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Abstract

The seesaw enhancement of the bi-large mixings are discussed for the two-zero textures of the neutrino mass matrix. There
are no large mixings in both Dirac neutrino mass matrjx and right-handed Majorana neutrino mass matfix, however, the
bi-large mixing is realized via the seesaw mechanism. We present twelve setsarid M for the seesaw enhancement and
discuss the related phenomena, the> ¢ + y process and the leptogenesis. The decay rate-efe + y is enough suppressed
due to zeros in the Dirac neutrino mass matrix. /@js lead to the lepton asymmetry, which can explain the baryon number in
the universe. Other six p are the real matrices, which give no CP asymmetry. Modified Dirac neutrino mass matrices are also
discussed.
[0 2004 Elsevier B.V. Open access under CC BY license.

The texture with zeros of the neutoiimass matrix have been discus$gd4] to explain neutrino masses and
mixings[5], which have been presented by the recent neutrino expeririersl It was found that the two-zero
textures are consistent with the experimental data in the basis of the diagonal charged lepton magsQjatrix
Consequently, the neutrino mass matrix does not dispkahierarchical structure as seen in the quark mass matrix
[11-17]

Since the two-zero textures of R¢L0] are given for the light effective neutrino mass maifyx, one needs to
find the seesaw realizati¢h8] of these textures from the standpoint of the model building. We have examined the
seesaw realization of the neutrino mass matrix with two zgt8k Without fine tunings between parameters of
the Dirac neutrino mass matrixp and the right-handed Majorana neutrino ddg, we obtained several textures
of mp for the fixed Mg [19]. Among them, there are textures mfy, and M which have hierarchical masses
without large mixings. These present the seesawrrdraent of mixings, because there is no large mixingsn
and Mg, but the bi-large mixing is realized via the seesa@chanism. The seesaw enhancement are important in
the standpoint of the quark—lepton unification, in which quark masses are hierarchical and quark mixings are very
small!
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The general discussions of the seesaw eocdiaent were given in the case of two flavft8,21] Specific cases
were discussed in the case of three fla@3 23] because it is very difficult tget general conditions for the
seesaw enhancement of the bi-large mixing.

However, the two-zero texture of the neutrino mass malifixare helpful to study the seesaw enhancement of
the bi-large mixing. In this Letter, we present setsmgf and Mg to give the seesaw enhancement in the two-zero
textures ofM,, and discuss the related phenomenaythe ¢ + y process and the leptogenelgd].

There are fifteen two-zero textwéor the neutrino mass matrii,,, which have five independent parameters.
Among these textures, seven acceptable texturestwithindependent zeros wereund for the neutrino mass
matrix [10], and they have been studied in defa,13,16,17] Especially, the textured; and A, of Ref. [10],
which correspond to the hierarchigautrino mass spectrurare strongly favored by the recent phenomenological
analyse$11,12,17] Therefore, the two textures are taken in order to discuss the seesaw enhancement.

Putting data of neutrino masses and mixififs,

0.35< tarffsun< 0.54,  6.1x107°< Am2,,<83x107°eV?, 90%C.L,
0.90< Sir? 20am, 1.3x 103 < Am?,,<30x103eV?, 90%C.L, 1)

the relative magnitude of each entry of the newdrimass matrix is roughly given for the texturés and A2 as
follows:

0 0 0 A O
My,~mgog| 0 1 1 forA1, mo|l X 1 1 for Ay, (2)
A1 1 0 1 1

wheremg denotes a constant mass and 0.2. These matrix is given in terms of the Dirac neutrino mass matrix
mp and the right-handed Majana neutrino mass matri¥y by the seesaw mechanism as

M, =mDMl;lmB 3)

Zeros inmp and My provide zeros in the neutrino mass mathif of Eq. (2)as far as we exclude the possibility
that zeros are originated from accodal cancellations among matrix elenterin other words, we take a standpoint
that the two-zero texture should come from zeros of the Dirac neutrino mass matrix and the right-handed Majorana
mass matrix. Possible texturesmf, and M were given in Ref[19]. Among them, we select the setmaf, and
Mg, which reproduce the seesaw enhancement of the bi-large mixing.

