(ap/2)(m?/Am2)

2 _
b e = e 9e,) cos?(ao 2)(m2 /AR

(A.4)

where AmZ is the experimental value for the mass-squared difference of solar neutrinos.
From Eq. [A) the allowed region of oy is obtained; cos 26, < | cos(ay/2)|. In addition, the

following condition among the Yukawa coupling constants is found;
201 > 5 + Y5 + - (A.5)

There are two possibilities under the condition Eq. ([AX) for the pattern of neutrino Yukawa
couplings, i.e., the hierarchical case (y3 < y3 < y?) and the quasi-degenerate case (y2 ~ y3 <

y?). As the order of mp, is defined as mp, < mpy < mpy, y; (i = 1,2, 3) are assigned as

_ V2mp, _ V2mp, _ V2mp,

A6
a vsinB ' 7?7 wsinB’ P wsing ' (A.6)
which correspond that V;, in Eq. (@) is given by P., in Eq. ().
APPENDIX B: DERIVATIONS FOR Vip AND M;
We rotate M/}gl in Eq. @) by P..Op, and find
[(14+7)2 4+ (1 —7)2e ] 2(1 —72) cos WeiS 0
~ m o .
(P.;Op)" My Py Op =~ T 2(1 —r?)cosLel  [(L—7)2+ (1+7)%] 0
0 0 4etPo
(B.1)
This matrix can be diagonalized by using the unitary matrix
1 1 iC
7 73¢ 0
Vi=|-5e™ 5 0], (B.2)
0 0 1

where ( is defined in Eq. ([d). Consequently, we obtain

.ag/2+¢ .ag/2—¢
B g

Vi = POV, Pl diag(e™% e ). (B.3)

, €

The explicit form is shown in Eq. (@), and those for M; are given in Eq. ().

13
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