Let us fix the right-handed Majorana neutrino mass matrix without large mixings. We take simple right-handed
Majorana neutrino mass matrix with only €& independent parameters. Then, therg@ge= 20 textures. Among
them, six textures are excluded because they have a zenoveige, which corresponds to a massless right-handed
Majorana neutrino. Other twiextures are also excluded because the two-zero texiyesnd A, cannot be
reproduced without accidental cancelteis. One of the two textures is the gamal matrix, and another one is the
matrix with three zeros in the diagonal elements.

We show twelve real mass matrices with three independent parafeitisnass eigenvalugd/s| = A" M3
and|Ma| = A" M3, whereMs is the mass of the third generation, anchndn are integers withn > n > 1:

—1 0 A% 0 -z A%
ajtype Mrp~>~Mz| O A" O ., Mz| —xz 1 0 ,
A2 0 0/, V300 0/,

1 Although phenomenological analyses of the two-zero textures viiee op the diagonal basis of the charged lepton, some aufhsd 7]
have also studied the two-zero textures of neutrinos in the bastgarged lepton mass matrix with small off-diagonal components.
2 The classification oM, typesa;, b;, ¢; (i =1, 2, 3, 4), follows from Ref[19].
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0 0 A% 0 0 A"z
Mz O A 0O ., M3| O 1 —az | (4)
Az 0 -1/, Mt 0 /)y,
A A" 0 i Y
bitype Mg~Ms[1"" 0o o] . Ms(x”?” o o |,
0 0 1/ —x2 0 1/,
0 A"2" 0 0 A" 0
Mz 2t - o] Mg(,\’”i” 0 -—az | ; (5)
0 0 1/, 0 -2z 1/,
Amo0 0 1 -2z 0
citype Mp~Mz| 0 -1 a2 | , Mz| -2z O x’”?’) ,
0 Az 0 e 0 213 0 2
A" 00 1 0 —aZ
Msl 0 0 Az | ., Mz| O o iz, (6)
0 Az -1/, a2 A" 0

c3 cs

where there are no large mixings in twelve matrices since the mass eigenvalues are supposed to be hierarchical
The minus signs in the matrix elements are taken to reproduce signs in the téxtamel A, of Eq. (2)

There are several Dirac neutrino mass matrices to give the texdyrand A, in Eq. (2) [19] We show Dirac
neutrino mass matrice®ip)q,, (mp)sy;, (mp)e; (i =1~ 4) with maximal number of zeros, which have no large
mixings, to give the texturé,.3 For each matrix ofMR)g4;, (MR)p,;, (MRg),, those are given as follows:

A 0 0 Aztl 0 0
aitype mp>~mpo| 0 O Az ,  mpo 0 0 AZ ,
122 0/, o 1 0/,
0 0 & 0 0 aztl
mpo| A2 0O o) , mpo|AZ 0 O : (7)
0 iz 1/, o1 o/,
2zt 0 0 Azt 0 0
bitype mp~mpo| O Az 0] , mDo( 0 iz 0] ,
Az 0 1/, 0 0 1/,
0 Aztl 0 0 Aztl 0
mpo| 22 0 O , mDo(x’é’ o o] ; (8)
0 Az 1/, 0 0 1/,
0 A O 0 aztl 0
citype mp>~mpo| 0O O A2z , mpo| O 0 22 ,
Az 1 0/, 1 0 o0/,
0 0 A 0 0 aztl
moo[ O 22 O] , mpo[O A2 O , (9)
Az 0 1 1 0 0

3 For the textured, we easily obtain the Dirac neutrino mass matrices by exchanging the second and third rows.
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wherempg denotes the magnitude of the Dirac neutrino mass and complex coefficients of order one are omitted.
Although these matrices have no large mixingomg three families, the neutrino mass matvix has the bi-large
mixing through the seesaw mechanism. These are so-called seesaw enhancement of the bi-large mixing.

These Dirac matrices are ones with maximal number of zeros. Without changing the mixings and the mass
eigenvalues in the leading ordeoyse zeros can be replaced with snmalh-zero entries as follows:

A 0 0 A2t 0 0 x>n/2,
atype mp=moo (2 2 2% | {;‘Z:/Z moo| a2 5| L 1ysn2
1 22 0/, ’ o1 0/, lz>o0
0 0 & > /2 0 0 aztl x>n/2,
mpo| AZ A a | { " ompo| AT A S ,y>n/2, (10)
o 2 1/, " >0, o 1 » /., lz=0
aztl (,)n 0 o2 Az tl c,)n 0 x>n/2,
b; type mp >~ mpo ;v; Aof Aly ,{y>0’ " mpo fy‘ Aof Al , y>g/2,
by by z>4,
0 aztl 0 0 aztl 0 x>n/2,
mpo AZ P , {x>g/2, mpo Az X AL , v y>n/2, (11)
0 Az 1/, e o x 1/, lz>0
0 0 0 x22t1 0 x>0,
ci type mp ~mpo )Lfn A Az ,{);i;n/Z, mpo | A* AAZ ,{y>n/2
A2 1 0/, ' 1 0/ z>n/2,
0 0 2 0 0 aztt x>0
mpo | A* Az A s {x>m/2’ mpo | A* AZ A , y>n}2, (12)
oo 1), W70 1 0 » ), lzsn2

wherex, y andz are positive integers. These Dirac neutrino mass matrices are asymmetric ones. However, only
the b3 andb4 textures inEq. (11)are adapted to the symmetric texture in 8@&10)-like GUT if y, m andn are
relevantly chosefil4,15]. For example, in thés case, takingg = n/2 andm = n + 2, the symmetric mass matrix

is given, especially, putting = 8, we have the hierarchical mass matrix such like the up-quark mass matrix.

Let us discuss these obtained texturesgfin theu — ¢ + y decay and the leptogenesis. It is well known that
the Yukawa coupling of the neutrino contributes to the lepton flavor violation (LFV). Many authors have studied the
LFV in the minimal supersymmetric standard model (MSS#ith right-handed neutrinos assuming the relevant
neutrino mass matrif26—31] In the MSSM with soft breaking terms, there exist lepton flavor violating terms such
as off-diagonal elements of slepton mass matrices anddaitinouplings (A-term). It isoticed that large neutrino
Yukawa couplings and large lepton mixings generate thgelaFV in the left-handed slepton masses. For example,
the decay rate gft — ¢ + y can be approximated as follows:

2 2y,,.2 2
e 5 | (6+2a5)mg, + My
F(,U«—>€+)/)—EmMF T(Y”Y”)lenM_R ) (13)
where the neutrino Yukawa coupling matiix is given ast,, = mp/vz (v is a VEV of Higgs) at the right-handed
mass scald/, andF is a function of masses and mixings for SUSY particle€din(13) we assume the universal
scalar mas$émso) for all scalars and the universal A-tefA » = agmsoYy) at the GUT scalé/x. Therefore, the
branching ratigt — ¢ + y depends considerably on the texturg [29-31]
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The magnitude OtI’VZDmL)Zl is a key ingredient to predict the branching ratio of jne> e + y procesg.

Many works have shown that this branching ratio is too 142§e30]. The conditions fO(mDmL)zj_ were given in
Ref.[32] as follows:

2 —172
Br
Hoy < 10-2tan Y2 ( mso V) ( (n— 67)) ’

100 Ge 12 X 10711
) -1/2
_ _ Bl’(l/« —ey)
Ha1Hp3 < 10 M tan /2 06 14
e Fl100cev) 125101 ’ (14)
where
T Mx
Hj; = Xk:(mn)ik(mg)kj v .

These conditions give constraints for the magnitud(anjm‘;),-j andMs. Zeros in Dirac mass matricesp may
lead to(mDmL),-j =0 and then it suppress the— ¢ + y decay. Actually, allnp in Egs. (7), (8) and (9yive
(mDmTD)21 =0 aﬂd(mDmTD)gl(mDmL)zg = 0.5 Even if non-zero terms*, 1Y, A¢ are taken as seen Egs. (10),
(11)and (12,)(mDmTD)21 and(mDmTD)gl(mDmTD)B are suppressed as farasy, z > 1. Then, the branching ratio
is safely predicted to be below the present experimental upper boRnd1D~11 [33] due to zeros.

Let us examine our textures in the leptogene§d—36] which is based on the Fukugita—Yanagida
mechanisni24]. The CP-violating phases in the Dirac neutrino mass matrix are key ingredients for the leptogenesis
while the right-handed Majorana neinto mass matrix are taken to be realgqgs. (4), (5) and (6)Although the
non-zero entries in the Dirac neutrino mass matrix aregler) three phases are removed by the redefinition of the
left-handed neutrino fields. There is no freedom of redefinition for the right-handed ones in the basis with the real
Mpg. We should move to the diagonal basis of the right-handed Majorana neutrino mass matrix in order to calculate
the magnitude of the leptogenesis. Then, the Dirac neutrino mass mairicesthe new basis is given as follows:

mp = PrmpORg, (16)

where P, is a diagonal phase matrix ar@lz is the orthogonal matrix which diagonalizés; as O;MR Or in
Egs. (4), (5) and (6)Since the phase matri®, can remove one phase in each rowgf, three phases disappear
inmp.

As a typical example, we show the case of thetexture inEq. (5) By taking three eigenvalues df; as
follows:®

M1 =A"Ms, My = —\"Ms. a7
We obtain the orthogonal matri?z as

cos® sind 0
Or=|-sind cosv 0], tarfo=r"". (18)
0 0 1

4m Dmlr) does not depend on the basis of the right-handed sector.

5 For the textured; case, the some Dirac mass matrices give non—(ae@m},)ﬂ, which leads to the constraint fo{3.

6 The minus sign of\f5 is necessary to reprodudég in Eq. (5) This minus sign is transfered tep by the right-handed diagonal phase
matrix diag(1, i, 1).
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Then the Dirac mass matrices, of b3 in Eq. (8)can be parameterized in the new basis as follows:

0 aztl 0
mp=mpo| 22 0 0] Ok, (19)
0 AZefh 1

where only one phasg remains. The magnitude a@fpo is determined by the relatiom2DO ~ moMs3, where

mo = Amgtm/Z.

We examine the lepton number asymmetry in the minimal SUSY model with the right-handed neutrinos. In the
limit M1 <« M2, M3, the lepton number asymmetey (CP asymmetry) for the lightest heavy Majorana neutrino
(N1) decays intd¥¢* [37] is given by

n-nh 3 (Im[{(m})n‘amu}zl My | ImI{G i p)1a)?) @)
B i+ 8711)% ’

wherevy = vsing with v = 174 GeV. The lepton asymmetf, is related to the CP asymmetry through the
relation

€1 (20)

(MLMD)ll Ma (”_1TD”_1D)11 Ms

Y, = L ,{6_1’ (21)
K g«
wheres denotes the entropy densipy, is the effective number of relativistic degrees of freedom contributing to the
entropy andc is the so-called dilution factor which accounts fbe washout processes (inverse decay and lepton
number violating scattering). In the MSSM with right-handed neutrinos, onegget2325.
The produced lepton asymmetry is converted into a net baryon asymmelythrough thg B + L)-violating
sphaleron processes. One finds the reld3&h
>y, £ = M (22)
£-1 22N¢ + 13Ny
where Ny and Ny are the number of fermion families and Higdeublets, respectivil Taking into account
Ny =3 andNy =2 inthe MSSM, we get
8
Yp = 15YL. (23)
On the other hand, the low energy CP violation, which is a measurable quantity in the long baseline neutrino
oscillations[39], is given by the Jarlskog determinafdp [40], which is calculated by

Yp=§8Yp_L =

def M, M, M, M| = ~2i Jep(m? —m?) (7, —mZ) (m = m2) (5 —m3) (m3 — m3) (mf —m3). ~ (24)

whereM, is the diagonal charged lepton mass matrix, anadmy, m3 are neutrino masses.
Since the CP-violating phase is onlywe can find a link between the leptogenesig énd the low energy CP
violation (Jcp) in our textures of the Dirac neutrinos. By using the Dirac neutrino mass matgg.ifil9) we get
2
3mg 1

A 2
A"sin2o~—88x 10 Mysin2o,  Jepr 2= "aMsing,, (25)

€1~ —
87'[1)% 64 Amg,

where M1 is given in the GeV unit and tgh > 10 is taken. It is remarked that only depends onV/; and
the phasep, and the relative sign of; and Jcp is opposite. Taking the experimental datan2,/ AmZ,, ~ A2
and sin2 ~ 1, we predict/cp >~ 0.01, which is rather large and then is favored for the future experimental
measurement.
The five cases of the Dirac neutrino mass matix &z, b1, c1, ¢3) in Egs. (7), (8) and (9ead to same results
in Eq. (25) In other six cases of the Dirac neutrino mass matrixda, b2, ba, c2, c4), the CP-violating phases are

removed because of only three non-zero entries. Then, wa ge0, but the same result i&q. (25)for Jcp.
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If we use the modified Dirac neutrino mass matricelsgs. (10), (11) and (12hew CP-violating phases appeatr.
However, the contribution te; is a next-leadingone as faras> 1,y > 1,z> 1.

In order to calculate the baryon asymmetry, we need the dilution factor involves the integration of the full set of
Boltzmann equationgtl]. A simple approximated solution which has been frequently used is givgthy

103 eV 7 -0.6
P 0.3( _ ) (In 10’:;18V> (102 eV <y < 10°eV), (26)
mia
where
_t -
(mpmp)i1
_ DM1 ) 27)

By using this approximate dilution factor ak@s. (21) and (22)we can estimat&jp in our textures as follows:
Yp ~ —2.3x 10 3¢k, (28)

It is noticed thatYs andJcp are same sign sineg has minus sign.
The WMAP has given the new res(#t3]

np =6.5704 x 107010, (29)

which leads to

1
Yp >~ ?773. (30)

In our textures, we haveﬁ‘;n'zD)ll = m3\", which givesiiy = 3,/ AmZ, >~ 0.022. Then we get the dilution
factork ~ 7 x 103, Putting the observed value infim. (28) we get

M1sin2p ~ 6 x 1012 GeV. (31)

This result means thal/; is should be larger than % 1019 GeV in order to explain the baryon number in the
universe. This value is consistent with previous wdA&-36]

It is important to present the discussion from the standpoint of the GUT, which is giverkEgftét1) Taking
n =8 andm = 6 in the b3 case ofEq. (11)as in the previous discussion, one obtaMs ~ 10'° GeV and
M1 ~ 10° GeV taking account ofmZ,,~ 2 x 10-3 eV2. This result does not satisfy the conditionfd. (31)
However, the simpleSO(10) fermion mass relation may be consistent with the leptogenesis in the case of the
more complicated texture @ g, which leads to the two-zero texture, as seen in the work ¢#4]. Details are
presented in the preparing pajpeciuding the degenerate caseMf; in the simpleSO(10) approachi45].

We add the discussion of another important problemhéftamework of supersymmetric thermal leptogenesis,
there is cosmological gravitino problems. The gravitino with a few TeV mass does notiaverl0'° GeV [46],
becauseVf; should be lower than the maximum reheating temperature of the universe after inflation. In order to
keep the thermal leptogenesis in the SUSY model, we may consider the gravitin® (i@i) TeV mass, which
is derived from the anomaly meded SUSY breaking mechanigdi].

Summary is given as follows. We have discussed the textures with the seesaw enhancement. These textures
are important in the standpoint of the quark—lepton unification, in which quark masses are hierarchical and quark
mixings are very small. It is very difficult to get general conditions for the seesaw enhancement of the bi-large
mixing, however, the two-zero texture of the left-handed neutrino mass nidirexe helpful to study the seesaw
enhancement of the bi-large mixing. Once the basis of the right-handed Majorana neutrino mass matrix is fixed,
one can find some sets ofp, and My, which have hierarchical masses without large mixings, to give the two-
zero texturesA1 and A2 without fine tuning among parameters of these matrices. These sets present the seesaw
enhancement of the btge mixing, because there is no large mixingsnip and Mg, but bi-large mixing is
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realized via the seesaw mechanism. We present twelve sats ahd My for the seesaw enhancement. Then, the
decay rate ofr — ¢ + y is enough suppressed due to zeros in the Dirac neutrino mass matrix. Six sets lead to the
lepton asymmetry, which depends on oMy and the phasg. Putting the observed value of baryon number in the
universe, M1 ~ 6 x 1010 GeV is obtained. It is remarked tha¢p is the same sign as th&, and its magnitude is
predicted to be~ 0.01. Other six ones provide the real Dirac néudrmass matrices, which give no CP asymmetry.
Study of modified right-handed Majorana neutrino mass matrices is important for realistic model buildings based
on the quark—lepton unification.
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